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Amyotrophic lateral sclerosis (ALS) is characterized
by progressive degeneration of the motor neurons in
the cerebral cortex, brain stem, and spinal cord.
However, the mechanisms that regulate the initiation
and/or progression of motor neuron loss in this dis-
ease remain enigmatic. Cell-cycle proteins and tran-
scriptional regulators such as cyclins, cyclin-associ-
ated kinases, the retinoblastoma gene product (pRb),
and E2F-1 function during cellular proliferation, dif-
ferentiation, and cell death pathways. Recent data has
implicated increased expression and activation of
various cell-cycle proteins in neuronal cell death. We
have examined the expression and subcellular distri-
bution of G, to S phase cell-cycle regulators in the
spinal cord, motor cortex, and sensory cortex from
clinically and neuropathologically diagnosed spo-
radic ALS cases and age-matched controls. Our results
indicate hyperphosphorylation of the retinoblastoma
protein in motor neurons during ALS, concurrent
with increased levels of cyclin D, and redistribution
of E2F-1 into the cytoplasm of motor neurons and
glia. These data suggest that G, to S phase activation
occurs during ALS and may participate in molecular
mechanisms regulating motor neuron death. (Am jJ
Patbol 2003, 162:823—-835)

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease exemplified by neuronal loss in the motor
cortex, brainstem, and spinal cord ventral horn. This pro-
gressive neurodegeneration results in muscle atrophy,
paralysis, and death. Disease onset may occur at any
age but is most common between 40 to 70 years of age.
The average time interval from diagnosis to mortality is
~4 years."? Familial ALS comprises a fraction (5 to 10%)
of ALS cases and is predominantly inherited in an auto-
somal dominant manner and includes mutations in the
SOD1 and the ALS2 genes.®”

The etiology of ALS is thought to be multifactorial. Factors
believed to participate in motor neuron degeneration in-
clude glutamate-mediated excitotoxicity, free radical accu-
mulation because of oxidative stress, increased intracellular
calcium, mitochondrial dysfunction, cytoskeletal abnormal-
ities, astrogliosis, and genetic mutations.®~'> Neuronal dys-

function because of retrograde degeneration of the presyn-
aptic axons may occur as the result of insufficient release
of activity-dependent target-derived neurotrophic fac-
tors.' One important consequence of inappropriate tro-
phic factor support is altered intracellular signaling to the
nucleus. Signaling from the cell surface to the nucleus
modulates chromatin structure and the activity of tran-
scription factors, resulting in altered gene transcription.
One potential mechanism leading to neuronal death in
ALS includes altered expression of pro- and anti-apop-
totic genes.'® Another potential cell death mechanism is
the inappropriate expression or activation of cell-cycle
proteins.'® The cell cycle is associated with the phase-
specific expression or modification of defined sets of
cell-cycle regulatory genes that regulate cellular prolifer-
ation, differentiation or entry into a quiescent state.'”
However re-entry of quiescent, terminally differentiated
neurons, into the cell cycle may result in a mitotic catas-
trophe and cell death.' 819

For entry into the cell cycle, quiescent neurons of the
adult brain must first exit G, and enter the G, phase of the
cell cycle. Multiple cell-cycle proteins regulate progres-
sion through G, the most important being the products of
retinoblastoma (pRb) tumor suppressor and E2F gene
families.®® Numerous lines of investigation have impli-
cated pRb and E2F-1 in neuronal cell death. Studies
using transgenic mouse models revealed that neuronal
death in pRb knockouts was rescued by concurrent mu-
tations in E2F-1, suggesting a role for E2F-1 in neuronal
death.?'"23 In vitro studies using pharmacological agents
in PC12 cells or primary neuronal cultures suggest a role
for several cell-cycle elements such as cyclin-associated
kinase (CDK)4/6, pRb/p107, and E2F in neuronal death
evoked by insults such as B-amyloid toxicity, UV irradia-
tion, DNA-damaging agents, trophic factor withdrawal,
and depolarizing conditions.?*~3® E2F-1 participates in
both caspase-dependent and caspase-independent
death pathways, both of which have been postulated to
function in motor neuron cell death in ALS.*¢73® We hy-
pothesize that activation of G, to S phase cell-cycle
transcriptional regulators in motor neurons during ALS
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leads to altered gene expression and directly regulates
cell death.

In quiescent cells, the retinoblastoma protein (pRb)
remains in a hypophosphorylated state and sequesters
members of the E2F gene family of transcription factors,
which suppresses cell-cycle progression.®® The E2F
gene family consists of six members, which exist in a
functional heterodimeric complex with DP proteins.*© The
transactivational potential of E2F is held in check be-
cause of interaction of its C-terminal transactivation do-
main with pRb. However activation of D-type cyclins trig-
gers phosphorylation of pRb via cyclin-dependent
kinases (CDK4/CDK®6). Hyperphosphorylation of pRb
(ppRb) releases and derepresses E2F.4" Hence the ac-
tivation of cyclin/cdks and inactivation of pRb directs
cellular proliferation via the E2F proteins. The diversity of
forming different multimeric complexes defines distinct
functional roles for the different E2F members. E2F-1 may
also induce cell death under the appropriate condi-
tions.?4732 Although cell death during ALS is believed to
be apoptotic in nature, this is an area of active research
and debate.**">" Evidence from studies on nonneuronal
cells suggests that E2F-1-induced cell death is via apo-
ptosis and can be either p53-dependent or p53-indepen-
dent.®%%% However a role for E2F-1 or other cell-cycle
proteins in neurodegeneration during ALS is unknown.

In the current study we examined the phosphorylation
and potential activation of G, to S phase cell-cycle pro-
teins in motor neurons during ALS. We report an en-
hanced nuclear accumulation of hyperphosphorylated
pRb (ppRb) and altered localization of E2F-1 in both
lower and upper motor neurons in patients with ALS.
These results indicate that, similar to in vitro models of
neuronal cell death, motor neurons hyperphosphorylate
pRb and exhibit altered distribution of E2F-1 during ALS,
suggesting motor neurons re-enter the G, phase of the
cell cycle, which may contribute to cell death mecha-
nisms.

Materials and Methods

Source of Tissue Samples

The lumbar spinal cord and pre-/postcentral gyrus (mo-
tor/sensory cortex) region from 18 cases of clinically di-
agnosed sporadic ALS, and 9 non-ALS age-matched
controls, were used to examine protein expression and
distribution. All tissues were obtained from the University
of Pittsburgh ALS tissue bank. The average age at death
was 60.05 + 12.22 years for ALS cases (range, 40 to 76
years) and was not significantly different from control
cases (65.33 = 15.37 years; range, 51 to 95 years; P =
0.34). The average postmortem interval times for ALS and
control cases were 6.02 = 3.35 hours (range, 2.5 to 14
hours) and 9.88 = 5.68 hours (range, 5 to 20 hours),
respectively. The difference in the postmortem interval
time was statistically significant (P = 0.039). Some of the
controls and ALS cases (indicated with an asterisk in
Table 1) were neuropathologically diagnosed as cases
with possible Alzheimer disease (Braak Il or IlI/VI). Ap-

proval for use of human tissues was obtained from the
University of Pittsburgh Interval Review Board. For immu-
nohistochemistry, all tissues were fixed in 10% buffered
formalin for 1 week and 8-um paraffin-embedded sec-
tions were examined as follows.

Antibodies

Monoclonal antibodies were used to detect hypophos-
phorylated pRb (Pharmingen, La Jolla, CA), E2F-1
(clones KH95 and C-20; Santa Cruz Biotechnology,
Santa Cruz, CA), and cyclin D1 (Santa Cruz Biotechnol-
ogy). Polyclonal antibodies were used to detect hyper-
phosphorylated pRb (ser-795, NEN Biolabs, Boston,
MA), active form of CDK4 (Santa Cruz Biotechnology),
actin (Chemicon, Temecula, CA), and glial fibrillary acidic
protein (GFAP) (DAKO, Carpinteria, CA). Western gels
were probed at dilutions of 1:750 (pRb, ppRb, E2F-1),
1:200 (cyclin D1, CDK4), or 1:15000 (actin). For immu-
nohistochemistry, these antibodies were used at dilutions
of 1:150 (pRb, ppRb, E2F-1) and 1:200 (CDK4, cyclin D1,
GFAP).

Immunohistochemistry

Paraffin-embedded tissue sections were microwave
treated for 4 minutes at full power followed by 7 minutes
at 40% power in 1X citra antigen retrieval (Biogenex, San
Ramon, CA), cooled to room temperature for 90 minutes,
and then incubated in 3% H,0O, and 0.25% Triton X-100
in phosphate-buffered saline (PBS) for 30 minutes. The
sections were then blocked in 5% milk/PBS for 1 hour.
Primary antibodies were added in 1X PBS and incubated
overnight at 4°C. After four 15-minute washes in PBS,
sections were incubated in biotinylated goat anti-rabbit or
anti-mouse 1gG secondary antibody (1:1000 dilution;
Southern Biotechnology Labs., Birmingham, AL) for 1.5
hours. The signal was further amplified using biotinylated
tyramide according to the manufacturer’s protocol (TSA
Biotin System, NEN Biolabs). On washing, the sections
were incubated in streptavidin-horseradish peroxidase
(1:1000 dilution) for 1 hour and the reaction product
visualized using 3-amino-9-ethylcarbazole (AEC) (for 3 to
5 minutes) (Biogenex, San Ramon, CA). This reaction
results in a red end product and all sections were then
counterstained with hematoxylin.

Protein Extraction

Spinal cord and motor cortical frozen tissue samples from
controls cases and ALS cases (Table 1) were used for
immunoblotting and DNA-binding assays. For total cell
lysates, tissue samples were homogenized using poly-
tron homogenizer (PGC Scientific, Gaithersburg, MD) set
at 15,000 rpm for 45 seconds. It was performed in lysis
buffer containing 25 mmol/L HEPES (pH 7.4), 50 mmol/L
NaCl, protease inhibitor cocktail Il (Sigma Chemical Co.,
St. Louis, MO), and 1% Triton X-100. The homogenized
product was spun at 14,000 rpm in a cold microfuge and
the supernatant saved as the total cell lysate. Nuclear
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Cases Age/sex PMI (hours) Neuropathology spinal cord Neuropathology motor cortex
Control 1 53/F 7 No LMN loss or gliosis No UMN loss or gliosis
Control 2 54/M 6 No LMN loss or gliosis No UMN loss or gliosis
Control 3 62/M 5 No LMN loss or gliosis No UMN loss or gliosis
Control 4 58/F 5 No LMN loss or gliosis No UMN loss or gliosis
Control 5* 82/F 5 No LMN loss or gliosis No UMN loss or gliosis
Control 6* 76/M 13 No LMN loss or gliosis No UMN loss or gliosis
Control 7 57/F 11 No LMN loss or gliosis No UMN loss or gliosis
Control 8 95/M 20 No LMN loss or gliosis No UMN loss or gliosis
Control 9 51/F 17 No LMN loss or gliosis No UMN loss or gliosis
ALS 1 71/F 5 Severe LMN loss and gliosis Moderate UMN loss and gliosis
ALS 2 71M 3 Severe LMN loss and gliosis Moderate UMN and axonal loss
ALS 3 75/M 2.5 Severe loss of LMN and gliosis Moderate loss of UMN and gliosis
ALS 4 43/M 4 Severe LMN loss, and gliosis Severe UMN loss and gliosis
ALS 5 51/F 5 Severe LMN loss, moderate gliosis Severe UMN loss and gliosis
ALS 6 67/M 4 Severe LMN loss and gliosis Severe UMN loss and gliosis,
severe loss of axons
ALS 7 51/M 5 Severe LMN loss, axonal loss, Moderate UMN loss and mild
and gliosis gliosis, mild axonal loss
ALS 8 40/M 6 Severe LMN and axonal loss, Moderate UMN loss, mild gliosis
gliosis
ALS 9 70/F 3 Severe loss of LMN and gliosis Moderate UMN loss and gliosis
ALS 10* 49/M 14 Severe loss of LMN and gliosis Moderate UMN loss and gliosis
ALS 11 44/M 3 Severe loss of LMN, axonal loss Severe UMN loss, moderate gliosis,
and gliosis mild axonal loss
ALS 12 b54/F 6 Severe loss of LMN and gliosis Moderate loss of UMN and gliosis
ALS 13 57/M 3 Severe LMN loss, moderate gliosis No loss of UMN and mild gliosis
ALS 14 73/F 13 Moderate LMN loss and gliosis No loss of UMN and mild gliosis
ALS 15 53/M 10 Severe loss of LMN and gliosis Moderate loss of UMN and gliosis
ALS 16 73/F 11 Severe loss of LMN and gliosis Mild loss of UMN and gliosis
ALS 17* 76/F 6 Severe loss of LMN and moderate Moderate loss of UMN and gliosis
gliosis
ALS 18* 63/F 5 Severe loss of LMN and gliosis Moderate loss of UMN and gliosis

The age and postmortem interval (PMI) in hours (average control, 9.88 hours; ALS, 6.02 hours) are indicated for the ALS (65.33 years) and age-
matched control (60.05 years) cases. MN, motor neurons; UMN, upper motor neurons, asterisk next to cases indicates possible Alzheimer’s disease.

and postnuclear extracts were extracted as described
previously.®* Briefly, protein extracts were prepared by
detergent lysis on ice (0.1% Nonidet P-40, 10 mmol/L
Tris, pH 8.0, 10 mmol/L MgCl,, 15 mmol/L NaCl, 0.5
mmol/L phenylmethyl sulfonyl fluoride, 2 wg/ml pepstatin
A, and 1 ug/ml leupeptin). The nuclei were collected by
low-speed centrifugation at 800 X g for 5 minutes. The
supernatant was saved as the postnuclear supernatant
and the pellet containing the nuclei was further extracted
with high-salt buffer (0.42 mol/L NaCl, 20 mmol/L HEPES,
pH 7.9, 20% glycerol, 0.5 mmol/L phenylmethyl sulfonyl
fluoride, 2 ug/ml pepstatin A, and 1 pg/ml leupeptin)
on ice for 10 minutes. Residual insoluble material was
removed by centrifugation at 14,000 X g for 5 minutes.
The resulting supernatant fraction was collected and
termed the nuclear extract. Protein concentrations
were determined by the Bio-Rad protein assay (Bio-
Rad, Richmond, CA).

Immunoblotting

Total cell lysates, nuclear extracts and postnuclear su-
pernatants were fractionated by electrophoresis on an 8,
10, or 12% sodium dodecyl sulfate-polyacrylamide gels.
The proteins were transferred to polyvinylidene difluoride
nylon membranes (NEN Biolabs) and blocked in 5% non-
fat milk/1X PBS or 0.5% bovine serum albumin/0.15%
glycine in 1X PBS overnight at 4°C. The blots were

probed individually with the antibodies and concentra-
tions as aforementioned, overnight at 4°C in 0.5% milk/
PBS. The blots were washed three times in PBS/0.1%
Tween-20 for 15 minutes. Isotype-specific horseradish
peroxidase-conjugated secondary antibodies (Chemi-
con) specific for each primary antibody were added for 2
hours at room temperature. The secondary antibodies
were washed extensively in PBS/0.1% Tween-20 (three
times for 20 minutes). The final reaction products were
visualized using enhanced chemiluminescence (Pierce,
Rockford, IL) and the band intensities were within the
linear range of detection. The density of bands was mea-
sured using the NIH Image software version 1.58 (Nation-
al Institutes of Health, Atlanta, GA). Actin was used to
normalize protein levels within each sample.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts (20 to 25 pg) were preincubated with
salmon sperm DNA (120 ng) as a nonspecific competitor
in 12 to 15 ul of EMSA buffer (20% glycerol, 150 mmol/L
KCI) before addition of 32P-labeled oligo to reduce non-
specific DNA-protein interactions. Wild-type and mutant
oligonucleotides were synthesized and gel purified (Oligos
ETC.). The sequences were: wild type E2F-1 5’-ATTTAAG-
TTTCGCGCCCTTTCTCAA-3"; mutant E2F-1 5'-ATTTAAGT-
TTCGATCCCTTTCTCAA-3'. For competition reactions, un-
labeled E2F-1 competitor (3, 30, and 100 ng) or unlabeled
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unrelated competitor (5’-GATCATTCAGGTCATGACCTGA-
3’; 100 and 300 ng) oligos were preincubated with the
protein for 5 minutes on ice before addition of labeled
probe. For positive controls, nuclear extracts were prepared
from NIH3T3 cells. The reaction mixture was loaded onto a
6% nondenaturing polyacrylamide gel and electrophoresed
at 100 V in 1X Tris-borate-ethylenediaminetetraacetic acid.
The polyacrylamide gel was removed from the apparatus,
dried, and exposed to autoradiography film. The density of
the complexes was measured using the NIH Image soft-
ware version 1.58 (National Institutes of Health).

Statistical Analysis

Comparisons between any two groups of data were done
using the single-factorial analysis of variance. A P value
of =0.05 was considered statistically significant. Numer-
ical data were expressed as means = the SD with n =
number of experiments or cases.

Results

Based on the reported activation of cell-cycle proteins in
neurodegenerative diseases such as Alzheimer’s dis-
ease, %558 we investigated the expression and distribu-
tion of G, to S phase cell-cycle proteins in human postmor-
tem tissues from ALS and age-matched control cases. The
G, to S phase cell-cycle transition is necessary for cell-
cycle progression and regulated by the activation of cy-
clin/cyclin-dependent kinases that hyperphosphorylate
pRb, thus de-repressing the transactivational ability of
E2F.20:89-41 Therefore, the cell-cycle proteins analyzed
in this study include cyclin D1, CDK4, ppRb, and E2F-1.
Because ALS affects the lower motor neurons in the spinal
cord and upper motor neurons (Betz cells) in the motor
cortex, we used tissue samples from both CNS regions to
determine subcellular localization of cell-cycle proteins by
immunohistochemistry. Regions primarily unaffected during
ALS, namely the dorsal horn of the spinal cord and the
sensory cortex, were used as internal controls.

Increased Immunoreactivity of G, to S Phase
Cell-Cycle Proteins in ALS Spinal Cord Motor
Neurons

Sections of lumbar spinal cord and pre-/postcentral gyri
were immunostained using commercially available antibod-
ies (see Materials and Methods). For light microscopy, the
antigen-antibody complex was visualized with AEC and
counterstained with hematoxylin (see Materials and
Methods). Cyclin D1, a D-type cyclin functional in the
hyperphosphorylation of pRb and G, to S phase transi-
tion of the cell cycle, exhibited increased cytoplasmic
distribution in the spinal motor neurons of ALS patients
(Figure 1, A and B). Sections were also stained for the
active form of CDK4. Although active CDK4 immunore-
activity was primarily negligible in the ventral horn of
control cases (Figure 1D), increased and punctate CDK4
immunoreactivity was apparent in the cytoplasm and oc-

casionally in the nucleus of ventral horn motor neurons of
ALS patients (Figure 1E). CDK4 and cyclin D1 immuno-
reactivities were negligible in the dorsal horn sensory
neurons and surrounding glia in the ALS patients (Figure
1, C and F).

One downstream target of active cyclin D/CDK4 com-
plex is the retinoblastoma protein (pRb), with cyclin D-
specific phosphorylation of serine at position 795. There-
fore, we examined the phosphorylation state of pRb in
ALS using a phospho-specific anti-pRb antibody to
serine-795 that has been shown to detect increased pRb
phosphorylation in Alzheimer’s disease.?*2%°° We de-
tected abundant nuclear and punctate cytoplasmic stain-
ing of Ser-795 phosphorylated pRb (ppRb) in the motor
neurons of ALS spinal cord but not in the age-matched
control tissues (Figure 1, G and H). When morphologi-
cally distinct motor neurons from multiple lumbar spinal
cord sections of 10 ALS cases and 5 control cases were
counted (total of 450 motor neurons per condition) the
percentage of ppRb-positive lower motoneurons in ALS
(85.5%) was significantly greater than controls (2.8%).
The retinoblastoma protein regulates the transactivation
activity of the E2F family of transcription factors. We
noted punctate E2F-1 immunoreactivity specific to the
cytoplasm of ALS spinal motoneurons but not in control
motor neurons (Figure 1, J and K). The percentage of
E2F-1-positive motor neurons in ALS cases was signifi-
cantly greater (80.8%) than in control cases (4.5%).
There were negligible levels of nuclear E2F-1 irrespective
of the disease state. These results were reproduced us-
ing a second E2F-1 antibody that recognizes a distinct
epitope not encompassing the pRb-binding domain
(data not shown). In contrast to the ALS ventral horn
motor neurons, the dorsal horn sensory neurons were
ppRb- and E2F-1-negative (Figure 1, | and L).

Cellular Distribution of Cell-Cycle Proteins in
Motor Cortex

We next examined the expression patterns of cell-cycle
proteins in the motor and sensory cortex (pre- and post-
central gyrus) of control and ALS patients. All ALS cases
except one (ALS 10, Table 1) exhibited substantial loss of
Betz cells in the motor cortex and the presence of gliosis
was used to identify the motor cortex when all Betz cells
were absent. Although cyclin D1 expression was primar-
ily cytoplasmic in any remaining large pyramidal neurons
(Betz cells) of the motor cortex of ALS patients (Figure 2,
A and B), CDK4 immunoreactivity was both nuclear and
cytoplasmic in these neurons (Figure 2, D and E). There
was variation in the level of CDK4 immunoreactivity within
the motor cortex of ALS patients (Table 2), although this
did not correlate to any reported clinical information for
the patients. The cortical neurons in the postcentral gyrus
of these patients exhibited little immunoreactivity for cy-
clin D1 or active CDK4 (Figure 2, C and F). Hyperphos-
phorylated pRb (ppRb) was detected predominantly in
the nucleus of many cortical neurons in the precentral
gyrus of ALS patients but not in control cases (Figure 2,
G and H). The reactivity of ppRb in the cortical sensory
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Ventral Horn Ventral Horn "~ Dorsal Horn

Figure 1. Immunohistochemical analysis of G, to S phase regulators in human spinal cord tissues. Lumbar spinal cord sections from 10 ALS and 5 nonneurological
disease controls were immunostained for cyclin D1 (A—C), CDK4 (D-F), hyperphosphorylated Rb (ppRb, G-I), and E2F-1 (J-L). AEC was used to stain the
antigens of interest (red) and each section was counterstained with hematoxylin. In relation to Table 2, panels represent cases C2 (A, J), C1 (D, G), ALS 4 (B,
C), ALS 11 (E, F), ALS 5 (H, D), and ALS 8 (K, L). All insets are of the same cases as the lower magnification. Original magnifications: X200 (A to L); X400 (insets
in A to L).
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Figure 2. Immunohistochemical analysis of G, to S phase regulators in human motor cortex. Precentral and postcentral gyrus from 10 ALS and 5 nonneurological
disease controls were immunostained for cyclin D1 (A—=C), CDK4 (D-F), hyperphosphorylated Rb (ppRb, G-I), and E2F-1 (J-L). AEC was used to stain the

antigens of interest (red) and each section counterstained with hematoxylin. In relation to Table 2, panels represent cases C1 (A, D, G, J); ALS 1 (B, C, H, I); ALS
4 (E, F, K, L). All insets are of the same cases as the lower magnification. Original magnifications: X200 (A to L); X400 (insets in A to L).
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Table 2. A Qualitative Analysis of the Immunohistochemical Data from Spinal Cord (SC) and Motor Cortex (MC) Tissues

Cyclin D1 CDK4 ppRb E2F-1
Cases SC MC SC MC SC MC SC MC
C1 ND Low Low Low ND Low ND ND
c2 ND ND ND ND Low ND ND ND
Cc3 ND Low ND ND ND ND ND ND
cs8 ND ND ND ND ND ND ND ND
C9 ND ND ND ND ND ND ND ND
ALS 1 High Moderate High Low High High Moderate Low
ALS 2 Moderate Moderate High High High High Moderate Moderate
ALS 4 High High Moderate High High High High High
ALS 5 High Moderate High Low High High High Low
ALS 7 High Moderate High Low High High Moderate Low
ALS 8 High Moderate High High High High High High
ALS 9 Moderate Low High Moderate High High High Moderate
ALS 11 Moderate Moderate Moderate High Moderate High High Moderate
ALS 12 Moderate Moderate Moderate Moderate Moderate Low Moderate Moderate
ALS 13 Moderate Low Moderate Low Moderate Low Moderate Low

Immunoreactivity scoring for motor neurons in controls and ALS cases (case numbers are the same as in Table 1). The levels of expression are
indicated as low, moderate, and high with ND denoting nondetectable levels of the protein.

neurons was low or negligible (Figure 21). E2F-1 immu-
noreactivity was observed in the cytoplasm of neurons in
the ALS motor cortex with no protein detected within
control tissues (Figure 2, J and K). E2F-1 immunoreac-
tivity was absent in the postcentral gyrus (Figure 2L). It is
interesting to note that one ALS case lacking loss of
upper motor neurons (ALS case 13, Table 1) exhibited
little immunoreactivity for these G, to S phase cell-cycle
regulators (Table 2).

Distribution of Cell-Cycle Proteins in White
Matter of ALS Spinal Cord and Motor Cortex

Subsequently we investigated the presence of these pro-
teins in cells with a glial morphology. We observed mod-
erate immunoreactivity for cyclin D1 and CDK4 in cells
with morphological characteristics of astrocytes in the
white matter of ALS lumbar spinal cord (data not shown).
Hyperphosphorylated pRb (ppRb) immunoreactivity ap-
peared in the nucleus of cells in the spinal cord white
matter of ALS patients but not in control cases (Figure
3A). Furthermore, glial cells with a morphology of acti-
vated astrocytes in the white matter of ALS lumbar spinal
cord tissues was E2F-1 immunoreactive (Figure 3B).
Within the motor cortex, ppRb immunoreactivity was
present in the cytoplasm of cells in the white matter of
ALS patients but not in control cases (Figure 3C). Using
consecutive sections, we demonstrated the presence of
GFAP-positive astrocytes in the white matter that were
ppRb- and E2F-1-positive (asterisk in Figure 3; C to E).
Additional GFAP-labeled astrocytes were E2F-1-positive
but ppRb-negative (arrowheads in Figure 3, D and E).

Analysis of Protein Levels by Immunoblot

To determine whether altered immunostaining correlates
to increased protein levels in control and ALS spinal
cords, we performed immunoblot analysis using total cell
lysates from lumbar spinal cord tissues for 18 ALS and 9
control cases. We show representative data from 10 ALS

and 6 control cases (Figure 4). The level of ppRb was
significantly increased in the spinal cord of ALS patients,
although the predominant pRb family member phosphor-
ylated is p130. (Figure 4, A and B). There was also an
increase in phosphorylated Rb in nuclear extracts
whereas it was undetected in postnuclear supernatants
(data not shown). We failed to detect altered levels of
total pRb in nuclear extracts from control or ALS spinal
cord, suggesting that phospho-pRb results from phos-
phorylation of pre-existing pRb (data not shown). Cyclin
D1, CDK4, and E2F-1 expression exhibited increased
levels in the total cell lysates (Figure 4, A and B). In-
creased levels of cyclin D1, ppRb, and E2F-1 in ALS
extracts were statistically significant (P = 0.05). E2F-1
was increased specifically in soluble postnuclear super-
natants but undetectable in the nuclear fraction from the
spinal cord of ALS patients (data not shown). All protein
levels were normalized to levels of actin and quantitated
to demonstrate statistical significance of these findings
(Figure 4).

We further examined protein expression in the motor
cortex by immunoblot analysis. There was a decrease in
levels of cyclin D1, CDK4, and E2F-1 in total cellular
extracts (Figure 4C). This decrease was statistically sig-
nificant for cyclin D1 (P = 0.05). Hyperphosphorylated
pRb (ppRb) was undetectable in the total cell extracts.
However, we did notice a significant accumulation of
ppRb in nuclear extracts of ALS patients but not in the
postnuclear supernatants (data not shown). Also, in-
creased levels of cyclin D1 and E2F-1 were present in
postnuclear supernatants (data not shown). There was a
significant twofold increase in the levels of active CDK4 in
the nuclear fraction by immunoblot correlating with nu-
clear CDK4 immunoreactivity as noticed in many of the
ALS cases (data not shown).

DNA-Binding Activity of E2F-1

We next examined the DNA-binding activity of E2F-1 in
control and ALS patients as a measure of E2F-1 func-
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Figure 3. Immunohistochemical analysis of ppRb and E2F-1 in glia in the white matter of ALS spinal cord and motor cortex. Hyperphosphorylated Rb (ppRb)
was in the nucleus of cells in the white matter of ventral horn of ALS spinal cord (A), whereas E2F-1 was cytoplasmic in cells that have an astrocytic morphology
in ALS ventral horn white matter (B). However, both ppRb and E2F-1 appeared in the cytoplasm of cells in the motor cortex of ALS patients (C, D). C, D, and
E: ppRb, E2F-1, and glial fibrillary acidic protein (GFAP) (glial marker) staining in consecutive sections, with the arrow marking a blood vessel as landmark. The
asterisk indicates a ppRb+/GFAP+/E2F-1+ cell, and arrowheads indicate E2F-1+/GFAP+ cells. AEC was used to stain the antigens of interest (red) and each
section counterstained with hematoxylin. In relation to Table 2, panels represent cases ALS 8 (A), ALS 9 (B), ALS 4 (C, D, E). Original magnifications: X200 (A

to E); X400 (insets in A to E).

tional activity. To evaluate DNA-binding activity, gel mo-
bility shift assays (EMSA) were performed using nuclear
extracts from spinal cord and motor cortex, with extracts
from proliferating NIH3T3 cells as positive control.
[v-*?P]-labeled double-stranded oligonucleotides con-
taining the consensus E2F-1-binding site were incubated
with 25 ug of 3T3 cells, spinal cord, or motor cortex
nuclear extracts. Retardation in protein mobility because
of DNA-protein complexes was visualized by autoradiog-

raphy. We first demonstrated that the very sensitive
EMSA could detect nuclear E2F-1 that was below the
limits of detection by immunoblot. The spinal and cortical
nuclear extracts contained E2F-1 protein that bound the
recognized E2F-1-binding element with specificity as
demonstrated by competition with excess wild-type cold
oligos but not with excess mutant or unrelated oligos
(Figure 5A). In Figure 5A, the slowest migrating complex
is competed away by excess unlabeled oligos but not by
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Figure 4. Protein levels in total cell extracts from human spinal cord and
motor cortex. Protein extracts from lumbar spinal cord (A) and motor cortex
(B) tissues of 10 ALS (ALS 4 to 7 and 13 to 18; Table 1) and 6 nonneurological
age-matched controls (C1, C4 to C7, and C9; Table 1) were prepared as
described in the Material and Methods. Protein (150 pg) from each extract
were loaded on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and the resulting blots probed with antibodies specific to each protein.
Immunoblots were repeated twice and all data quantified using NIH 1.58
software densitometry normalized to levels of actin in each sample. A:
Immunoblots of lumbar spinal cord total cellular extracts with the following
lane assignments: P, positive control (ppRb); lanes 1 to 6, control cases;
lanes 7 to 16, ALS cases; B and C are densitometric quantified representa-
tions of total cellular extracts from spinal cord and motor cortex, respectively.
Black bars are control cases (12 = 6) and the gray bars are ALS cases (n =
10). ND indicates nondetectable levels. Statistical analysis was performed
using single-factor analysis of variance and asterisks indicate P =< 0.05. In B,
the P values for cyclin D1, ppRb, and E2F-1 were 0.046, 0.034, and 0.044,
respectively. In C, the P value for cyclin D1 was 0.04.

mutant or unrelated oligos and were interpreted to con-
tain E2F-1. We next used nuclear extracts from prolifera-
tive 3T3 cell nuclear extracts as positive control (lane 2 in
left panel of Figure 5B) and competed the E2F-1 complex
with increasing levels of excess cold oligo (Figure 5B,
lanes 3 and 4). We next examined nuclear extracts of
control and ALS spinal cord and motor cortex for E2F-1
DNA-binding activity (Figure 5B). Densitometric mea-
surement of the protein:DNA complex indicates no sig-
nificant change in the intensity of DNA binding in spinal
cord (P = 0.189) or motor cortex (P = 0.724) of ALS
patients when compared to age-matched controls (Fig-
ure 5, B and C).

Discussion

A delicate balance of signals regulates cellular ho-
meostasis. Activation of cell-cycle proteins via extracel-
lular signals such as excitotoxins present during neuro-
degenerative diseases can be toxic to postmitotic
neurons as shown in a number of model systems. We
initiated this study to explore improper cell-cycle activa-
tion and altered nuclear events as a possible mechanism
in sporadic ALS (SALS). Aside from our previously pub-
lished brief report,®® this is the first in-depth study exam-

G, to S Phase Regulators and ALS 831
AJP March 2003, Vol. 162, No. 3

<4 E2F-1

44— Free Probe

B 123 4 567 8910111213

' WM M € E2F-

“ < Free Probe

C. 12 345678091011
<4— E2F-1
<4— Free Probe

15000 _
® Control
W o ALS

-‘E 10000 - [

] [

£ 5000 i

: L |

. N

Spinal Cord

Figure 5. E2F-1 DNA-binding activity is unaltered in ALS. Nuclear extracts
from lumbar spinal cord and motor cortex tissues of six ALS (cases 3, 4,
5,9, 12, and 13) and three nonneurological age-matched controls (cases
1, 2, and 3) were used for EMSA. A: Competition EMSA using radiolabeled
E2F-1 oligo and spinal cord nuclear extracts (25 ug) indicating a concen-
tration-dependent competition (lanes 3 to 5) when excess cold oligos were
used in the binding reaction. The complexes remain unaltered when excess
mutant oligos (lanes 6 to 8) were used in the binding reactions. Lane assign-
ments were as follows: lane 1, free probe alone; lane 2, hot probe; lanes 3 to
5, excess cold oligos (3 ng, 30 ng, and 100 ng, respectively); lanes 6 to 8, excess
mutant oligos (30 ng, 100 ng, and 300 ng, respectively). B: EMSA using radio-
labeled E2F-1 oligo and spinal cord nuclear extracts. Spinal cord gel lane
assignments: lane 1, free probe alone; lane 2, positive control (3T3 cells); lane
3, positive control with 3 ng cold oligo; lane 4, positive control with 100 ng cold
oligo; lanes 5 to 7, control cases (C1 to C3 from Table 1); lanes 8 to 13, ALS
cases (ALS 3, 4, 5,9, 12, and 13 from Table 1). C: EMSA using radiolabeled
E2F-1 oligo and motor cortex nuclear extracts. Motor cortex gel lane assign-
ments: lane 1, free probe alone; lane 2, positive control (3T3 cells); lanes
3 to 5, control cases; lanes 6 to 11, ALS cases (cases 3, 4, 5,9, 12, and 13 from
Table 1). The E2F-1:DNA complex and free probes are indicated to the left
of the figure. D: Densitometric measurement of the E2F-1: DNA complex
using NIH 1.58 software indicates unaltered levels of DNA-binding activity.
Controls are denoted in black bars (7 = 3) and ALS cases in stippled bars
(n = 6). The Pvalues were 0.189 for spinal cord extracts and 0.724 for motor
cortex using single-factor analysis of variance with a 95% confidence interval.
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ining a role for the G, to S phase cell-cycle proteins in
pathogenesis of ALS. We present evidence for nuclear
accumulation of hyperphosphorylated pRb (ppRb) with a
concurrent increase in cytoplasmic E2F-1 immunoreac-
tivity suggesting a role for aberrant activation of G, to S
phase regulators.

Increased levels of cyclin D1 and its associated ki-
nase, CDK4, in motor neurons of the affected region in
ALS patients suggest aberrant reactivation of the cell
cycle. The activation of G, to S phase cyclins results in
hyperphosphorylation and inactivation of the retinoblas-
toma proteins (ppRb). Accumulation of ppRb and in-
creased E2F-1 in ALS motor neurons and glia as shown
by both immunohistochemistry and immunoblot confirms
re-entry into the G, phase of the cell cycle. We used 150
ng of tissue extracts for our immunoblot analysis be-
cause control experiments demonstrated that this
amount was within the linear range of detection for each
protein. As a positive control for the ppRb blots we used
phosphorylated and nonphosphorylated Rb-C fusion pro-
tein that migrates at an apparent molecular weight of 70
kd and was recognized by the phospho-Rb (Ser-795)
antibody. Extracts from 3T3 cells were used as positive
controls for detection of cyclin D1, CDK4, and E2F-1.
Immunoblot analysis for hyperphosphorylated pRb re-
vealed multiple bands representing multiple members of
the pRb gene family, although p130 was the predominant
species. Furthermore, a 70-kd band was observed in
both control and ALS cases with no discernible differ-
ences, which might in effect be a product of pRb degra-
dation. The dissociation from E2F-1 makes the ubiquitin
site on ppRb available such that ppRb is targeted for
ubiquitin-mediated degradation.®*~*' ppRb was not de-
tected in postnuclear supernatants because of very low
protein abundance despite the fact that we observed
some cytoplasmic ppRb by immunohistochemistry. This
likely reflects the fact that cytosolic proteins from one cell
type would not likely be detectable after tissue homoge-
nization.

One of the intriguing results of our study was immuno-
histochemical data that indicates an altered localization
of the E2F-1 transcription factor. Such alterations have
been observed in studies on Alzheimer’s disease and
SIV-E tissues.®®575° The E2F gene family comprises six
members sharing homology in the Rb-binding do-
mains.®°~*' These E2F isoforms complex with the Rb
family of proteins at different and defined periods of the
cell cycle controlling gene expression within the G,
phase. The different binding states can translate to dif-
ferences in subcellular localization of these proteins.°
The redistribution of E2F-1 during ALS may result from
the formation of alternative protein:protein complexes
containing E2F-1 or the retention of newly synthesized
E2F-1 in the cytoplasm. Alternatively E2F-1 protein con-
tained in the nucleus may not be recognized by the
monoclonal antibody raised against the Rb-binding
epitope and used throughout this study. To discern this,
a second anti-E2F-1 antibody was used whose antigenic
determinant site does not encompass the Rb-binding
domain. Identical results were obtained with this anti-
body. However the presence of E2F-1 DNA binding by

EMSA indicates that E2F-1 protein resides in nuclei but at
insufficient levels to be detected by immunohistochemis-
try or immunoblot analysis. Another explanation for the
cytosolic accumulation of E2F-1 is reduced protein turn-
over. The presence of ubiquitin-positive protein aggre-
gates in affected motor neurons suggests impaired pro-
teasome function, which may lead to increased cytosolic
levels of proteins such as E2F-1.5"2 The role of cyto-
plasmic E2F-1 in motor neuron cell death warrants further
investigations within well-defined in vitro model systems.

To examine the functional state of E2F-1 in the nucleus,
gel shift assays were performed to determine DNA-bind-
ing activity of E2F-1. The DNA-binding activity of E2F-1in
the spinal cord and motor cortex did not show a signifi-
cant difference between controls and ALS cases. This
suggests that any changes in E2F-1 transactivational
activity may be transient or that loss of nuclear E2F-1 from
motor neurons is compensated by E2F-1 activation in
glial cells present in the tissue extracts. Supershift anal-
ysis using available E2F-1 antibodies was not successful
with our extracts, even from 3T3 cells that have detect-
able E2F-1 by immunoblot.

We acknowledge that protein extraction from the spinal
cord and motor cortex tissue present a caveat. The pres-
ence of glial cells in the tissues will contribute to our
immunoblotting and/or DNA-binding results. However it is
not uncommon for activated glial cells to have a toxic
effect on neurons through the release of cytokines and
chemokines, which affect the neuronal milieu.®® In fact,
increased E2F-1 immunoreactivity was found in the white
matter of ALS spinal cord suggesting that cell-cycle pro-
teins in microglia and astrocytes may play a role in ALS.
The question of cell type heterogeneity may be resolved
in future studies by performing microdissection of the
ventral spinal cord and assessing mMRNA and proteins by
quantitative real-time polymerase chain reaction and pro-
teomics on a per cell basis.

E2F-1 derepression by pRb hyperphosphorylation
leads to increased expression of downstream targets
such as p53, p73, p14°FF, and Apaf-1, which are in-
volved in cell death pathways.5%-°"64=69 Although there
are reports indicating an increased expression of p53 in
both spinal cord and motor cortex”® further studies are
required to examine the levels of other proteins regulated
by E2F-1. The expression of p53 may also result in the
direct activation of proapoptotic genes via p53 mediated
gene expression.”! Synergism between loss of pRb and
activation of E2F-1 has been shown to contribute to p53-
induced apoptosis.®®®" In addition, accumulated DNA
damage through chromatin remodeling and derepres-
sion of E2F-1 may contribute to p53-mediated apoptosis.
This entails a more detailed analysis of the functional role
of p53- and E2F-1-regulated gene products in ALS.

Our findings of altered subcellular distribution of the
transcription factor, E2F-1, in the affected motor neurons
(lower and upper) is consistent with the hypothesis that
E2F-1 relocalization may trigger indirect cell death-sig-
naling mechanisms. This event deviates from the classi-
cal model of E2F-1-mediated activation of gene expres-
sion. Interaction of E2F-1 with members of the TRAF
family of adaptor proteins that mediate intracellular sig-
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Figure 6. Model of motor neuron cell death induced by activation of cell-
cycle proteins. In an adult postmitotic neuron reduced levels of cyclin
D-CDK4 results in repression of gene expression by the interaction of pRb
with E2F-1. Also, TRAF proteins complex with death receptors (DR) such as
p75N™ blocking cell death. However, on extracellular signals, increased
levels of cyclin D-CDK4 result in hyperphosphorylation of pRb (ppRb) with
release of E2F-1. Transcriptional activity of E2F-1 results in initiating death
signals via induction of p14**" p53, Bax, Apaf-1, and cytochrome C (Cyt C),
apoptotic regulators that would in turn activate proapoptotic proteins such as
caspase-9 and caspase-3. Alternatively, E2F-1 in the cytoplasm may interact
with TNF receptor-associated factors (TRAF) and permit death receptor-
mediated cell death. Activation of these pathways may sensitize the neuron
to further toxic insults that pushes the susceptible neuron toward death.

naling initiates alternative death cascades.”® The pres-
ence of TRAF2 or TRAF6 proteins in the cytoplasm of
motor neurons sequesters the death receptors, aiding in
survival of the neuron.”®”* However, E2F-1 located in the
cytoplasm may induce complex formation with TRAF pro-
teins to impede their function, thus releasing death re-
ceptors that could now induce cell death via the p75N™"
pathway or other death receptor pathways.”? 7 There is
indeed precedence to the interactions of E2F-1 with the
TRAF proteins in other cell types.”? This hypothesis war-
rants further investigation.

During ALS, excess excitotoxins, accumulation of oxi-
dative free radicals, or damage to DNA in motor neurons
may cause an aberrant activation of G, to S phase cell-
cycle proteins. Although conditions may not permit DNA
replication and completion of the cell cycle, cell-cycle
proteins may increase the vulnerability of motor neurons
to further toxic insults and induce expression of genes
that function in death pathways. Improper activation of
cell-cycle proteins will alter the function of DNA-binding
proteins that can affect overall chromatin structure and
allow for further DNA damage via oxidative injury exac-
erbated by various endonucleases. Support for this hy-
pothesis comes from the recent studies that have uncov-
ered a second gene, called Alsin, implicated in familial
ALS.6~8 This gene shares sequence homology to a pu-
tative G-protein termed RCC1 (regulator of chromosome
condensation) that acts on RAN protein, which is involved
in nuclear import and export. Mutation in a protein that is
homologous to a regulator of chromatin structure may
make the cell more susceptible to DNA damage.

Our data supports a model in which motor neurons are
stimulated to enter the G phase of cell cycle during ALS,
which may directly regulate motor neuron cell death (Fig-
ure 6). Hyperphosphorylation of pRb via cyclin D/CDK4/6
can induce expression of E2F-regulated genes such as
Bax, p53, and Apaf-1. These gene products can participate

G, to S Phase Regulators and ALS 833
AJP March 2003, Vol. 162, No. 3

in multiple cell death pathways related to DNA damage
and mitochondrial dysfunction. In addition, accumulation of
E2F-1 in the cytoplasm can induce a transcription-
independent form of cell death via death receptors. Both
caspase-mediated and death receptor-mediated cell death
pathways have been implicated in ALS and animal models
of ALS.¢7%8 This model suggests that activation of G, to S
phase cell-cycle proteins may directly induce cell death
without progression into downstream phases of the cell
cycle. Future studies will further define the intracellular sig-
naling pathways involved in cell-cycle activation and ex-
plore the functional role of these proteins in motor neuron
cell death.
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