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The Cdc25 phosphatases play key roles in cell-cycle
progression by activating cyclin-dependent kinases.
The latter are absent from neurons that are terminally
differentiated in adult brain. However, accumulation
of mitotic phosphoepitopes, and re-expression and
activation of the M phase regulator, Cdc2/cyclin B,
have been described in neurons undergoing degener-
ation in Alzheimer’s disease (AD). To explain this
atypical mitotic activation in neurons we investigated
the Cdc2-activating Cdc25A phosphatase in human
brain. The structural hallmarks of AD neurodegenera-
tion, neurofibrillary tangles and neuritic plaques,
were prominently immunolabeled with Cdc25A anti-
bodies. In addition numerous neurons without visible
structural alterations were also intensely stained,
whereas control brain was very weakly positive. After
immunoprecipitation from control and AD tissue, we
found that the tyrosine dephosphorylating activity of
Cdc25A against exogenous Cdc2 substrate was ele-
vated in AD. Accordingly, Cdc25A from AD tissue dis-
played increased immunoreactivity with the mitotic
phosphoepitope-specific antibody, MPM-2, and co-
localized with MPM-2 immunoreactivity in AD neu-
rons. These data suggest that Cdc25A participates in
mitotic activation during neurodegeneration. The in-
volvement of Cdc25A in cellular transformation,
modulation of the DNA damage checkpoint, and link-
age of mitogenic signaling to cell cycle machinery,
also implicates one of these cell-cycle pathways in AD
pathogenesis. (Am J Pathol 2000, 157:1983—-1990)

The unusual appearance of certain mitotic indices in
neurons undergoing degeneration in Alzheimer’s disease
(AD)'® has prompted further studies of cell-cycle regu-
latory proteins in human brain. The earliest mitotic
change seems to be the expression of the Cdc2 catalytic
subunit and the regulatory cyclin B subunit of the mitotic
kinase complex in affected neurons.? In terms of the

predictable progressive spread of neuronal death in
AD,”® neurons vulnerable to degeneration also stain pos-
itive for these mitotic proteins.® Thus, we hypothesized
that inappropriate activation of Cdc2/cyclin B in AD neurons
is a preliminary step leading to accumulation of mitotic
phosphoepitopes and eventual neuronal death. To better
understand this process, we have studied regulatory en-
zymes upstream of Cdc?2 in the M-phase signal transduc-
tion cascade. A prerequisite for activation of Cdc?2 is re-
moval of phosphates® ' previously introduced by the wee1
and mik1 kinases' in Thr14 and Tyr15 within the ATP-
binding domain of Cdc2. Dephosphorylation of these resi-
dues is achieved by the dual specificity of Cdc25 phospha-
tase.' Although the B and C isoforms of the mammalian
enzyme control the timing of entry into mitosis, '®'* Cdc25A
is expressed specifically in late G, and functions in the start
of the cell cycle.'® However, Cdc25A remains activated
from G, through M phase, and could conceivably partici-
pate in activation of Cdc2/cyclin B during mitosis.'® Other
evidence has implicated Cdc25A in the oncogenic and
apoptotic pathways switched on by c-myc.’”'® In light of
the mitotic changes, and the apoptotic changes described
in AD neurons,’~22 we undertook an investigation of the
Cdc25A phosphatase in AD brain.

We have found that the enzyme is concentrated and
activated in neurons containing accumulations of mitotic
phosphoepitopes in AD. However we have also found, un-
expectedly, that the enzyme is present at readily detectable
levels in normal adult brain, and displays constitutive activ-
ity against exogenous cdc2. In AD, Cdc25A is hyperphos-
phorylated at the MPM-2 epitope and has higher activity
than in control tissue. Our data suggest that Cdc25A par-
ticipates in the neurodegenerative process in AD.

Materials and Methods
Antibodies

Two antibodies specific for human Cdc25A were used: a
polyclonal antibody raised against the full-length human
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isoform obtained from Upstate Biotechnologies Incorpo-
rated (Lake Placid, NY), and a monoclonal antibody rec-
ognizing the C-terminal sequence unique to the human
enzyme, from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). In support of the specificity of these antibodies
for Cdc25A, we have demonstrated that treatment of
cultured cells with antisense Cdc25A oligonucleotides
eliminates immunoreactivity for Cdc25A with both anti-
bodies. The MPM-2 monoclonal antibody specific for mi-
totic phosphoepitopes, and antiphosphotyrosine anti-
body, 4G10, were also from UBI, and the Cdc2-specific
mouse monoclonal antibody was from Santa Cruz Bio-
technology.

Tissues

A total of 14 controls and 18 AD cases were used for
immunocytochemical analysis. The assignment of cases
into control or AD groups was based on the plague and
neurdfibrillary tangle count and distribution as determined
by detailed neuropathological examination. Thirty-um vi-
bratome sections from nine control and 12 AD cases fixed
with 4% paraformaldehyde were supplied by Dr. Dennis
Dickson (Albert Einstein College of Medicine, Bronx, NY)
and 10-um formalin-fixed paraffin-embedded sections were
obtained from the tissue data base of the Alzheimer Dis-
ease Research Center at the University of Washington, Se-
attle. Immunocytochemistry was performed as by the
method of Vincent and colleagues.® Some frozen tissue of
21 control and 23 AD cases was provided by Dennis Dick-
son and the remainder was from the Alzheimer Disease
Research Center at the University of Washington, Seattle.
The average postmortem interval for the fixed and frozen
tissues was 10 hours. Human biopsy brain tissue retrieved
by resection of epileptogenic foci from the temporal cortex
was supplied by Dr. Diana Casper of the Montefiore Med-
ical Center, Bronx, NY. From each case, a piece of tissue
was frozen at —70°C for biochemical analyses and another
piece fixed in 4% paraformaldehyde for immunocytochem-
ical studies, and the postmortem processing time was <1
hour. The age range for these cases was 19 to 44 years,
and histopathological assessment showed no AD-type pa-
thology.

Immunocytochemistry, double immunofluorescence,
and confocal microscopy were performed as previously
described.?®

Preparation of Brain and Cell Extracts

Human brain tissue was homogenized with a polytron in
10 volumes of Triton-X containing lysis buffer.? The ho-
mogenates were centrifuged at 12,000 X g for 10 minutes
at 4°C and the soluble fraction was used as extract for
immunoblotting, or for immunoprecipitation, as described
below. For immunoblot analysis, 100 ug of protein was
loaded per lane for sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE). Human M17 neuro-
blastoma cells (provided by Dr. Robert Ross, Fordham
University, NY) were grown in Dulbecco’s modified me-
dium containing 10% fetal calf serum. Nonsynchronous

cultures having ~8% of the cells in mitosis were used for
preparation of interphase extracts, and cultures synchro-
nized with colchicine were used for preparation of mitotic
extracts.! Harvested cells were homogenized and deter-
gent-soluble extracts were generated as by the method
of Vincent and colleagues.® For comparison with human
cells of nonneuronal origin, we used A431 epidermoid
carcinoma cell lysates from UBI.

Immunoprecipitation

For assays of enzyme activity, immunoprecipitation was
performed with 100 wg of protein from either brain or
cultured cell extract and 0.5 to 1 ug of precipitating
antibody. For immunoblot analyses of immune com-
plexes, 500 ug of protein from brain or cell extract was
incubated with 3 to 5 ug of appropriate primary antibody
on a shaker for 2 hours at 4°C. To bring down the antigen-
antibody immune complex, samples were then mixed
with 30 wl (for activity assay) or 100 ul (for immunoblot-
ting) of a 50% slurry of protein A Sepharose CL-4B (Am-
ersham Pharmacia Biotech, Piscataway, NJ) for 1 hour,
and centrifuged at a speed of 2,500 X g for 5 minutes.?
The beads were washed and reconstituted to original
volume either with phosphorylation buffer for activity as-
says, or with 1X sample buffer for electrophoresis. For
immunoblot analyses, the immunoprecipitate (IP) was di-
vided into two equivalent parts for loading into replicate
lanes, and staining with different antibodies.

Assay of Cdc25A Activity

Tyr-15-phosphorylated Cdc?2 substrate from nonsynchro-
nized neuroblastoma cell extracts was isolated with an
agarose-conjugate of Cdc2 mouse monoclonal antibody
(Santa Cruz Biotechnology). Cdc25AIP from colchicine-
treated mitotic cultures or from biopsy, control, or AD
brain was incubated together with the Cdc2 substrate in
the presence of phosphatase buffer for 40 minutes at
37°C, with vortexing every 10 minutes. At the end of the
incubation, samples were subjected to SDS-PAGE and
immunoblot analysis with antibody 4G10 to examine de-
phosphorylation of Tyr-15 in Cdc2.

Densitometric Analysis

Scanned images of electrochemiluminescence or auto-
radiographic data were quantitated using NIH image
software. The scanned data were imported into Microsoft
Excel spread sheets (Microsoft, Redmond, WA), and
were statistically analyzed using EasyStat software (Hiro-
shi Tomonari, Tokyo, Japan).

Results

Cdc25A Immunoreactivity Demarcates
Degenerating Neurons of AD Brain

The specificity of the Cdc25A antibodies was first con-
firmed in immunoblotting studies (shown in Figure 2). In
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Figure 1. Immunocytochemical analyses of Cdc25A in paraffin-embedded (A) and vibratome-cut (B) sections of human brain. Paraffin-embedded sections from
the indicated cases were immunostained with Cdc25A monoclonal (A, top row) and polyclonal antibody (A, bottom row), and then counterstained for cellular
nuclei with hematoxylin (bluish purple). Neurons of control brain were very faintly stained, but degenerating AD neurons with or without NFT were intensely
labeled with both antibodies. The light micrographs in a, b, and d are taken at an original magnification of X10, e and the inset in b are at an original magnification
of X20, and all other images are at X40 original magnification. The arrows point to NFT-containing neurons, and the arrowheads to immunolabeled neurons
lacking apparent NFT. In B, paraformaldehyde-fixed vibratome sections of brain were immunostained with Cdc25A polyclonal antibody, using alkaline
phosphatase for detection of antibody binding. a—c: Low-power magnifications (scale bar, 85 um) showing the distribution of Cdc25A-positive neurons. d—f:
Higher power micrographs (scale bar, 425 um) of the same cases showing the perikaryal localization of Cdc25A in degenerating neurons in AD (e). The majority
of normal neurons in control autopsy and biopsy tissue were unstained (large arrowheads), a few neurons displayed perinuclear staining (small arrowheads)
and in three elderly controls small numbers of neurons apparently lacking fibrillar lesions (arrow) were detected.

paraffin-embedded hippocampal sections of AD brain,
the monoclonal (Figure 1A, top row) and polyclonal (bot-
tom row) Cdc25A antibodies displayed overt immunore-
activity with neurons containing neurofibrillary tangles
(NFT) as shown in Figure 1A, arrows, b (see inset), c, e,
and f. Neuritic components of plaques were also immu-
noreactive with both antibodies as shown in Figure 1A, b
(see inset), c, and e. In the CA1, CA2, and CA4 hip-
pocampal subfields of the AD cases, large numbers of
neurons, with no apparent fibrillar inclusions, had prom-
inent Cdc25A immunoreactivity in the cytoplasm of the
somatodendritic compartment (Figure 1A, ¢ and f, arrow-

heads). Based on the anatomical progression of disease
in AD, it has been suggested that such neurons are
engaged in initial stages of pathology.”® Because
Cdc25A staining was not observed in similar neurons of
control brain, the positive neurons of AD most likely rep-
resent group 1 neurons with early pathological involve-
ment, but no evidence yet of fibril formation.?® The cyto-
plasmic distribution in these degenerating neurons is
however, in contrast to the predominantly nuclear local-
ization of Cdc25A in dividing cells.’™® In control hip-
pocampal (Figure 1A, a and d, and corresponding insets)
and temporal cortical (not shown) tissues, neurons ap-
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Figure 2. Immunoblot analyses of Cdc25A in human brain. Equivalent pro-
tein from detergent-soluble extracts of human epidermoid carcinoma cells
(C), human neuroblastoma cells (N), human biopsy brain (B), and control
and AD autopsy brain tissue were subjected to SDS-PAGE and transfer to
nitrocellulose. The membranes were stained with Cdc25A polyclonal anti-
body, and detection of immunostaining was done using electrochemilumi-
nescence. The exposure time was ~2 minutes. A 70-kd band is detected with
polyclonal and monoclonal antibody in all cases, and at similar levels in
control and AD. The IP lane designates Cdc25A immunoprecipitate from
biopsy brain extract, isolated with Cdc25A polyclonal antibody, and immu-
noblotted with the Cdc25A monoclonal antibody.

peared devoid of Cdc25A immunoreactivity. Surprisingly,
dividing cells of the brain such as glia or endothelial cells,
that might be expected to contain Cdc25A, were un-
stained in control and AD tissues.

The dramatic specificity of the Cdc25A antibodies for
degenerating neurons in AD was replicated using 4%
paraformaldehyde-fixed, vibratome-cut brain sections
(Figure 1B). In a few elderly controls, a rare neuron in the
CA1 field was intensely stained (Figure 1B, a, arrow),
perhaps reflecting incipient neurofibrillary disease. Biop-
sy-derived control cases having a postmortem process-
ing time of less than an hour, showed a few neurons with
intense Cdc25A immunostaining (Figure 1B, c), some
with a faint perinuclear ring of immunoreactivity in a few
scattered neurons (Figure IB, f, small arrowhead), and
several unstained neurons that were clearly demarcated
(Figure 1B, d and f, large arrowheads). This pattern of
staining was consistent in five biopsy cases ranging in
age from 19 to 44 years, and imply that subtle differences
in Cdc25A immunoreactivity are physiological and prob-
ably correlate with the function of Cdc25A in normal
neurons. Additional studies will be required to explore
this possibility, and are in progress in our lab. However,
the major finding from the above studies was a marked
increase in Cdc25A immunostaining correlating with AD-
associated neuronal degeneration. Interestingly, this in-
crease is evident at stages preceding cytoskeletal pa-
thology.

Cdc25A Levels Are Unaltered in AD Brain

Immunoblot analyses were conducted with extracts from
autopsy and biopsy human brain tissue and the two
Cdc25A antibodies. The specificity of these antibodies
was confirmed using similar extracts from A431 human
epidermoid carcinoma cells (Figure 2, lane C) and from
dividing human neuroblastoma cultures (lane N). Both
antibodies gave similar results (shown for the polyclonal
antibody only), in that they recognized a 70-kd protein in
each cell type. Extracts from human biopsy brain tissue
(B) having a short postmortem processing period, also
showed a prominent 70-kd band that co-migrated with

the Cdc25A-immnuoreactive protein from cultured cells.
This result suggested that the human brain isoform is
similar to that of neuroblastoma and epidermoid carci-
noma cells. The polyclonal Cdc25A antibody precipitated
a 70-kd protein from biopsy brain extract, and this protein
was strongly stained with the monoclonal antibody (Fig-
ure 2, IP). Immunoblot analyses of extracts from control
and AD autopsy brain tissue displayed a similar 70-kd
protein in all cases (Figure 2), but unlike the immunocy-
tochemical data in Figure 1, there was no apparent quan-
titative difference in the two groups. The 70-kd band was
scanned densitometrically, and the amount of protein in
the control and AD cases was compared. There was no
statistical difference between these groups, and in addi-
tion, there was no difference between the amount of
Cdc25A in biopsy brain as compared with the autopsy
samples. These data suggest that the Cdc25A protein is
stable postmortem, and that the levels are not different in
control and AD. The absence of Cdc25A immunostaining
in control brain may therefore be because of masking of
epitopes or sensitivity of the antigen to fixation, and the
marked increase in AD neurons may reflect a pathologi-
cal change in conformation of the protein.

Phosphatase Activity of Cdc25A Is Elevated
in AD

Because differences in levels of the Cdc25A phospha-
tase failed to explain the selective detection of the en-
zyme in AD neurons, we compared the activity of the
enzyme in control and AD. We isolated Cdc25A immu-
noprecipitates (Cdc25AIPs) from these tissues, and an-
alyzed their phosphatase activities against exogenous
Cdc2 immune-complex (Cdc2IP) from nonsynchronously
growing neuroblastoma cultures. In such cultures Cdc2
has a higher Tyr-15-phosphorylation content than Cdc2
from mitotic cells, and is therefore a suitable substrate for
dephosphorylation by Cdc25A. Phosphorylation and de-
phosphorylation of Tyr-15 were monitored by immuno-
blotting with antiphosphotyrosine antibody, 4G10, and
Cdc25A activity was estimated by comparative densito-
metric analysis of 4G10 immunoreactivity of Cdc2 before
and after incubation with each IP sample. The specificity
of 4G10 was verified by comparing its relative immuno-
reactivity with Cdc2IP from nonsynchronously growing
(Figure 3c) and metaphase-arrested (m) cultures (Figure
3, first panel). Cdc2IP from the nonsynchronous cultures
showed markedly higher 4G10 immunoreactivity than the
isolate from mitotic cell-enriched cultures. Moreover, the
Tyr-15 phosphorylated Cdc2IPc had slower electro-
phoretic mobility than the dephosphorylated enzyme
(Figure 3, first panel). Cdc25AIP from M phase-enriched
cultures (mitotic cells, Figure 3) effectively dephosphory-
lated Cdc2 as indicated by a 60% decrease in 4G10
staining (second panel). When preimmune serum was
used to IP instead of Cdc25A antibody, phosphorylation
of Cdc2 was unaffected (lane, PS). The Cdc2 substrate
complex alone (second panel, last lane) did not contain
appreciable Tyr-dephosphorylating activity. Incubation of
Cdc2 with Cdc25AIP from biopsy brain resulted in a 37%
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Figure 3. Tyr dephosphorylation and activation of Cdc2 by Cdc25A from
brain. Cdc25A was IPed from mitotic neuroblastoma cultures (mitotic cells),
or control biopsy (biop), control autopsy (autopsy), and AD brain (AD) as
labeled in the top row, using the Cdc25A polyclonal antibody. These
Cdc25AIPs were then incubated (+) with substrate for assaying Cdc25A
activity, which consisted of Tyr-phosphorylated-Cdc2 IPed from nonsynchro-
nous neuroblastoma cultures (¢). The dephosphorylating effect of Cdc25A
was subsequently analyzed by SDS-PAGE and immunoblotting with Cdc2-
specific monoclonal antibody (middle row labeled Cdc2) to show total
Cdc2, ie, phospho (upper band of doublet) and dephospho (lower band of
doublet), and with 4G10 (bottom row), which is more selective for tyrosine-
phosphorylated Cdc2 (upper band of the doublet). In the absence of any
incubation with Cdc25A TP (first two columns labeled —) the Cdc2IP sub-
strate from nonsynchronous cultures (¢) had a lower electrophoretic mobility
as seen with the Cdc2 antibody in the middle row and higher phosphoty-
rosine content as seen with 4G10 (bottom row), relative to Cdc2IP from
colchicine-treated mitotic cultures (m). When incubated with active
Cdc25AIP from mitotic neuroblastoma cultures (first column, mitotic cells) its
4G10 immunoreactivity was reduced. IP with preimmune serum (PS) or
incubation of substrate in the absence of any phosphatase (—) had no effect.
Cdc25AIP from AD had higher phosphatase activity, which resulted in sig-
nificantly reduced 4G10 immunoreactivity than the controls.

decrease in 4G10 immunoreactivity (control panel, biop)
compared with untreated Cdc2 (first panel, first lane),
suggesting that Cdc25A from control brain possesses
detectable levels of basal activity. This result is itself in
opposition to the historic belief that cell cycle regulatory
proteins are down-regulated and nonfunctional in post-
mitotic neurons.?*~27 When the activity of the enzyme
from control and AD tissue was compared, it was found
that the AD enzyme displayed activity levels equivalent to
that from mitotic neuroblastoma cells, in that 4G10 immu-
noreactivity with Cdc2 was decreased by 57%. This de-
crease was significantly greater (P < 0.03) than that
obtained with Cdc25A from control biopsy or control
autopsy samples. There was no statistical difference be-
tween control biopsy and control cases. To better appre-
ciate the increased activity in AD relative to control, the
Cdc25AIPs were immunoblotted with Cdc25A monoclo-
nal antibody and the results showed equivalent amounts
of the enzyme immunoprecipitated in all cases (not
shown).

MPM-2 Immunoreactivity with Cdc25A Is
Increased in AD

It has been demonstrated that activation of Cdc25A is itself
regulated by phosphorylation'® and that increased phos-
phorylation of the enzyme is accompanied by an increase in
immunoreactivity with the MPM-2 monoclonal antibody.?®
Activation of Cdc2 during M phase also culminates in a
burst of MPM-2 immunoreactivity,®® a situation recapitu-
lated in degenerating neurons in AD."34 We therefore an-
alyzed MPM-2 immunoreactivity with Cdc25AIPs from con-
trol and AD brain tissue. A marked MPM-2 signal was
observed with Cdc25AIP from AD (Figure 4A), and controls
only showed some weak electrochemiluminescence on
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Figure 4. MPM-2 immunoreactivity with Cdc25A. Cdc25A was immunopre-
cipitated from brain using the Cdc25A polyclonal antibody, and the resulting
IPs were immunoblotted with MPM-2 (A), or Cdc25A polyclonal antibody
(B). Arrows point to the Cdc25A protein, which is more phosphorylated and
more intensely MPM-2-immunoreactive in AD than in control.

more prolonged exposures (not shown). When replicate
blots were immunostained with the precipitating Cdc25A
antibody (Figure 4B), it was clear that the increased MPM-2
immunoreactivity of the AD enzyme was not because of any
increase in amount of enzyme precipitated, but represented
an actual increase in phosphorylation that was consistent
with activation of Cdc25A in this tissue.

Cdc25A and MPM-2 Immunoreactivities
Co-Localize in Degenerating Neurons

Previously we had reported an accumulation of MPM-2
immunoreactivity in degenerating neurons of AD brain,
whereas normal neurons appeared negative.' 2 Although
part of this increase may be accounted for by substrates
of the Cdc2 kinase,® the data in Figure 4 above sug-
gested that activation of Cdc25A might also contribute to
increased MPM-2 immunoreactivity in AD. We therefore
conducted double-staining studies of Cdc25A and
MPM-2 immunofluorescence followed by confocal micro-
scopic analysis of AD brain sections. Each antibody spe-
cifically labeled affected neurons in this tissue but not
neurons free of pathological involvement. Cdc25A immu-
nofluorescence was found in the same neurons immuno-
reactive with MPM-2 (Figure 5). The subcellular overlap
was partial in some cells, implying that the two antigens
are not mutually exclusive. Nevertheless, the combined
presence of Cdc25A and MPM-2 immunoreactive pro-
teins in diseased neurons and their absence in normal
neurons, suggests that Cdc25A might play a role in ac-
tivation of mitotic kinase in these cells.
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MPM-2 Cdc25A
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Figure 5. Double-immunofluorescence staining of AD brain with Cdc25A
and MPM-2. AD brain sections were double-immunofluorescence-stained
with MPM-2 (red) and Cdc25A polyclonal antibody (green). The immuno-
fluorescence staining was analyzed by confocal microscopy, and the micro-
graphs show co-localization of the two antigens in diseased neurons, with
fair amount of subcellular overlap. The arrow points to a neuritic plaque that
contains Cdc25A and MPM-2 immunoreactivity. Scale bar, 20 um.

Discussion

Consistent with the activation of mitotic Cdc2/cyclin B
kinase and the accumulation of mitotic phosphoepitopes
in degenerating neurons, this study describes an in-
crease in activity of the Cdc2-activating Cdc25A tyrosine
phosphatase in AD tissue. The enzyme is present and
active, but not detected by immunocytochemistry in con-
trol brain, suggesting that some alteration of the protein in
degenerating neurons favors its detection in these cells.
Increased phosphorylation and MPM-2 immunoreactivity
may account for this selective immunocytochemical visu-
alization in AD, just as increased phosphorylation and
altered conformation of the neuronal cytoskeletal tau pro-
tein result in its specific detection in AD tissue.*° Alter-
natively, binding to Cdc2 or cyclin B which are absent in
normal neurons®®2% and down-regulated in dividing cells
of the brain that have become quiescent,®' 32 may ex-
plain the selective presentation of the antigens in degen-
erating neurons. Nevertheless, the increase in activity of
Cdc25A in AD neurons supports the hypothesis that neu-
rodegeneration in this disease is preceded by inappro-
priate activation of a cell-cycle-driven process. The pres-
ence of a Cdc2-activating enzyme in control brain implies
that induction of cdc2 and cyclin B alone, rather than the
entire M phase signal transduction cascade, is sufficient
for neurodegeneration to occur.

Evidence from the cell cycle literature suggests that
Cdc25A is phosphorylated and active during M phase,®®
and causes arrest in mitosis when inhibited. ' It has been
shown that phosphorylation of Cdc25A in dividing cells is
mediated by Cdc2/cyclin B as part of a positive feed-
back regulatory loop.™ In light of the co-localization of
Cdc25A immunoreactivity and MPM-2 immunoreactivity
in AD, it is possible that a similar potentiating effect of
Cdc25A occurs in dying neurons, contributing to produc-
tion of mitotic indices in these cells. Despite activation of
Cdc2/cyclin B, cytokinesis of neurons in AD has never
been detected in our studies, or in those of other re-
search groups. Cdc2- or Cdc25A-positive cells do not
display any signs of chromosomal condensation or spin-
dle formation, implying that the structural phenomena
associated with the onset of mitosis do not occur in AD.
Thus, although affected postmitotic neurons of AD brain

are capable of mitotic gene induction and activation, they
fail to undergo mitosis.

The events that precede mitotic activation in neurons
are not well understood either. For instance, the possibil-
ity that DNA replication precedes M phase changes in
neurons has not yet been addressed, although there is
evidence for increased immunoreactivity of several G,/S
phase markers such as Ki67, p105,and proliferating cell
nuclear antigen, in tangle-bearing and pretangled neu-
rons.®33% In the mammalian cell cycle, the timing of phos-
phorylation and activation of the Cdc25A phosphatase
coincides with activation of the cdk2/cyclin E kinase in S
phase, and microinjection of Cdc25A-specific antibodies
into human or rat cells blocks cell division at the G,/S
transition.': %35 Thus, increased expression of Cdc25A
in neurons of AD brain might be a more definitive indica-
tion of an attempt to restart a cell cycle. Knowledge of
agents causing Cdc25A activation and entry into S phase
might offer clues to possible effectors of this process in
postmitotic neurons as well. For example, it has been
shown that the adenovirus E1A oncoprotein and certain
growth factors stimulate entry of quiescent cells into S
phase, and that the Cdc25A phosphatase mediates this
process. ® 636 |n light of this discussion, Cdc25A could
serve as a point of convergence for a variety of intrinsic
(eg, inherited mutations, oxidative damage) and extrinsic
(eg, mitogens, viruses) factors that influence neuronal
death. Overall, the similarities between the neurodegen-
erative signal-transduction mechanism and cell cycle
regulation are becoming more apparent, although evi-
dence for the typical ordered progression of the cell
division phases is lacking.

Cdc25A activity is also essential for c-myc-induced
apoptosis,'”'® although it is unclear how. Cdc2 activa-
tion has been implicated as a player in the apoptosis of a
variety of cells®~° including neuronally differentiated
PC12 cells.?®*" The issue of whether neurons in AD die
by apoptosis is shrouded in debate: one school of
thought dwelling on the presence of apoptotic markers in
AD, ' and on cultured cell and animal models that show
a causal relationship between certain etiological factors
for AD and apoptosis*® *%; and the other focusing on the
distinction between the protracted progressive death in
AD and the rapid apoptotic process, and on the possi-
bility that DNA fragmentation could result from postmor-
tem autolysis,?® or oxidative damage,®’?? and would
therefore not exclusively signify apoptosis. In our studies,
the presence of active Cdc25A, Cdc2, and the resulting
downstream phosphorylation of neuronal proteins, are
observed not only before paired helical filaments accu-
mulate, but also before any morphological abnormalities
such as nuclear membrane dissolution or blebbing are
evident. The mitotic changes persist until NFT are formed
in neurons, which even at this stage do not display any
obvious apoptotic changes. It is therefore unlikely that the
appearance of mitotic indices in neurons with NFT is
associated with an apoptotic mode of death. However, it
has been postulated that a fair number of neurons in AD
die without forming NFT.#¢ Given the widespread distri-
bution of Cdc25A and cdc2/cyclin B® in AD, it is possible



that cdc2-mediated mechanisms drive such neurons into
an apoptotic crisis.

A notable difference in the cell-cycle process of de-
generating neurons is that the site of activation of cell-
cycle regulators is in the neuronal cytoplasm, whereas
the nucleus®” 8 is their site of activation in cycling cells.
This difference in subcellular location alone might ac-
count for the different outcomes of mitotic activation in the
two situations, ie, degeneration versus mitosis. There are
instances where Cdc25 functions in the cytoplasm, and
studies have implicated the family of 14-3-3 proteins in
these instances. The DNA damage checkpoint that pre-
vents mitosis while DNA repair is underway is one exam-
ple where the Rad24 14-3-3 protein facilitates nuclear
export and hence cytoplasmic build-up of inactive
Cdc25A.49%° In AD neurons the high levels of DNA dam-
age'9°"%2 and accumulation of Cdc25A in the neuronal
cytoplasm resemble this situation, but Cdc25A is acti-
vated, rather than inhibited, making it unlikely that neuro-
nal death in AD involves DNA damage-induced arrest.
Another instance where Cdc25A functions in a cytoplas-
mic location is in association with the Raf-1 protein kinase
after mitogenic stimulation of quiescent cells.®® 14-3-3
promotes Cdc25A phosphorylation and activation by
Raf-1, an interaction that links mitogenic signaling with
the cell cycle machinery.®® Interestingly, various isoforms
of 14-3-3 are particularly abundant in brain, functioning in
a variety of neuronal processes such as regulation of
protein kinase C, exocytosis, and synaptic plasticity,>*
and their presence in neurofibrillary tangles has also
been reported.®® Thus 14-3-3 may act to sequester acti-
vated Cdc25A in the cytoplasm of neurons, eventually
causing degeneration. A closer look at the 14-3-3
proteins in AD brain might help uncover the signaling
pathways leading to mitotic activation in neurons and to
neurodegeneration.
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