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Cell Cycle Regulators in the Neuronal Death Pathway of
Amyotrophic Lateral Sclerosis Caused by Mutant Superoxide
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There is growing evidence for involvement of members of the cyclin-dependent kinase (Cdk) family in neurodegenerative disorders and
in apoptotic death of neurons subjected to various insults. After our recent report that a deregulation of Cdk5 activity by p25 may
contribute to pathogenesis of amyotrophic lateral sclerosis (ALS), we further examined the possible involvement of other Cdks in mice
expressing a mutant form of superoxide dismutase (SOD1%*”%) linked to ALS. No substantial changes in Cdk2 or Cdké distribution and
kinase activities were detected in spinal motor neurons from SOD1 “*”® mice when compared with normal mice. Of particular interest was
the upregulation and mislocalization of Cdk4, a regulator of the G,-S checkpoint of the cell cycle, in motor neurons of SOD1 “*’% mice. The
increase of Cdk4 activity in SOD1 G37R mice was associated with an increase in nuclear Cdk4, cyclin D1, its coactivator, and with the
abnormal phosphorylation of the retinoblastoma (Rb) protein at Cdk phosphorylation sites. Pharmacological treatment of SOD1 %>’}
mice with minocycline, a compound that attenuates microgliosis and slows down disease, lessened the dysregulation of Cdk5/Cdk4 and
the phosphorylation of Rb. Interestingly, phospho-Rb was immunoprecipitated with anti-Cdk4 but not with anti-Cdk5 antibodies,
suggesting a key role for Cdk4 in the phosphorylation of Rb. Remarkably, the overexpression of a transgene coding for human neurofila-
ment H, a phosphorylation sink for deregulated Cdk5 activity by p25, resulted in a reduction in levels of nuclear Cdk4 and Rb phosphor-
ylation. These results indicate that a cell cycle signaling at the neuronal G,-S checkpoint subsequent to Cdk5 deregulation may constitute
a critical step of the neuronal death pathway in ALS caused by mutant SOD1.
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Introduction

Cyclin-dependent kinases (Cdks) are proline-directed Ser-Thr
kinases phosphorylating cell cycle and cytoskeletal proteins
(Morgan, 1997; Tannoch et al., 2000). Classical Cdks such as
Cdk2, Cdk4, and Cdké associate with cyclin regulatory subunits
to control cell cycle events and differentiation processes (Mor-
gan, 1997; Tannoch et al., 2000). In contrast to these mitotic
Cdks, activation of Cdk5 does not require the association with a
cyclin but the critical binding to its neuron-specific regulatory
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subunit p35. The p35/Cdk5 complex is essential for neurite out-
growth, cell adhesion, cortical development, neuronal adaptive
changes, and motor functions (Dhavan and Tsai, 2001; Smith et
al,, 2001).

Previous reports demonstrated that induction and activation of
Cdk2, Cdk4, and Cdké in neurons by stress drive them into the cell
cycle and ensuing apoptosis, a phenomenon that can be rescued by
inhibitors or dominant negative forms of the kinases (Park et al.
1997a,b, 1998a,b, 2000; Copani et al., 1999; Stefanis et al., 1999;
Osuga et al., 2000; Ino and Chiba, 2001; Katchanov et al., 2001). The
abnormal upregulation of mitotic proteins in neurons has been ob-
served during neurodegenerative disorders, including Alzheimer’s
disease and amyotrophic lateral sclerosis (ALS), the most common
form of human motor neuron disease (Arendt et al., 1996; McShea et
al., 1997; Vincent et al., 1996, 1997; Busser et al., 1998; Husseman et
al.,, 2000; Ranganathan et al., 2001; Yang et al., 2001) (for review on
ALS, see Cleveland and Rothstein, 2001; Julien, 2001). Furthermore,
mislocalization and deregulation of Cdk5 activity by association
with p25, a toxic calpain-truncated form of p35, also participate in
the pathogenesis of Alzheimer’s disease and ALS (Patrick et al., 1999;
Lee et al., 2000; Nguyen et al., 2001a). These data provided compel-
ling evidence that alterations in the activities of Cdks can be noxious
to neurons (for review, see Nguyen et al., 2002b).
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Missense mutations in the gene coding for Cu/Zn superoxide
dismutase 1 (SOD1), located on chromosome 21, account for
~39 of all ALS cases (Rosen et al., 1993; Cudkowicz et al., 1997).
The SOD1 protein is a cytosolic free radical scavenging metallo-
enzyme protecting cells from oxidative stress (Fridovich, 1986).
Transgenic mice expressing mutant SOD1 develop motor neuron
disease resembling ALS, through a gain of unidentified deleteri-
ous properties (Gurney et al., 1994; Wong et al., 1995; Tu et al.,
1996; Bruijn et al., 1997, 1998; Morrison et al., 1998). Several
mechanisms have been proposed to account for such toxicity,
including oxidation- and nitration-related damages, protein ag-
gregation, excitotoxicity, inflammation, mitochondrial damage,
disturbance of calcium homeostasis, and aberrant phosphoryla-
tion by deregulated Cdk5. The outcome of mutant SOD1 toxicity
culminates in apoptosis featured by an unbalance in levels of
Bcl-2 family members (Martin, 1999; Vukosavic et al., 1999;
Gonzalez de Aguilar et al., 2000) and caspase activation (Pasinelli
et al., 1998, 2000; Li et al., 2000; Vukosavic et al., 2000). Here we
report the detection of abnormal cell cycle signaling associated
with Cdk5 deregulation in mice expressing a mutant SOD1
(SOD1“*"?) linked to human ALS and its potential involvement
in motor neuron death.

Materials and Methods

Generation of SOD1°*”®;hNF-H mice and minocycline treatment protocol.
The inbred C57BL6 SOD1 “*”® mice (line 29) used in this study have a
life span of 11-12 months (Nguyen et al., 2000, 2001a). SOD1%*"® mice
(line 29) overexpressing human neurofilament H (NF-H) were gener-
ated according to the methods of Nguyen et al. (2001a) and exhibit a life
span of 13-18 months (Couillard-Després et al., 1998, Nguyen et al.,
2001a). Treatment of SOD1%*"® mice (line 29) with minocycline was
performed according to the methods of Kriz et al. (2002). The SOD1 7%
mice were housed at room temperature (21°C) and in a light-controlled
environment with ad libitum access to the food and water. The study was
performed using groups of transgenic littermates derived from the
breeding of heterozygous SOD1“*”® mice. The mouse littermates were
fed a regular rodent food (Teklad; Harlan, Indianapolis, IN) and were
randomly divided into minocycline-treated and control groups, includ-
ing wild-type littermates. To avoid any potential interference with the
minocycline antibacterial effects, mice were kept in a pathogen-free fa-
cility. At the age of 9 months, SOD1%*”® mice from the experimental
groups were administered minocycline in the diet. Minocycline (Sigma,
Oakville, Ontario, Canada) was delivered in the special custom-made
rodent diet (Teklad; Harlan) at a concentration of 1 gm/kg. For the
control groups, the regular diet was continued until the mice reached
end-stage disease. To confirm the protective effects of minocycline, two
independent experiments were performed at 6 month intervals with dif-
ferent sets of transgenic SOD1 “*’R mice. Similar results were obtained in
both cases. All the mouse genotypes were determined by Southern blot-
ting of tail DNA. The use of animals and all surgical procedures described
in this article were performed according to The Guide to the Care and Use
of Experimental Animals of the Canadian Council on Animal Care
(www.ccac.ca).

Immunohistochemistry and immunofluorescence analysis. Mice were
given a lethal overdose of chloral hydrate and perfused with 0.9% NaCl
and then with fixative (3% v/v glutaraldehyde in PBS buffer, pH 7.4).
Tissue samples were immersed in fixative. Fifty micrometer tissue sec-
tions from glutaraldehyde-perfused mice were prepared using a vi-
bratome. Floating sections were rinsed in PBS and treated for 30 min with
a 1% (w/v) sodium borohydride solution to reduce epitope masking by
glutaraldehyde. The sections were then blocked for 1 hr in a PBS solution
containing 3% (w/v) BSA, 0.5% (v/v) Triton X-100, and 0.03% (w/v)
hydrogen peroxide and incubated overnight at room temperature with
agitation in a PBS solution containing 3% (w/v) BSA and 0.05% (w/v)
Triton X-100 with primary antibodies against Cdk2 (H-298), Cdk4 (C-
22), Cdk5 (C-8), Cdké (H-230), PSTAIRE, the conserved motif of the
cdc2 kinase family (all from Santa Cruz Biotechnology, Santa Cruz, CA),
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cyclin D1, D2, and D3 (Novo Castra), retinoblastoma (Rb; phospho-Ser-
795 and phospho-Ser-807/Thr-811), and activated caspase-3 (ASP 175)
(both from Cell Signaling Technology). All the antibodies were diluted at
1:500. Immunohistochemical staining was developed using a Vector
ABC kit (Vector Laboratories, Burlington, Ontario, Canada) and Sig-
mafast tablets (Sigma). For immunofluorescence experiments, mice
were perfused with 0.9% NaCl and then with fixative (4% v/v parafor-
maldehyde in PBS buffer, pH 7.4). Tissue samples were processed ac-
cording to the methods of Nguyen et al. (2001a). Tissues samples were
incubated with antibodies against MAP2 (1:500; Roche Molecular Bio-
chemicals, Indianapolis, IN), Cdk4, and Cdk2 (1:500; Santa Cruz Bio-
technology). Nuclei were stained with DAPI.

Immunoprecipitation and kinase assays. The mouse spinal cords were
homogenized in lysis buffer (20 mm Tris, pH 8.0, 137 mm NaCl, 10%
glycerol, 1% NP-40, 1 pg/ml leupeptin, 10 ug/ml apoprotinin, 0.5 mm
sodium orthovanadate, and 1 mm PMSF). A histone H1 kinase assay was
performed as follows. Spinal cord lysates (500 or 1000 ug) were immu-
noprecipitated with antibodies against Cdk2, Cdk4, Cdk5, or Cdké. An-
tibodies (0.5-3 ng) were added, and samples were incubated and mixed
at 4°C for 3 hr. Afterward, protein A-Sepharose was added (50:50 v/v),
and the samples were incubated for 1 hr at 4°C. The samples were spun
for 20 sec at 13,000 rpm before washes with lysis buffer (three to five
times). The samples were then washed successively three times with lysis
buffer and twice with 1X kinase buffer (without ATP). Histone H1 or Rb
protein (glutathione S-transferase-Rb) was added as a substrate in the in
vitro kinase assays as described previously by Nguyen et al. (2001a).

Nuclear fractionation. The tissue was washed in cold PBS, cut up in
pieces, and resuspended in cold hypotonic buffer (1 mm NaHCO; and 5
mum MgCl,, pH 7.5) with protease inhibitor mixture tablets (Roche Mo-
lecular Biochemicals) and sodium orthovanadate. Samples were incu-
bated in hypotonic buffer for 10 min. After incubation, the samples were
homogenized using Dounce homogenization (10 strokes). Samples were
centrifuged at 3200 rpm. Pelleted nuclei were resuspended in hypotonic
buffer for 10 min and centrifuged at 13,000 rpm for 10 min. The nuclear
pellet was solubilized in NP-40 lysis buffer, vortexed two times for 30 sec,
and rocked at 4°C for 20 min. The sample was then centrifuged at 13,000
rpm for 15 min, and a supernatant containing soluble nuclear proteins
was used for immunocomplex kinase assays and Western blots.

Western blot analysis. The mice were given a lethal intraperitoneal
injection of chloral hydrate. Immediately afterward, total protein ex-
tracts of the spinal cord were obtained by homogenization in SDS-urea
B-mercaptoethanol (0.5% SDS and 8 M urea in pH 7.4 phosphate buffer)
or NP-40 lysis buffer with a mixture of protease inhibitors (PMSF, leu-
peptin, pepstatin, and apoprotinin). The supernatant was collected after
centrifugation at 10,000 X g for 20 or 30 min. The protein concentration
was estimated by the Bradford procedure (Bio-Rad, Hercules, CA). Pro-
teins (20 or 50 ug) were fractionated on 7.5% SDS-PAGE and blotted on
a nitrocellulose or polyvinylidene difluoride membrane for Western blot
analysis. Membranes were incubated with antibodies against Cdk2,
Cdk4, Cdks5, Cdké, cyclin D1, D2, and D3, phospho-Rb (Ser-795 and
Ser-807/Thr-811; dilutions of 1:500). The Western blots were revealed by
Renaissance, a Western blot chemiluminescence kit from PerkinElmer
Life Sciences (Boston, MA).

Results

Abnormal expression of cell cycle regulators in

SOD1%*’% mice

Immunohistochemistry of spinal cord sections was performed to
investigate the subcellular distribution of mitotic Cdks (Cdk4,
Cdké, and Cdk2) and of their target Rb in normal and SOD1 G37R
mice at 11-12 months of age (end stage of disease). Antibodies
against Cdk5, Cdk4, Cdké, and Cdk2 yielded diffuse immunore-
activities in spinal motor neurons of normal mice (Fig.
1A,CE,G). An antibody recognizing the PSTAIRE motif com-
mon to Cdk1, Cdk2, and Cdk3 also produced very weak immu-
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Immunohistochemical staining for Cdks and phospho-pRb in the spinal cord of normal and SOD1 37" mice. Antibodies against Cdk5, Cdk4, Cdke, and Cdk2 yielded diffuse immuno-

staining in spinal cord sections of normal mice (4, G, £, ). In contrast, strong immunostaining was obtained for Cdk5 and Cdké especially in nuclei of motor neurons from SOD1%*"® mice (B, b, white

arrows). A high-magnification micrograph at the left corner of D shows a Cdk4-positive nucleus in a motor neuron. Cdk6 immunostaining was enhanced in subsets of motor neurons from SOD

1 G37R

mice (F, white arrows), whereas (dk2 immunoreactivities were detected in cell bodies of motor neurons (H, white arrows) and in glial cells (H, white arrowheads) of SOD1%*’® mice. PSTAIRE
antibodies recognizing Cdk1—Cdk3 stained only glial cells in the spinal cord 0f SOD1 %7 mice (J, white arrowheads) but not normal mice (/). Phosphorylated Rb was detected in the nucleus of spinal
motor neurons in normal and SOD1 7" mice with phospho-Ser-795-Rb antibodies (K, L). However, the antibodies against phospho-Ser-795-Rb and phospho-Ser-807/Thr-811-Rb detected
phosphorylated pRb in cytoplasm of spinal motor neurons exclusively in SOD1®*”® mice (L—N, white arrows). Note that two to five neurons per slice from end-stage glutaraldehyde-perfused SOD1
mice exhibit staining for nuclear Cdk4 or phospho-Ser-807/Thr-811-Rb. Western blot analysis revealed 110 kDa phospho-Ser-807/Thr-811-Rb immunoreactivities only in samples from S0D1 %7
mice but notin normal mice (0). In contrast, phospho-Ser-795 antibodies recognized 110 kDa phospho species of Rbin both SOD1 %*”® and normal samples ( 0). These immunoreactivities compatible
with theimmunostaining experiments can be abolished with alkaline phosphatase treatment, indicating specificity for both phospho-Rb antibodies. The spinal cord sections were obtained from four
5S0D1%7® mice (line 29) at the end stage of disease (11-12 months of age) and four normal littermates. Scale bar, 30 wm. The spinal cord lysates were obtained from five SOD1%"® mice (line 29)

at the end stage of disease (11—-12 months of age) and three normal littermates. All experiments were repeated more than two times.

noreactivity in the spinal cord of normal mice, reflecting the lack
of cell cycle molecules in normal postmitotic neurons as well as a
paucity of proliferating glial cells.

In contrast, the spinal motor neurons of SOD1 %" mice ex-
hibit elevated immunoreactivities for Cdk5 and Cdk4 (Fig.
1B,D). The Cdk4 staining was found in numerous motor neu-
rons and selectively in their nucleus (Fig. 1D, white arrows, left
corner). Cdké immunoreactivity was also detected in a lower pro-
portion of motor neurons (Fig. 1E, white arrows). Because Cdk6
activation occurs downstream of Cdk4 activation in the cell cycle
pathway, the scarcity of Cdké6-positive motor neurons may reflect
the end of mitotic activation in these cells. In support of this view
is the finding that the subcellular localization of Cdk2, which is
activated after Cdké in mitosis, remains unchanged in the cyto-
plasm of motor neurons in SOD1%*’® mice (Fig. 1 H, white ar-
rows). The unaltered Cdk2 distribution suggests that motor neu-

rons do not cross the late G,-S phase in their attempted reentry
into the cell cycle. Nonetheless, there was induction of Cdk2 in
glial cells from the spinal cord of SOD1%*"® mice (Fig. 1 H, white
arrowheads), which is compatible with the gliosis and inflamma-
tion occurring in these mice (Wong et al., 1995; Tu et al., 1996;
Bruijn et al., 1997; Morrison et al., 1998; Nguyen et al., 2001b).
The involvement of Cdkl, Cdk2, and Cdk3 in proliferation of
glial cells is further supported by the PSTAIRE immunoreactivi-
ties detected in glial cells of the spinal cord from SOD1“*"® mice
(Fig. 1], white arrowheads).

Double-immunofluorescence experiments confirmed the cy-
tosolic distribution of Cdk2 in spinal motor neurons of both
normal and SOD1%*"® mice (Fig. 2 A-F), whereas Cdk4 was re-
located from the cytosol to the nucleus of spinal motor neurons
of SOD1%*’® mice when compared with normal mice (Fig. 2G—
L). The RT-97 antibody was used to stain phosphorylated NF-H
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in axons and dendrites of both normal
and SOD1%*"® mice,thereby delimiting
the neuronal cell bodies. Double immu-
nofluorescence with anti-MAP2 or anti-
Cdk4 antibodies with DAPI staining con-
firmed the presence of Cdk4 in the
nucleus of spinal motor neurons from
SOD1“*® mice (Fig. 2M-0). The MAP2
antibody used (clone AP-20) recognizes
the high-molecular weight MAP2a and 2b
(280 kDa) and reacts with dendrites and
cell bodies of neurons. MAP2a and 2b are
essential for the maintenance and survival
of neurons; the unhealthy appearance of
the Cdk4/MAP2-positive neurons indi-
cates abnormalities of MAP2a and 2b in
degenerating motor neurons having Cdk4
upregulation. Evidence for such alteration
was provided by our findings of decreases
of MAP2a and 2b in in spinal cord extracts
from SOD1%*"® mice (Abi-Farah et al.,
2002). Our results are also in agreement
with a recent study reporting a decrease of
MAP2a and 2b in motor neurons of ALS
patients (Kikuchi et al., 1999). Therefore,
the combined results indicate that motor
neurons with cytoskeletal abnormalities
at a late stage of disease reentered the early
G;-S phase of cell cycle with Cdk4 and
Cdk6 involvement but not with Cdk2
involvement.

Interestingly, the dysregulation of
Cdk5 and Cdk4 was not detected at early
stages of disease in 3- and 6-month-old
SOD1 ¥R mice (Fig. 3A-C,E-G), a time
when defects in axonal transport and mi-
tochondrial vacuolization have been re-
ported (Wong et al., 1995; Williamson
and Cleveland, 1999) (for review, see
Cleveland and Rothstein, 2001; Julien,
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2001). The first signs of dysregulation of
Cdk5 and Cdk4 appear at 8—9 months, a
time when neurodegeneration occurs
(Fig. 3D,H) (Nguyen et al., 2001a).

As cyclin D1, D2, and D3 are usually
associated with Cdk4 and Cdké activa-
tion, we examined the expression of these
cyclins in the spinal cord of normal and
SOD1*"® mice at the end stage of disease

Figure2.  Mislocalization of Cdk4 but not Cdk2 in spinal motor neurons of SOD1%*”® mice. Double-immunofluorescence stain-

ing confirmed the mislocalization of Cdk4 but not Cdk2 in the nucleus of spinal motor neuronsin SOD1 > mice. Cdk2 was detected
in the cytoplasm and nucleolus of spinal motor neurons in normal (WT; A—() and SOD1 G37R (D—F) mice, whereas Cdk4 was found
inneuronal cell bodies from normal mice (G—/) and neuronal nuclei from S0D1 7% mice (J~L). RT-97 antibodies were used to stain
dendritic and axonal phospho-NF-H, thereby delimiting the neuronal cell bodies. The nuclear localization of Cdk4 in spinal motor
neurons of SOD1 %”® mice was confirmed by double immunostaining with Cdk4 and MAP2 antibodies and DAPI staining (M—0). A
secondary FITC-labeled antibody and a secondary rhodamine-labeled antibody were used to detect phospho-NF-H or MAP-2 and
(dk2 or Cdkd, respectively. Experiments were performed with spinal cord sections or spinal cord lysates from five SOD1%7F mice
(line 29) at the end stage of disease (1112 months old) and four normal littermates. Scale bar, 20 pum. All experiments were
repeated more than two times.

(Fig. 4). Immunohistochemical staining

showed higher levels of cyclin D1 in the nucleus of motor neurons
in the ventral horn of spinal cord of SOD1*’® mice when com-
pared with normal mice (Fig. 4B). To clearly demonstrate that
nuclei of SOD1%*’® mice are enriched in cyclin D1, we per-
formed nuclear fractionation of spinal cord tissues from both
normal mice and mutant SOD1 mice (Fig. 4H). Cyclin D1 was
found to be more abundant in nuclear samples from SOD1%*7%
mice. In contrast to cyclin DI, cyclin D2 and D3 are detected
mainly in the cytoplasm of the spinal motor neuron cord from
both normal and SOD1%*"® mice, as revealed by both immuno-
histochemistry and nuclear fractionation (Fig. 4C—F,H ). The ax-
onal counts at the level of the L5 ventral root for wild-type (WT)

and end-stage SOD1%*"® mice are 1052 = 97 (n = 4) and 364 =
34 (n = 4), respectively (Fig. 4G).

Phosphorylation of Rb at Ser-807 and Ser-811 in motor
neurons of SOD1%*’% mice

Recent studies showed that phosphorylation of Rb by Cdk4 and
Cdk6 leads to the disruption of the transcription-repressive E2F-
1/Rb complex, causing the inactivation and degradation of Rb,
and consequently promotes E2F-1-dependent transcription of
proteins involved in mitosis and differentiation (Dyson, 1998;
Lipinski and Jacks, 1999). In neurons, Rb phosphorylation by
Cdk4 and Cdké causes neuronal apoptosis (Park et al. 1997a,b,
1998a,b, 2000; Copani et al., 1999; Stefanis et al., 1999; Osuga et
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Figure3. Concomitant dysregulation of Cdk5 and Cdk4 in the late stage of disease in SOD

and Cdk4yielded diffuse immunostaining in spinal cord sections of normal mice (4, £) and 3- and 6-month-old SOD1%*"® mice (B,
f, G, G, respectively). In contrast, strong immunostaining for Cdk5 and Cdk4, indicative of dysregulation, starts at 8 —9 months of
agein SOD1%"® mice (D, H). Experiments were performed with spinal cord sections from three SOD

and three normal littermates and were repeated more than two times.

al., 2000; Ino and Chiba, 2001; Katchanov et al., 2001) (for re-
view, see Copani et al., 2001; Liu and Greene, 2001). Using anti-
bodies against phospho-Ser-807/Thr-811-Rb or phospho-Ser-
795-Rb, we examined by immunohistochemistry whether the
nuclear localization of Cdk4 and Cdké in spinal motor neurons
of SOD1*"® mice resulted in abnormal phosphorylation of Rb.
Phosphorylation of Rb at these sites by Cdks has been shown to
disrupt the binding of Rb to E2F-1 (Knudsen and Wang, 1997).
Immunostaining with anti-phospho-Ser-795-Rb antibodies
yielded a strong nuclear immunoreactivity in motor neurons of
normal and SOD1 “*"® mice (Fig. 1 K,L). However, unlike in nor-
mal mice, cytoplasmic immunostaining occurred in some motor
neurons of SOD1%*”® mice (Fig. 1L, white arrows). Remarkably,
the phospho-Ser 807/Thr-811-Rb antibody yielded a robust im-
munostaining of neuronal cell bodies in the spinal cord of
SOD1 “*"R mice, whereas a weak and diffuse immunostaining of
motor neurons was observed in normal mice (Fig. 1M,N). To
confirm the specificities of phospho-Rb antibodies, spinal cord
extracts from SOD1“*"® and normal mice were fractionated by
SDS-PAGE followed by immunoblotting with phospho-Ser-795
or phospho-Ser-807/Thr-811-Rb antibodies. No phospho-Ser-
807/Thr-811-Rb immunoreactivities were detected in samples
from normal mice (Fig. 10). However, in extracts from
SOD1%*"™® mice, phospho-Ser-807/Thr-811-Rb antibodies rec-
ognized 110 kDa phospho species of Rb, confirming a hyperho-
sphorylation of Rb at those residues in these extracts (Fig. 10).
Alkaline phosphatase treatment of the blot completely abolished
the phospho-Ser-807/Thr-811-Rb signals for the SOD1 “*"® sam-
ples, confirming the specificity of the signals (Fig. 1 P). We have
also tested by Western blot the specificity of phospho-Ser-795-Rb
antibodies. In extracts from both normal and SOD1%*"® mice,
this antibody recognizes the typical 110 kDa phospho species of
Rb that can be abolished with phosphatase treatment (Fig. 10,P).
These combined results indicate that Rb is hyperphosphorylated
at Ser-807/Thr-811 in the spinal cord of SOD1%*"® mice but not
in wild-type mice.
Kinase activities and protein levels of Cdks in SOD1 “*’® mice
To obtain further evidence of involvement of cell cycle regulators
in the neuronal death pathway of ALS, we determined the protein
levels and kinase activities of Cdk4, Cdké6, and Cdk2 in spinal
cord extracts from normal and SOD1 “*”® mice in the late stage of
disease. The protein extracts, prepared as described previously
(Nguyen et al., 2001a), were fractionated by SDS-PAGE followed
by immunoblotting using specific antibodies. As shown in Figure

1 G37R
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G37R (9 months) 5, the total levels of Cdk5, Cdké6, and Cdk2
e g were similar in SOD1%*’® and normal
% 3 mice. In contrast, the total and nuclear
levels of Cdk4 increased up to threefold in
spinal cord of SOD1 “*”® mice when com-
D pared with normal mice (see Figs. 5, 7), in
: 3 agreement with the immunohistochemi-
Lo cal staining shown in Figure 1D.

We performed kinase assays after im-
munoprecipitation of each kinase from
spinal cord extracts using histone H1 as a
substrate for Cdk5 and Cdk2 or Rb as a
substrate for Cdk4 and Cdké. As we re-
ported previously, an approximately two-
fold increase in CdkS5 activity was detected
in SOD1%*”® mice when compared with
normal mice (Fig. 5A) (Nguyen et al,
2001a). A very modest increase in Cdk2
activity was found in the spinal cord of SOD1%*"® mice, which
may reflect proliferating glial cells entering the cell cycle asyn-
chronously. A dramatic increase of Rb phosphorylation by nu-
clear Cdk4 activity was detected in samples from SOD1 “*”® mice
compared with normal mice (Fig. 5A). This upregulation of two-
fold to threefold in Cdk4 kinase activity correlated with an in-
crease of Cdk4 protein levels in the nuclear (Fig. 5) and total
fraction (see Fig. 7), as determined by Western blot and by im-
munohistochemistry (Fig. 1 D). No changes in Cdké6 protein lev-
els and kinase activity were detected in spinal cord extracts of
SOD1%*"™® mice. This is compatible with the small number of
Cdké6-positive motor neurons detected by immunohistochemis-
try in SOD1“*’® mice (Fig. 1 F).

Because Rb is also a substrate for Cdk5 (Lee et al., 1997), we
performed immunoprecipitation assays to determine whether
Cdk5 or Cdk4 phosphorylates Rb. Phospho-Rb can only be im-
munoprecipitated in SOD1%*”® mice with anti-Cdk4 but not
anti-Cdk5 antibodies (Fig. 5B). Taken together, these results in-
dicate that Cdk4/cyclin D1 is the main cyclin/Cdk complex re-
sponsible for the phosphorylation of Rb in motor neurons of
mutant SOD1 mice. Further support of the Rb phosphorylation
by Cdk4 is the finding of low levels of phospho-Rb in neurons of
SOD1 “*”’:hNE-H mice, which exhibited a deregulation of Cdk5
but not of Cdk4 at 1 year of age (see below).

i
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Minocycline, a drug that slows down disease
progression, lessened dysregulation of Cdk5 and
Cdk4 and Rb phosphorylation
Minocycline, a tetracycline-derivative compound, conferred
protection in mouse models of stroke, Huntington’s disease, and
Parkinson’s disease (Yrjianheikki et al., 1999; Chen et al., 2000; Du
et al., 2001; Wu et al., 2002). This protection may be related to
inhibition of p38 MAP kinase in proliferating glial cells, reduc-
tion of inducible nitric oxide synthase, inhibition of cytochrome
c release (Zhu et al., 2002), and alleviation of caspase activation
(Yrjanheikki et al., 1999; Chen et al., 2000; Du et al., 2001).
Minocycline treatment, when administered as a supplement
in the rodent diet starting at the late presymptomatic stage (9
months old), increased the life span of SOD1*’® mice by ~3
weeks (Kriz et al., 2002). Here we further examined by immuno-
histochemistry whether minocycline treatment lessens the dys-
regulation of Cdk5 and Cdk4 in motor neurons of SOD1%*7%
mice. As shown in Figure 6, there was a reduction of MAC-2 (a
galactose-specific lectin) staining, a marker of activated micro-
glia, in 10.5-month-old minocycline-treated SOD1 G37R mice
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Figure 4. Increase in nuclear cyclin D1 in the spinal cord of SOD1%’® mice. Monoclonal
antibodies against cyclin D1 yielded strong nuclearimmunoreactivity in the ventral horn of the
spinal cord from normal mice (WT) and SOD1%7® mice (4, B), whereas antibodies against
cyclins D2 and D3 stained cell bodies of spinal motor neurons (G, £). The weak immunostaining
for cyclins D2 and D3 at the end stage of disease in SOD1**® mice (D, F) likely reflects massive
neuronal loss. G, Axonal counts of L5 ventral roots in WT and SOD1 %% mice. To determine
whether an increase in Cdk4 activity is associated with increased nuclear levels of cyclin D1, we
performed nuclear fractionation. Western blots show that cyclin D1 but not cyclin D2 and D3
levelsincrease in the nucleus of cells from mutant SOD1 but not WT mice ( H). Experiments were
performed with spinal cord lysates and sections from four SOD1%*”® mice (line 29) at the end
stage of disease (11—12 months old) and four normal littermates and were repeated more than
two times. Scale bar, 0.25 mm.

when compared with control SOD1%*"® littermates. Moreover,
whereas intense Cdk5 and Cdk4 immunoreactivities were de-
tected in the nucleus of spinal motor neurons in 10.5-month-old
SOD1%*"R mice (Fig. 6,B,E), weak immunostaining for Cdk5 and
Cdk4 was detected in spinal motor neurons of minocycline-
treated SOD1 %>R mice (Fig. 6,A,C-E). Moreover, treatment of
SOD1%*"® mice with minocycline resulted in a reduction in the
phosphorylation of Rb (Fig. 6 N). These results suggest that the
dysregulation of Cdk5 and Cdk4 and Rb phosphorylation in
SOD1“*’® mice may occur as a neurotoxic response to stress,
including inflammatory processes, at the late stage of disease.
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Figure 5.  Upregulation of levels and kinase activity of Cdk4 associated with Rb phosphory-
lation in the spinal cord of SOD1 %7 mice. A, Similar levels of Cdk5, Cdk6, and Cdk2 were
detected by Western blotting from spinal cord extracts of normal mice (WT) and S0D1 7%
mice. However, increased levels of Cdk4 were detected in nuclear fractions from the spinal cord
of SOD1 3% mice when compared with normal mice. Kinase assays were performed after im-
munoprecipitation of spinal cord extracts with Cdk5, Cdk4, Cdk6, and Cdk2 antibodies. The
autoradiograms show the quantity of >*P incorporated in histone H1 (Cdk5, Cdk2) or Rb (Cdk4,
(dk6 ) in spinal cord extracts from SOD1 3" mice and littermates (WT) at 11-12 months of age.
The (dk5 and Cdk4 kinase activities were increased by approximately twofold in samples from
S0D1%7® mice, whereas no major changes in Cdk6 and Cdk2 activities were detected. B, Cdké4
but not Cdk5 can be immunoprecipitated with phospho-Rb from spinal cord lysates of SOD1 7%
but not WT mice. The membranes were reprobed with antibodies against Cdk5, Cdk4, or
phospho-Rb. /P, Immunoprecipitation. Experiments were performed with spinal cord lysates
from four SOD1 3% mice (line 29) at the end stage of disease (11—12 months old) and four
normal littermates and were repeated more than two times.

To determine whether motor neurons positive for Cdk4 exhibit
signs of apoptosis, we performed double-immunohistochemical
staining for Cdk4 and activated caspase-3 on spinal cord sections
from SOD1“*"® mice. As shown in Figure 6 P, neurons positive for
both Cdk4 and activated caspase-3 are rarely found in those sections,
yet few of them were positive for both antibodies (Fig. 6Q). This
finding suggests that a deregulation of Cdk4 may be independent of
other neuronal death pathways involving caspase-3. Another possi-
bility, initially highlighted by Pasinelli et al. (2000) and Vukosavic et
al. (2000), is that the apoptotic processes in ALS mice differ in kinet-
ics and biochemistry from those occurring during neuronal devel-
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Figure6.  Attenuation of disease in SODT % mice by minocycline treatment or by overex-
pression of the hNF-H transgene lessens dysregulation of Cdk4 and Rb phosphorylation. Anti-
bodies against Cdk5 yielded strong immunoreactivities in cell bodies and nuclei of motor neu-
rons in early presymptomatic 10.5-month-old SOD1%"* mice (B). The same mouse also
exhibited immunoreactivities for Cdk4 in nuclei of some motor neurons (£, white arrows) as well
as activation of microglia (H). Microglia activation, Cdk5 deregulation, and Cdk4 upregulation
were reduced in mator neurons of 10.5-month-old SOD1 %7® mice treated with minocycline at
9 months (G, £, ). Similar staining intensities were found in normal littermates (4, D, G). Less
phosphorylation of Rb was detected in SOD1%7F mice as a result of minocycline treatment or
hNF-H overexpression (N, 0). Double immunohistochemical staining for Cdk4 and activated
caspase-3 on spinal cord sections from SOD1 %7® mice indicates rare neurons positive for both
(dk4 and activated caspase-3 (P), yet few of them were positive for both antibodies ( Q). This
finding suggests that a deregulation of Cdk4 may be independent of other neuronal death
pathways involving caspase-3, that apoptotic processes in ALS mice differ from the one occur-
ring during neuronal development, or both. The experiments were performed with spinal cord
sections from five SOD1 %R mice (line 29) at the end stage of disease (11—12 months old), two
S0D1 S7®:hNF-H mice (12 months old), and four normal littermates. Scale bar, 50 um.

opment. It is also noteworthy that none of three seminal studies on
apoptosis using mutant SOD1 mice reported positive terminal de-
oxynucleotidyl transferase-mediated biotinylated UTP nick end-
labeling staining for motor neurons, characteristic of apoptosis (Li et
al., 2000; Pasinelli et al., 2000; Vukosavic et al., 2000). Moreover, only
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Figure 7.  Overexpression of hNF-H in SOD1%7F mice reduces Cdk4 levels. Antibodies
against Cdk5 yielded strong immunoreactivities for cell bodies and nuclei of motor neurons in
13-month-old SOD1*"® mice overexpressing hNF-H (4, white arrows). However, the same
mouse exhibited poorimmunoreactivities for Cdk4 in nuclei of motor neurons (B, white arrows)
except forone neuron (B, black arrow). Similar levels of Cdk5 were detected by Western blotting
in spinal cord extracts of normal mice (WT) and SOD1%*”® mice with or without the hNF-H
transgene (lanes 7—6). In contrast, the overexpression of hNF-H decreased the total levels of
Cdka41in the spinal cord of SOD1 %7® mice (lanes 3, 6). Actin was used as a control. Experiments
were performed with spinal cord sections from three 12- to 13-month-old SOD1 %7®:hNF-H
mice. The spinal cord samples in D were prepared from three 12-month-old mice of each geno-
type. All experiments were repeated more than twice.

a few motor neurons in mutant SOD1 mice exhibit markers of apo-
ptosis, although all of them express the mutant protein (Pasinelli et
al., 2000; Vukosavic et al., 2000). Indeed, we and other groups dem-
onstrated that glial cells are the main targets of apoptosis in ALS mice
(Pasinelli et al., 2000; M. D. Nguyen, T. Daigle, J.-P. Julien, and S.
Rivest, unpublished results). A nonapoptotic mode of neuronal cell
death has been also suggested in ALS (Migheli et al., 1999). It is still
controversial whether necrosis or “unusual apoptosis” is the domi-
nant mode of neuronal cell death in ALS.

Overexpression of human NF-H, a phosphorylation sink for
Cdk5, decreases the levels of nuclear Cdk4, attenuates Rb
phosphorylation, and alleviates disease in SOD1*’® mice

To further assess the relationship between Cdk5 and Cdk4 in
neurodegeneration, we analyzed SOD1 "% mice overexpressing
the human NF-H protein (hNF-H) (Couillard-Després et al.,
1998; Nguyen et al., 2001a). Our previous studies provided evi-
dence that perikaryal neurofilament accumulations induced by
overexpression of an hNF-H transgene can slow down disease in
SOD1“*"® mice by acting as a phosphorylation sink for deregu-
lated Cdk5 activity by p25, a toxic calpain-p35 truncated product
(Couillard-Després et al., 1998; Patrick et al., 1999; Nguyen et al.,
2001a). To further assess the effects of Cdk5 interference on Cdk4
levels, we analyzed by immunohistochemistry and Western blot-
ting the expression of Cdk4 as well as phosphorylation of Rb in
SOD1%*"® mice overexpressing hNF-H.

As we reported before, antibodies against Cdk5 yielded strong
immunoreactivities in the nucleus and cell bodies of spinal motor
neurons from SOD1 “*”®hNF-H mice (Fig. 7A) (Nguyen et al.,
2001a). In contrast, poor immunoreactivity for Cdk4 was de-
tected in the cytoplasm and nucleus of spinal motor neurons in
doubly transgenic SOD1%*”";hNF-H mice (Fig. 7B,C). The
Western blots in Figure 7D further confirmed the lower levels of
Cdk4 in spinal cord extracts of doubly transgenic SOD1*7%;
hNF-H mice compared with single SOD1“*”® mice. Further-
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more, Rb phosphorylation is also greatly attenuated in doubly
transgenic SOD1%*”,hNF-H mice compared with single
SOD1 “*"R mice (Fig. 6). Thus, there was a correlation between
severity of disease and a reduction of Cdk4 levels and Rb phos-
phorylation in both SOD1%*”*;hNF-H and minocycline-treated
SOD1%*"® mice (Nguyen et al., 2001a; Kriz et al., 2002; see
above).

Discussion

The data presented here suggest that an attempted reentry of
motor neurons into the G;-S phase of the cell cycle may be a
critical step in the neuronal death pathway triggered by toxicity of
mutant SOD1. Our results showed abnormal protein levels and
activity of Cdk4, a regulator of the G,-S checkpoint of the cell
cycle, in the nucleus of spinal motor neurons from SOD1 %7}
mice at a late stage in disease. Moreover, Rb was found to be
abnormally phosphorylated at Ser-807 and Thr-811 in those mo-
tor neurons (Fig. 1).

There is growing evidence for involvement of cell cycle mole-
cules in many neurodegenerative conditions. Alterations in ex-
pression and cellular distribution of cell cycle regulators have
been observed in neurons of postmortem samples in Alzheimer’s
disease, Down’s syndrome, Pick’s disease, Parkinson ALS of
Guam, and amyotrophic lateral sclerosis (Arendt et al., 1996;
Vincent et al., 1996, 1997; McShea et al., 1997; Busser et al., 1998;
Husseman et al., 2000; Ranganathan et al., 2001; Yang et al,,
2001). Moreover, activation of Cdks can be triggered in brain
neurons after cerebral ischemia or kainate-induced excitotoxicity
as well as in cultured neurons after treatment with DNA-
damaging agents, deprivation of toxic factors, or B-amyloid pep-
tide (Park et al. 1997a,b, 1998a,b, 2000; Copani et al., 1999; Ste-
fanis et al,, 1999; Osuga et al., 2000; Ino and Chiba, 2001;
Katchanov et al., 2001). Under such in vivo and in vitro condi-
tions, neuronal death can be rescued by the use of Cdk inhibitors
or dominant negative forms of the kinases (Park et al. 1997a,b,
1998a,b, 2000; Copani et al., 1999; Stefanis et al., 1999; Osuga et
al., 2000; Ino and Chiba, 2001; Katchanov et al., 2001), demon-
strating the central role of Cdks in the neuronal apoptotic mech-
anism (for review, see Nguyen et al., 2002b).

Administration of minocycline in the diet of SO mice
delayed the onset of motor neuron degeneration and slowed
down disease progression (Kriz et al., 2002) presumably through
the attenuation of microgliosis that produces noxious inflamma-
tory molecules (Bruijn et al., 1997; Nguyen et al., 2001b) (for
review on inflammation in neurodegeneration, see Nguyen et al.,
2002a). Here, we show that the dysregulation of Cdk5 and Cdk4
at 8—9 months of age in SOD1%*"® mice (Fig. 3) can be attenu-
ated by minocycline, a compound that reduces inflammation
during the terminal apoptotic phase of disease (Fig. 6). It is pos-
sible that the dysregulation of Cdk5 and Cdk4 may result from a
neuronal toxic response to inflammatory processes. This view
would be compatible with studies demonstrating a close relation-
ship between aberrant expression of cell cycle proteins in neurons
and inflammation (Jordan-Sciutto et al., 2001, 2002; Ranga-
nathan et al., 2001).

Although abnormal activation of cell cycle Cdks and Cdk5
were detected in various neurodegenerative conditions, it has
remained unclear how Cdk5 deregulation by p25 might be con-
nected to neuronal death mediated by cell cycle Cdks. Our anal-
ysis of SOD1*"® mice overexpressing human NE-H proteins is
also consistent with a model in which Cdk5 precedes Cdk4 in the
signaling pathway to neuronal death, as depicted in Figure 8.
Previously, we showed that the overexpression of NF-H confers
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Figure8. Model of the neuronal death pathway involving Cdks. In this model, mutant SOD1,
oxidative stress, excitotoxicity, and inflammation can trigger deregulation of Cdk5 that subse-
quently upregulates Cdk4. The activation of nuclear Cdk4 leads to the phosphorylation of Rb,
promoting its dissociation from E2F-1 with ensuing transcription of proapoptotic Bcl-2 family
members. This provokes mitochondrial disturbances, caspase activation, and ultimately neuro-
degeneration. The toxicity of nuclear Cdk4 upregulation, Rb phosphorylation, and the ensuing
signaling pathway can be attenuated by interference of derequlated Cdk5 activity. Forinstance,
this may be achieved by overexpressing NF-H, which acts as a phosphorylation sink for dereg-
ulated Cdk5 activity. Cdk4 can also be activated independently of Cdk5 deregulation.

remarkable protection and delays the mortality of SOD1<*"®

mice (Couillard-Després et al., 1998). The excess perikaryal
NE-H can alleviate disease by acting as a phosphorylation sink for
deregulated Cdk5 activity, thereby reducing hyperphosphoryla-
tion of other detrimental substrates such as tau (Nguyen et al.,
2001a). As shown in Figure 7, unlike in single SOD1 G37R mice,
low levels of Cdk4 were detected in motor neurons of double
SOD1*” ANF-H mice despite conversion of p35 into p25 and
deregulation of Cdk5 (Nguyen et al., 2001b). Further supporting
the view that Cdk5 deregulation lies upstream of Cdk4 and Rb
toxicity are the findings of Cdk4 immunoprecipitated with
phospho-Rb and the low levels of phospho-Rb in neurons of
SOD1 “*’R:hNF-H mice. Thus, interfering with Cdk5 led to re-
duction in Cdk4 levels, Rb phosphorylation, and alleviation of
disease severity. All these results are compatible with a model in
which Cdk5 precedes Cdk4 in the degenerative signaling pathway
and induction of Cdk4 is essential for Rb phosphorylation and
neurodegeneration.

It is unlikely that perikaryal NF inclusions serve as a phos-
phorylation sink for Cdk4 activity, because in SOD1 “*”*;hNF-H
mice, Cdk4 is almost not detectable (Fig. 7). Moreover, we were
unable to precipitate Cdk4 with antibodies against phospho-
NE-H (data not shown). Although we did not succeed in immu-
noprecipitating Cdk5 with phospho-Rb, it remains possible that
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RbD is a minor target of p25/Cdk5 in mutant SOD1 mice. Previ-
ously, Lee et al. (1997) demonstrated that in vitro, Rb is a sub-
strate for p25/Cdk5. As shown in Figure 60, a slight immuno-
staining for phospho-Rb is still detected in motor neurons of
SOD1“*”";hANF-H mice at the stage of deregulation of Cdk5 but
not Cdk4.

How might Cdk activation lead to neuronal death? It is well
established that an association of cyclin D1 with Cdk4 confers to
this kinase the capacity to phosphorylate Rb (Knudsen and
Wang, 1997). In mitotic cells, phosphorylation of Rb by Cdk4
triggers initiation and progression of the cell cycle (Morgan 1997;
Dyson, 1998; Tannoch etal., 2000). However, in postmitotic neu-
rons, there is evidence that phosphorylation of Rb can induce
apoptosis through the dissociation of Rb from the Rb/E2F-1
transcription-repressive complex and the subsequent E2F-1-
dependent expression of apoptotic proteins (Knudsen and
Wang, 1997; Copani et al., 1999, 2001; Giovanni et al., 2000; Liu
and Greene, 2001).

Studies with primary cortical neurons treated with B-amyloid
peptide demonstrated that Rb phosphorylation by Cdk4/6 acti-
vation can be followed by the activation of the proapoptotic Bcl-2
family member Bax, which in turn activates caspase-3, leading to
apoptosis (Knudsen and Wang, 1997; Copani et al., 1999, 2001;
Giovanni et al., 2000; Liu and Greene, 2001). There is evidence
that alterations in levels of Bax, Bcl-2, and Bcl-x proteins may also
contribute to neurodegeneration in mutant SOD1 mice and in
ALS patients (Mu et al., 1996, Ekegren et al., 1999; Martin, 1999;
Vukosavic et al., 1999; Gonzalez de Aguilar et al., 2000). The
overexpression of Bcl-2 in SOD1%%** mice delayed caspase-3 ac-
tivation, indicating that insults leading to an unbalanced ratio of
Bcl-2 family members might promote death signals (Kostic et al.,
1997; Pasinelli et al., 1998, 2000; Li et al., 2000; Vukosavic et al.,
2000). Nevertheless, the apoptotic processes in mutant SOD1
mice differ by kinetics and by biochemistry from the one occur-
ring during neuronal development (Pasinelli et al., 2000; Vuko-
savic et al., 2000). The classical concepts of mechanisms and tim-
ing of apoptosis may then require revision in cases of late-onset
neurodegenerative disorders, evolving over months or years,
such as ALS. A nonapoptotic mode of neuronal cell death has also
been suggested in ALS (Migheli et al., 1999; Vukosavic et al,,
2000). It is still controversial whether necrosis or unusual apo-
ptosis is the dominant mode of neuronal cell death in ALS.

The results presented here suggest that regulators of the G,-S
checkpoint of the cell cycle may represent key components of the
signaling pathway linking the toxicity of mutant SOD1 to an
unusual neuronal death pathway initiated by Bcl-2 family mem-
bers and caspase activation (Fig. 8). Accordingly, inhibitors of
Cdks, already known to be protective in different neurodegenera-
tive conditions, might provide potential therapeutic avenues for
ALS treatment.
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