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Cdh1/Hct1-APC Is Essential for the Survival of
Postmitotic Neurons
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Cell division at the end of mitosis and G, is controlled by Cdh1/Hct1, an activator of the E3-ubiquitin ligase anaphase-promoting complex
(APC) that promotes the ubiquitylation and degradation of mitotic cyclins and other substrates. Cdh1-APC is active in postmitotic
neurons, where it regulates axonal growth and patterning in the developing brain. However, it remains unknown whether Cdh1-APC is
involved in preventing cell-cycle progression in terminally differentiated neurons. To address this issue, we used the small hairpin RNA
strategy to deplete Cdhl in postmitotic neurons. We observed that Cdhl silencing rapidly triggered apoptotic neuronal death. To
investigate the underlying mechanism, we focused on cyclin B1, a major Cdh1-APC substrate. Our results demonstrate that Cdh1 is
required to prevent the accumulation of cyclin Bl in terminally differentiated neurons. Moreover, by keeping cyclin Bl low, Cdhl
prevented these neurons from entering an aberrant S phase that led to apoptotic cell death. These results provide an explanation for the
mechanism of cyclin B1 reactivation that occurs in the brain of patients suffering from neurodegenerative diseases, such as Alzheimer’s

disease.
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Introduction

Differentiated cells, such as neurons, exit the cell cycle to remain
resting in the G, phase because of an active downregulation of
mitotic proteins. Aberrant expression of cell-cycle proteins has
been reported to be an important mechanism leading to devel-
opmentally regulated neuronal loss and apoptosis in the adult
brain (Becker and Bonni, 2004). In this sense, there is an increas-
ing body of evidence to suggest that a mitotic cyclin(s) would be
involved in the mechanism of neuronal death in neurodegenera-
tive diseases (Zhu et al., 2004). The strongest evidence for this
notion comes from the finding that the Cdk1-cyclin B1 complex
is reactivated in degenerating neurons of patients suffering from
Alzheimer’s disease (Vincent et al., 1997) and in experimental
models of ischemia (Wen et al., 2004). Consistent with this idea,
Konishi et al. (2002) have shown that overexpression of cyclin Bl
in neurons triggers neuronal apoptosis via the phosphorylation
and activation of BAD. However, the mechanism that promotes
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cyclin Bl accumulation in these postmitotic neurons remains
elusive.

During the cell cycle, cyclin B1 stability is regulated by prote-
olysis mediated by the E3-ubiquitin ligase anaphase-promoting
complex (APC) (Irniger et al., 1995; King et al., 1995; Sudakin et
al., 1995). APC is activated in a cell-cycle-dependent manner by
two factors, namely Cdc20 and Cdh1 (also known as Hctl, Fizzy-
related, Srwl, or Ste9) (Schwab et al., 1997; Sigrist and Lehner,
1997; Visintin et al., 1997). Whereas Cdc20—APC activity is re-
quired early on in mitosis, Cdh1-APC functions at the end of
mitosis and G; (Schwab et al., 1997; Sigrist and Lehner, 1997;
Visintin etal., 1997; Yamaguchi et al., 1997, 2000; Kitamura et al.,
1998; Blanco et al., 2000; Bashir et al., 2004; Wei et al., 2004).
Moreover, the finding that Cdh1-APC activity is elevated in post-
mitotic neurons (Gieffers et al., 1999) suggests that Cdh1-APC
might also play novel functions in G,

It has recently been found that Cdh1-APC modulates axonal
growth during the differentiating process of neurons in the mam-
malian brain (Konishi et al., 2004) as well as neuronal synaptic
plasticity in Drosophila and Caenorhabditis elegans (Juo and
Kaplan, 2004; van Roessel et al., 2004). These reported functions
for Cdh1-APC are independent of the modulation of cell-cycle-
related factors, leaving open the question as to whether Cdh1—
APC might be able to regulate mitotic cyclin instability in termi-
nally differentiated neurons. We addressed this issue and found
that Cdh1-APC is required to promote cyclin B1 degradation in
fully differentiated cells, such as postmitotic cortical neurons.
Moreover, we show that Cdh1 plays a key role in neuronal sur-
vival because Cdhl depletion in these neurons triggered cyclin
Bl-mediated entry into S phase that led to apoptotic cell death.
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These results point to a possible mecha- A
nism through which cyclin B1 might be
reactivated in degenerating neurons and

are consistent with the notion (Zhu et al.,
2004) that neurodegenerative diseases
may involve processes related to an aber-

rant attempt of postmitotic neurons to re-
enter the cell cycle.

Materials and Methods

Neurons in primary culture. Cortical neurons in
primary culture were prepared from fetal [em-
bryonic day 16 (E16)] Wistar rats as described
previously (Almeida et al., 2004). In brief, cells
were seeded (2.5 X 10° cells/cm?) in DMEM
(Sigma, Madrid, Spain) supplemented with
10% (v/v) fetal calf serum (FCS; Roche Diag-
nostics, Heidelberg, Germany) and incubated
at 37°C under a humidified 5% CO,-containing
atmosphere. Forty-eight hours after plating, the
medium was replaced with DMEM supple-
mented with 5% horse serum (Sigma), 20 mm
D-glucose, and 10 uM cytosine arabinoside (to
prevent non-neuronal proliferation). All trans-
fections in primary neurons were performed in
fresh medium (without cytosine arabinoside)
after 4 d in vitro (DIV) (i.e., when cells displayed
a terminally differentiated neuronal pheno-
type), and the analyses were performed 3 d after transfections. Transfec-
tion efficiency was ~7%.

SH-SY5Y cells. SH-SY5Y human neuroblastoma cells were generously
supplied by Dr. C. Gallego (University of Lleida, Lleida, Spain) and
grown in DMEM supplemented with 10% (v/v) FCS. To induce full
differentiation, SH-SY5Y cells were seeded at 10* cells/cm?, and all-
trans-retinoic acid (RA; 10 uMm; Sigma) was added 24 h later. After 5 d,
cells were washed three times with DMEM and further incubated with 50
ng/ml brain-derived neurotrophic factor (BDNF; PeproTrech, Rocky
Hill, NJ) for 3 d. Transfections of SH-SY5Y cells were performed after 5d
in RA (i.e., when cells displayed a terminally differentiated neuronal-like
phenotype) (efficiency, ~7%). Exceptionally, some transfections were
performed in dividing SH-SYS5Y cells (efficiency, ~60%). Unless speci-
fied otherwise, the analyses were performed 3 d after transfections.

293T cells. Human embryonic kidney 293T cells were maintained in
DMEM supplemented with 10% (v/v) FCS. Cells were reseeded at 10°
cells/em? 1 d before transfections, after which FCS was reduced to 0.5%
(v/v). The analyses were performed 3 d after transfections.

Design and expression of Cdhl and cyclin BI small hairpin RNAs. Cdh1
and cyclin B1 depletion was achieved by RNA interference using a vector-
based small hairpin RNA (shRNA) approach (Brummelkamp et al., 2002).
For Cdhl, we used the target sequence 5'-TGAGAAGTCTCCCAGT-
CAG-3' (nucleotides 235-253; GenBank accession number NM_016263),
as reported previously (Brummelkamp et al., 2002). For cyclin B1, we used
the 5'-GATGGAGCTGATCCAAACC-3' (nucleotides 478 —496; GenBank
accession number AY338491) target sequence. As controls, we used the fire-
fly luciferase-targeted oligonucleotide 5'-CTGACGCGGAATACTTCGA-
3', as reported previously (Ohtsuka et al., 2004). These sequences were
BLAST (Basic Local Alignment Search Tool) confirmed for specificity. The
forward and reverse synthetic 64 nt oligonucleotides (Isogen Life Technolo-
gies, Maarsen, The Netherlands) were designed, annealed, and inserted into
the Bglll/HindI1I sites of either pSuper or pSuper.GFP vectors, following the
manufacturer’s instructions (Oligoengine, Seattle, WA). These construc-
tions express a 19 bp, 9 nt stem-loop shRNA specifically targeted against
Cdhl (Cdhl shRNA), cyclin Bl (cyclin B1 shRNA), or luciferase (control
shRNA) mRNAs.

Cell transfections. Transfections of cells were performed with these
plasmid constructions using Lipofectamine 2000 (Invitrogen, Madrid,
Spain) and following the manufacturer’s instructions.

APC inhibitor hEmil. hEmil was used to inhibit the APC complex by

Figure 1.
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Cdh1, but not Cdc20, is present in postmitotic neurons. A, Phase-contrast microscopy of E16 rat cortical neurons
along in vitro differentiation at 1,4, and 7 DIV showing neurite processes as from 4 DIV. B, Identification of 7 DIV neuronal cultures
by immunocytochemistry showing that all Map2-positive cells expressed Cdh1. C, Western blot analyses confirmed Cdh1 expres-
sion throughout terminal differentiation of cortical neurons in primary culture (from 1 to 7 DIV), whereas Cdc20 and cyclin B1
decreased progressively to undetectable levels after 7 DIV, and Cdk 1 was still presentin neurons after 7 DIV. D, Cyclin B1 mRNA was
unchanged from 1to 7 DIV. Pfk1 (6-phosphofructo-1-kinase) and cyclophilin were used as loading controls for protein and RNA,

cotransfecting cortical primary neurons with pCS2-hEmil (generously
donated by Dr. P. Jackson, Stanford University School of Medicine, Stan-
ford, CA) plus pEGFP (Clontech, Palo Alto, CA), and control transfec-
tions were performed with a truncated form of hEmil carrying a deletion
of the zinc-binding region that causes loss of function (pCS2-Myc5-
hEmilAZBR; generously donated by Dr. P. Jackson) plus pEGFP.

Site-directed mutagenesis. To assess whether the selected 19 nt se-
quence used for shRNA was specific, wild-type (pcDNA3-Cdhl or
pcDNA3-myc-cyclin B1-GFP) or mutant (mutCdhl or mutCyclin B1)
forms of Cdhl or cyclin BI, respectively, were used. pcDNA3-Cdh1 and
pcDNA3-myc-cyclin BI-GFP [the latter encoding cyclin Bl fused to
green fluorescent protein (GFP)] were generously donated by Dr. J. Pines
(Gurdon Institute, University of Cambridge, Cambridge, UK). mutCdh1
and mutCyclin B1 were obtained by PCR site-directed mutagenesis, us-
ing pcDNA3-Cdhl or pcDNA3-myc-cyclin B1-GFP, respectively, as
templates, followed by Dpnl digestion (QuikChange XL; Stratagene, La
Jolla, CA). The selected PCR forward and reverse 50 nt oligonucleotides
carried silent third-codon point mutations within the RNA interfering
target sequence (5'-CGAGAAATCGCCTAGCCAA-3" for Cdhl; 5'-
GACGGTGCGGACCCGAATC-3' for cyclin B1l; mutated nucleotides
are underlined).

Western blotting. Cells were washed with cold PBS, lysed (2% SDS, 2
mM EDTA, 2 mm EGTA, 5 mum Tris, 100 um phenylmethylsulfonyl fluo-
ride, 50 pug/ml anti-papain, 50 ug/ml pepstatin, 50 wg/ml amastatin, 50
pg/ml leupeptin, 50 pg/ml bestatin, and 50 ug/ml soybean trypsin in-
hibitor), and boiled for 5 min. Aliquots (40 ug of protein) of cell lysates
were centrifuged (14,000 X g, 10 min) and electrophoresed in an SDS/8%
polyacrylamide gel (MiniProtean; Bio-Rad, Hercules, CA) using a
BenchMark prestained protein ladder (Isogen Life Technologies). The
resolved proteins were transferred electrophoretically to nitrocellulose
membranes, which were blocked in 5% (w/v) low-fat milk in 20 mm Tris,
500 mm NaCl, and 0.1% (w/v) Tween 20, pH 7.5, for 1 h, and further
incubated with anti-Cdh1 (AR38; a generous gift from Dr. J. Gannon,
Clare Hall Laboratories, Cancer Research UK, South Mimms, UK), anti-
cyclin B1 (GNS-1; Becton Dickinson-PharMingen, Erembodegen, Bel-
gium), anti-Cdc20 (H175; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-Cdk1 (SC54; Santa Cruz Biotechnology), or anti-Pfkl (Almeida et
al., 2004). HRP-conjugated anti-rabbit IgG (Santa Cruz Biotechnology)-
treated membranes were developed by luminol-chemiluminescence.

Northern blotting. Purified (Sigma) total RNA samples were electro-
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phoresed (15 g of RNA per line) on a 1% (w/v) agarose-formaldehyde
gel. After transfer to a GeneScreen Plus membrane (NEN, Boston, MA)
and cross-linking by UV irradiation, membranes were hybridized for
18 h at 65°C in the presence of the appropriate random-primed
[a-2?P]dCTP-radiolabeled (Amersham Biosciences, Buckinghamshire,
UK) cDNA probe and exposed to Kodak XAR-5 film. We used a cDNA
probe either against mouse cyclin B1 or against rat cyclophilin.

Flow cytometric analysis of apoptotic cell death. APC-conjugated
annexin-V and 7-amino-actinomycin D (7-AAD; Becton Dickinson)
were used to quantitatively determine the percentage of apoptotic cells by
flow cytometry. Cells were stained with annexin-V-APC and 7-AAD,
following the manufacturer’s instructions, and analyzed on a FACSCali-
bur flow cytometer (15 mW argon ion laser tuned at 488 nm; CellQuest
software; Becton Dickinson). Annexin-V—APC-stained cells that were
7-AAD negative were considered apoptotic (Almeida et al., 2004). Each
data point represents the acquisition of ~15,000 cells.

Determination of apoptotic cell death by terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling assay. Apoptotic
neurons were also quantified by the terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay
(Roche Diagnostics) following the manufacturer’s instructions. Each
data point was obtained by counting 500 cells from 10 microscopic fields.

Cell-cycle analysis. To analyze cell-cycle distribution, cells were fixed
with 70% ethanol and stained with 50 ug/ml propidium iodide and 20
png/ml RNase on ice for 30 min before flow-cytometric analysis. The
proportion of neurons entering S phase was also assessed by flow-
cytometric analysis of bromodeoxyuridine (BrdU) incorporation after
18 h of incubation with 10 pg/ml BrdU using the APC BrdU Flow kit
(Becton Dickinson Biosciences), following the manufacturer’s
instructions.

Immunocytochemistry. Immunocytochemistry was performed on neu-
rons grown on glass coverslips, which were fixed for 30 min in PBS
containing 4% paraformaldehyde, rinsed with PBS, and permeabilized
for 10 min with 0.1% Triton X-100. Cells were then incubated at room
temperature in PBS containing blocking serum (10% normal goat se-
rum) plus either anti-Map2 antibody (1:200 dilution; Sigma) for 2 h or
anti-Cdh1 antibody (1:100 dilution; Zymed, San Francisco, CA) for 30
min. After washing with PBS, cells were incubated in PBS containing the
secondary antibody (Molecular Probes, Eugene, OR) for 30 min. To
visualize cyclin B1, we used anti-cyclin Bl phycoerythrin-conjugated
antibody (Santa Cruz Biotechnology). Coverslips were washed and
mounted in glycerol/PBS (90/10, by volume) on glass slides for phase
contrast or fluorescence microphotographs at 10X or 20X magnifica-
tions. Analysis of cyclin Bl immunoreactivity in differentiated SH-SY5Y
cells was performed by confocal microscopy.

Statistical analyses. Significances were assessed by ANOVA, followed
by the least significant difference multiple range test. Results are the
mean = SEM values for at least three different culture preparations.

Results

Expression of APC activators in terminally

differentiated neurons

We first investigated the expression of the APC activators Cdhl
and Cdc20 in postmitotic neurons. For this purpose, rat cortical
neurons were subjected to full differentiation in culture (Fig. 1A),
and protein extracts were analyzed at key time points. As shown
in Figure 1B, these neurons were Map2 positive, whereas <1%
were glial fibrillary acidic protein positive (data not shown).
Moreover, all Map2-positive neurons expressed Cdhl (Fig. 1 B).
As shown in Figure 1C, Cdhl protein was expressed prominently
throughout the terminal differentiation process of these neurons,
whereas Cdc20 protein decreased dramatically to undetectable
levels. Because Cdhl was the only APC activator expressed in
postmitotic neurons, we analyzed the expression of cyclin Bl,
which is a major substrate for Cdh1-APC-dependent proteolytic
activity (Irniger et al., 1995; King et al., 1995; Sudakin et al.,
1995). As shown in Figure 1C, cyclin Bl protein decreased dra-
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Figure2. (dh1isessential for the survival of postmitotic neurons. A, Cdh1 shRNA is specific,

as assessed by expression of target gene refractory to the RNA interfering sequence. Thus,
transfection of 2937 cells with control shRNA (pSuper.GFP.luciferase) did not alter the protein
levels of expressed Cdh1, regardless of the Cdh1 cDNA coexpressed (wild type or mutant).
However, transfection of cells with Cdh1 shRNA (pSuper.GFP.Cdh1) decreased Cdh1 protein
levels expressed from wild-type (Cdh1) but not from mutant (mutCdh1) Cdh1. Moreover, en-
dogenous cyclin B1 protein levels increased in those cells having lower Cdh1 protein levels. B,
Fluorescence images show neurite disintegration and cell body condensation in cortical primary
neurons transfected with Cdh1 shRNA compared with the control shRNA. C, Transfection of
cortical primary neurons with pSuper.GFP.Cdh1 (Cdh1 shRNA) decreased the number of GFP ™
cells (left) and increased apoptotic cells within the GFP * subpopulation, as assessed both by
annexin-V and TUNEL (right); neurons transfected with pSuper.GFP.luciferase were used as
controls (control shRNA). D, Transfection of primary neurons with APCinhibitor hEmiT increased
the number of apoptotic cells within the GFP ™ subpopulation but not within the GFP ~ sub-
population compared with control cells expressing a nonfunctional truncated form of hEmi1.
*p << 0.05 versus the corresponding control shRNA.

matically along terminal differentiation, whereas its mRNA was
present during this process (Fig. 1D). In contrast to cyclin B1, its
counterpart kinase, Cdk1, was prominently expressed in differ-
entiated cells (Fig. 1C).

Cell-death phenotype after Cdh1 inhibition in

postmitotic neurons

To perform specific Cdh1-APC inhibition, an shRNA specifically
targeted against Cdhl was expressed from a GFP mammalian
expression vector (pSuper) (Brummelkamp et al., 2002). To val-
idate the specificity of the Cdh1l shRNA, Western blot analyses
were performed after the expression of a Cdhl ¢cDNA refractory
to the RNA interfering sequence [editorial (no authors listed),
2003]. For this purpose, 293T cells were transfected to express
either wild-type (Cdhl) or mutant (mutCdhl) forms of Cdhl
c¢DNA. mutCdhl carried silent third-codon point mutations
within the RNA interfering target sequence. As control shRNA,



8118 - J. Neurosci., September 7, 2005 - 25(36):8115—8121

we used luciferase shRNA. Expression of A
the control shRNA did not alter the pro-
tein levels of expressed Cdh1, regardless of
the Cdh1 ¢cDNA coexpressed (wild type or
mutant) (Fig. 2A). However, Cdhl shRNA
treatment decreased Cdhl protein levels ex-
pressed from wild-type but not from mu-
tant Cdhl cDNA (Fig. 2A).

We next investigated the function of
Cdh1 in postmitotic neurons. To achieve
this without affecting any potential effect
on axonal growth (Konishi et al., 2004),
transfections with Cdh1 shRNA were per-
formed after 4 DIV (i.e., when cells dis-
played a neuronal phenotype). This was
evident from the appearance of character-
istic long axonal processes (Fig. 1A) and

508
AR BR o

very low cyclin B1 protein levels (Fig. 1C).
Neurons expressing Cdh1 shRNA, identi-
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Examination by fluorescence microscopy

1.00 1.06 0.10 0.05 0.05

revealed that GFP™ neurons displayed
neurite disintegration and cell-body con-
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densation (Fig. 2 B), suggesting apoptotic
cell death. To confirm this, we used flow

1.00 0.82 0.62 050 0.49

cytometry and TUNEL assay to quantify
cell death more accurately. Flow-

1.00 0.95 0.96 0.99 1.02

cytometric analyses of postmitotic neu-
rons showed a significant and dramatic de-
crease in the proportion of GFP ™ cells
transfected with the Cdhl shRNA com-
pared with those transfected with the con-
trol shRNA (Fig. 2C, left). Moreover, the
loss of GFP ™ cells was parallel to an in-
crease in apoptotic GFP ™ neurons, as as-
sessed by immunostaining with either the
specific apoptotic kit annexin-V/7-AAD or the TUNEL assay
(Fig. 2C, right).

To inhibit the Cdh1-APC complex with a different approach,
we used hEmil, a well known inhibitor of Cdh1-dependent APC
activity (Reimann et al., 2001; Hsu et al., 2002). Thus, transfec-
tion of cortical primary neurons with hEmil, but not with an
hEmil truncated form that carries a deletion of the zinc-binding
region that causes loss of function, triggered apoptotic cell death
(Fig. 2D). Together, these results suggest that Cdhl function is
required to prevent the apoptotic cell death of differentiated
neurons.

Figure 3.

Cdh1 inhibition promotes stabilization of cyclin B1 in
differentiated cells

Cyclin B1 is a major substrate for Cdh1-APC-dependent proteo-
lytic activity (Irniger et al., 1995; King et al., 1995; Sudakin et al.,
1995). To elucidate whether Cdh1 inhibition promoted stabiliza-
tion of cyclin B1, we used the human-derived SH-SY5Y neuro-
blastoma cell line because they can either be maintained in cul-
ture in a dividing state or be induced to full differentiation. To
induce full differentiation, these cells were treated with RA and
BDNF (Fig. 3A) (Encinas et al., 2000). We further characterized
the transition from proliferation to differentiation by flow cy-
tometry, observing that there was a progressive reduction of cells
in the S and G,/M phases along the differentiation process (Fig.
3B). Consistent with our observations in primary neurons, full
differentiation of SH-SYS5Y cells was associated with a decline in
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Characterization of SH-SY5Y neuroblastoma cells subjected to terminal differentiation and effect of Cdh1 depletion
in the dividing SH-SY5Y cells. A, Phase-contrast microscopy of differentiating SH-SY5Y cells, showing the morphology of the
postmitotic neuronal phenotype. B, Cell-cycle distribution of SH-SY5Y cells along the differentiation process, showing G,/G, arrest
afterfull differentiation. C, Western blot analysis revealed that Cdh1 levels were maintained and Cdk1 levels were present from the
dividing to the terminally differentiated stages, whereas cyclin B1and Cdc20 levels decreased. D, Cyclin BT mRNA was maintained
in terminally differentiated SH-SY5Y cells. E, Depletion of Cdh1 in dividing SH-SY5Y cells triggered cyclin B1 protein stabilization
(left) but did not affect cell survival (right).

cyclin Bl protein (Fig. 3C) but not mRNA levels (Fig. 3D). Fur-
thermore, Cdhl and Cdkl levels (Fig. 3C) were maintained as
cells progressed to terminal differentiation, whereas those of
Cdc20 decreased dramatically (Fig. 3C). Accordingly, SH-SY5Y
cells offer a suitable system to investigate the role of Cdh1 both in
proliferating and in postmitotic cells.

As shown in Figure 3E (left), depletion of Cdh1 triggered the
stabilization of cyclin Bl in dividing SH-SY5Y cells, as it did in
293T cells (Fig. 2A). However, Cdh1 inhibition did not affect cell
survival as long as these cells were proliferating (Fig. 3E, right).
Consistent with data published recently (Bashir et al., 2004; Wei
et al., 2004), depletion of Cdh1 promoted the entry of these cells
into S phase (Gy/G;, 58 = 3and 48 * 3%; S, 32 = 2 and 40 * 2%j;
control and Cdh1 shRNA, respectively).

Cyclin B1 is responsible for postmitotic neuronal death after
Cdh1 silencing

Next, we depleted Cdh1 in postmitotic SH-SY5Y cells. To accom-
plish this, cells were transfected with the Cdh1 shRNA after they
displayed a differentiated neuronal-like phenotype, as evidenced
by long axonal processes (Fig. 3A), cell-cycle parameters (Fig.
3B), and low cyclin B1 protein levels (Fig. 3C). Cyclin B1 protein
levels were investigated in these cells by confocal microscopy, and
we observed that only cells expressing Cdh1 shRNA (identified as
GFP " neurons) displayed cyclin B1 immunostaining (Fig. 4A).
In light of the results shown in Figures 3E and 4 A, we may there-
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sentative confocal microscopy image (6 cells in this field) of terminally differentiated SH-SY5Y cells 3 d after Cdh1 shRNA treat-
ment, indicating that only efficiently transfected cells (identified as GFP * cells; 2 cells in this field) displayed cyclin B1 immuno-
reactivity (identified as red fluorescent cells). In contrast, nontransfected cells (identified as GFP ~ cells) showed no cyclin B1
immunoreactivity. The same pattern was observed in all fields examined. B, Cyclin B1 shRNA is specific, as assessed by expression
of target gene refractory to the RNA interfering sequence. Thus, transfection of 293T cells with control shRNA (pSuper.GFP.lucif-
erase) did not alter the protein levels of expressed cyclin B1, regardless of the cyclin BT <DNA coexpressed (wild type or mutant).
However, transfection of cells with cyclin BT shRNA (pSuper.GFP.cyclin B1) decreased cyclin B1 protein levels expressed from
wild-type (cyclin B1) but not from mutant (mutCyclin B1) cyclin B1. Endogenous Cdh1 protein levels were unaffected by cyclin B1
shRNA. C, CyclinB1shRNA prevented the increase in cyclin B1 triggered by Cdh1shRNAin 293T cells. D, Cdh1silencing in terminally
differentiated SH-SY5Y cells triggered an increase in the proportion of GFP * apoptotic cells. This effect was prevented by
cotransfection with cyclin BT shRNA. *p << 0.05 versus corresponding control shRNA. Control shRNA, pSuper.GFP.luciferase plus
pSuper; Cdh1 shRNA, pSuper.GFP.Cdh1 plus pSuper; cyclin B1 shRNA, pSuper.GFP.Cdh1 plus pSuper.cyclin B1.

fore conclude that inhibition of Cdh1 causes an increase in cyclin
B1 levels in both proliferating and differentiating cells.

Then we investigated whether cyclin B1 protein accumulation
attributable to Cdhl silencing was involved in the apoptotic
death of neurons. To do so, we first selected a sShRNA sequence
specifically targeted against cyclin B1 that was expressed from a
GFP cDNA-carrying pSuper vector. The specificity of this cyclin
B1 shRNA was confirmed by Western blot analyses after the ex-
pression of target genes refractory to the RNA interfering se-
quence using the same approach as that described above for Cdh1
shRNA. Thus, 293T cells were transfected to express either the
wild-type (cyclin B1) or mutant (mutCyclin B1) forms of cyclin
B1 carrying silent third-codon point mutations within the RNA
interfering target sequence. Transfection of 293T cells with con-
trol shRNA (luciferase-targeted shRNA) did not alter the protein
levels of expressed cyclin B1, regardless of the cyclin Bl cDNA
coexpressed (wild type or mutant) (Fig. 4 B). However, transfec-
tion of cells with cyclin B1 shRNA decreased cyclin Bl protein
levels expressed from wild-type (cyclin B1) but not from mutant
(mutCyclin B1) cyclin B1 (Fig. 4 B). In contrast to Cdh1 silencing,
which increased endogenous cyclin Bl (Fig. 2A), cyclin Bl
knocking down did not affect Cdhl protein levels (Fig. 4B).
Moreover, cyclin Bl shRNA prevented the increase in cyclin Bl
triggered by Cdhl silencing (Fig. 4C).

To elucidate whether Cdh1 silencing promoted cell death in
differentiated SH-SY5Y cells, as it did in postmitotic cortical pri-
mary neurons, we quantified cell death by flow cytometry. We
observed a time-dependent increase in GFP " apoptotic cells

geting cyclin Bl mRNA.

To confirm that cyclin Bl accumula-
tion would be responsible for neuronal
death, cyclin Bl was overexpressed by
transfection of primary neurons with a
plasmid construction encoding a nonde-
gradable form of cyclin Bl fused to GFP
(cyclin B1-R42). As shown in Figure 5C,
such treatment increased apoptotic cells
within the GFP " subpopulation but not
within the GFP~ subpopulation com-
pared with control cells. Finally, because
cyclin Bl accumulation has been associ-
ated with neuronal death in Alzheimer’s disease (Vincent et al.,
1997; Konishi et al., 2002), we next aimed to investigate whether
Cdhl protected against the neurotoxicity of B-amyloid. Thus,
Cdh1 was overexpressed in cortical primary neurons, a treatment
that did not affect neuronal survival but significantly prevented
apoptotic neuronal death triggered by B-amyloid (Fig. 5D).

Cdh1l-mediated cyclin B1 accumulation stimulates S phase
entry of postmitotic neurons

It has recently been shown that Cdh1-APC activity is required to
prevent the progression of dividing cells from G, into S phase
(Bashir et al., 2004; Wei et al., 2004). We reasoned that a possible
explanation for the cell-death phenotype induced by Cdh1 deple-
tion in postmitotic cells is that these would attempt to enter S
phase before undergoing apoptosis. We analyzed the rate of BrdU
incorporation in postmitotic SH-SY5Y cells and primary cortical
neurons after Cdhl depletion. The results, shown in Figure 6 A
indicated that Cdh1 silencing in both systems elicited an increase
in the proportion of cells in S phase. Furthermore, such an in-
crease was counteracted by concomitant depletion of cyclin Bl
(Fig. 6B), suggesting that cyclin B1 accumulation, after Cdhl
depletion, is strongly associated with the onset of cell death.

Discussion

In the present study, we show that the APC activator Cdhl plays
an important survival role in postmitotic neurons by preventing
them from an attempt to re-enter into the cell cycle. In fact, it has
been postulated that the possibility of the stability of mitotic
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cyclins outside the cell cycle would be reg-
ulated by APC-mediated protein degrada-
tion (Gieffers et al., 1999; Harper et al.,
2002). Here, we show that Cdh1 protein is
indeed prominently expressed throughout
the terminal differentiation of rat cortical
neurons in primary culture. Furthermore,
we also show that the protein levels of the
other APC activator, Cdc20, decreased
dramatically along the differentiation pro-
cess of these cells. Together, these results
strongly suggest that Cdhl would be the
only APC activator that is present in post-
mitotic neurons. Accordingly, we were
next prompted to investigate the possible
role of Cdhl in the degradation of a mi-
totic cyclin(s) in neurons.

We first considered cyclin A because
this cyclin has been shown to be one target
of Cdh1-mediated APC activity, at least in
other cell types (Geley et al., 2001). How-
ever, it is unlikely that cyclin A would be a
major Cdhl substrate because cyclin A
mRNA expression is repressed in differen-
tiated neurons (Freeman et al., 1994). In-
stead, we focused on cyclin B1 because its
mRNA was expressed while the protein
was undetectable, which is consistent with
the notion that cyclin B1 continues to be
actively degraded in postmitotic neurons.
In addition, this cyclin is a major substrate
for Cdh1-APC-dependent proteolytic ac-
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Figure 5.  Cdh1 promotes survival of primary cortical neurons by preventing cyclin B1 accumulation. A, Representative fluo-

rescence microscopy image of 7 DIV neurons (identified as Map2-positive cells) 3 d after Cdh1 shRNA treatment, indicating that
only efficiently transfected cells (identified as GFP ™ cells; 2 cells in this field) displayed cyclin B1 immunoreactivity (identified as
red fluorescent cells). The localization of cyclin B1 was displayed in a condensed manner, suggesting nuclear localization. In
contrast, nontransfected cells (identified as GFP ~ cells) showed no cyclin BT immunoreactivity. The same pattern was observed
in all fields examined. B, Cdh1 silencing in primary cortical neurons triggered an increase in the proportion of GFP * apoptotic
cells, as assessed both by annexin-V and TUNEL. This effect was prevented by cotransfection with cyclin B1shRNA. Control shRNA,
pSuper.GFP.luciferase plus pSuper; Cdh1 shRNA, pSuper.GFP.Cdh1 plus pSuper; cyclin B1 shRNA, pSuper.GFP.Cdh1 plus
pSuper.cyclin B1. €, Overexpression of cyclin B1 by transfection of cortical primary neurons with a plasmid construction encoding
anondegradable form of cyclin B1 fused to GFP (cyclin B1-R42) increased apoptotic cells within the GFP ™ subpopulation but not
within the GFP ~— subpopulation compared with control cells. D, Overexpression of Cdh1 in cortical primary neurons did not affect
neuronal survival but significantly prevented apoptotic neuronal death triggered by B-amyloid. *p << 0.05 versus corresponding

tivity, at least during the G, phase of the  control shRNA.

cell cycle (Irniger et al., 1995; King et al.,

1995; Sudakin et al., 1995), and its coun-

terpart kinase, Cdk1, was expressed prominently in postmitotic
neurons (present study).

To investigate the relationship between Cdhl and neuronal
survival, we undertook two different approaches [i.e., direct in-
hibition of Cdhl activity by ectopic expression of hEmil
(Reimann et al., 2001; Hsu et al., 2002) or specific Cdh1 degrada-
tion by RNA interference]. Both strategies yielded consistent data
indicating that Cdh1 loss of function triggered apoptotic neuro-
nal death. Moreover, we found that this phenotype was only ob-
served in differentiated but not in proliferating cells. These results
led us to suggest that Cdh1 would be essential for the survival of
postmitotic neurons. To investigate cyclin B1 stability after Cdh1
inhibition, we assessed by immunocytochemistry cyclin B1 pro-
tein in those neurons that were committed to apoptotic death.
We showed that only those neurons expressing the Cdh1 shRNA,
as revealed by GFP fluorescence, displayed cyclin B1 accumula-
tion. Moreover, only such GFP * subpopulations of neurons un-
derwent subsequent cell death, strongly suggesting that cyclin B1
accumulation would be involved in the apoptotic process. In fact,
cyclin B1 overexpression was itself neurotoxic, confirming a pre-
vious work (Konishi et al., 2002). Interestingly, the depletion of
Cdh1 was not essential for the survival of proliferating cells, de-
spite the fact that cyclin B1 was accumulated. In this context, it
should be mentioned that others (Konishi et al., 2004) have
shown that when Cdhl1 is silenced before the terminal differenti-
ation of hippocampal neurons, no cell death occurred; instead, it
subsequently modulated axonal growth. Whether this apparent
discrepancy would also be attributable to differences in the vul-
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Figure 6.  Depletion of Cdh1 promotes cyclin B1-mediated re-entry of postmitotic neurons
into S phase. 4, Transfection of terminally differentiated SH-SY5Y or cortical neurons with Cdh1
shRNA increased the proportion of cells in S phase, as assessed by BrdU incorporation. B, Cyclin
B1 shRNA counteracted the increase in the proportion of postmitotic SH-SY5Y cells entering S
phase triggered by Cdh1 silencing. *p << 0.05 versus corresponding control. Control shRNA,
pSuper.GFP.luciferase plus pSuper; Cdh1 shRNA, pSuper.GFP.Cdh1 plus pSuper; cyclin B1
shRNA, pSuper.GFP.Cdh1 plus pSuper.cyclin B1.

nerability between hippocampal (Konishi et al., 2004) and corti-
cal (present study) neurons against Cdhl silencing is an issue that
remains to be elucidated. In any case, together these results sug-
gest that Cdh1 depletion would only increase the vulnerability of
cells against cyclin B1 after they have completely exited from the
cell cycle.

To assess directly whether cyclin B1 was responsible for the
apoptotic death of postmitotic neurons, we used an shRNA spe-
cifically targeted against cyclin B1. Thus, the inhibition of cyclin
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B1 accumulation significantly increased the survival of Cdhl-
depleted neurons, indicating that Cdh1 promotes active degrada-
tion of cyclin Bl to ensure cell survival of postmitotic neurons.
Cdhl silencing promoted entry into S phase in dividing (SH-
SY5Y) cells, as described recently (Bashir et al., 2004; Wei et al.,
2004); however, cell death was not apparent as far as these cells
were proliferating. In contrast, Cdhl silencing in both (SH-
SY5Y) cells previously subjected to in vitro differentiation or
post-mitotic cortical neurons significantly promoted entry into S
phase and triggered apoptotic death. Moreover, concomitant de-
pletion of cyclin B1 prevented neurons from re-entering the cell
cycle and rescued the cell-death phenotype. The molecular mech-
anism by which cyclin B1 triggers neurodegeneration after Cdh1
inactivation is intriguing at the moment. It has been shown that
Cdkl1/cyclin B1 activity could mediate the cell death by catalyzing
BAD phosphorylation at Ser-128 in cerebellar granule neurons
(Konishi et al., 2002). Another possibility is that cyclin Bl could
directly trigger entry into S phase and mitosis that would be lethal
in terminally differentitated cells. In this sense, our data suggest
nuclear localization of cyclin B1 after Cdh1 silencing in neurons,
aresult that is consistent with previous findings showing that the
Cdkl-cyclin B1 kinase complex has cryptic S-phase-promoting
abilities that can be unmasked by forcing cyclin B1 nuclear local-
ization (Moore et al., 2003).

In conclusion, we propose that Cdh1 would be a key survival
protein for differentiated neurons by ensuring the degradation of
cyclin B1 to prevent an aberrant re-entry into the cell cycle. This
is reinforced by the observation that Cdhl overexpression pro-
tected neurons against the neurotoxicity of B-amyloid. Hence,
our results may provide an explanation for the aberrant reactiva-
tion of cyclin Bl that has been reported previously to precede
cell-cycle re-entry and subsequent apoptosis of degenerating
neurons in Alzheimer’s disease and transient cerebral ischemia
(Vincent et al., 1997; Konishi et al., 2002; Wen et al., 2004).
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