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In most postmitotic neurons, expression or activation of pro-
teins that stimulate cell cycle progression or DNA replication
results in apoptosis. One potential exception to this generali-
zation is neuroblastoma (NB), a tumor derived from the sym-
pathoadrenal lineage. NBs often express high levels of N-myc,
a proto-oncogene that can potently activate key components of
the cell cycle machinery. Here, we show that in postmitotic
sympathetic neurons, N-myc can induce S-phase entry while
protecting neurons from death caused by aberrant cell cycle
reentry. Specifically, these experiments demonstrate that ex-
pression of N-myc at levels similar to those in NBs caused
sympathetic neurons to reenter S-phase, as monitored by
5-bromo-2-deoxyuridine incorporation and expression of cell
cycle regulatory proteins, and rescued them from apoptosis

induced by withdrawal of their obligate survival factor, nerve
growth factor. The N-myc-induced cell cycle entry, but not
enhanced survival, was inhibited by coexpression of a consti-
tutively hypophosphorylated form of the retinoblastoma tumor
suppressor protein, suggesting that these two effects of N-myc
are mediated by separate pathways. In contrast, N-myc did not
cause S-phase entry in postmitotic cortical neurons. Thus,
N-myc both selectively causes sympathetic neurons to reenter
the cell cycle and protects them from apoptosis, potentially
contributing to their transformation to NBs.
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Neuroblastoma (NB), a malignant tumor of children, is derived
from the neural crest and arises in the sympathoadrenal system.
Because NB is the most common extracranial tumor of children
but is very rare in adults, it is likely that malignant transformation
occurs at some point during the development of the sympathetic
nervous system, perhaps during the transition from a neural crest
precursor to a postmitotic sympathetic neuron. In this regard, two
key questions involve the mechanisms that (1) maintain sympa-
thetic precursor and/or postmitotic neurons in the cell cycle and
(2) allow these transformed sympathetic cells to escape the de-
fault apoptotic pathways that are normally triggered when pro-
genitors fail to appropriately exit the cell cycle (for review, see
Miller et al., 2000).

Most previous work examining the cell cycle machinery in-
volved in neuronal terminal mitosis has focused on CNS neurons.
These studies have demonstrated that the retinoblastoma tumor
suppressor, pRb, plays an essential role in inducing terminal
mitosis (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992,
1994; Slack et al., 1998). pRb binds to the E2F family of tran-
scription factors, blocking transcriptional activation by E2F and
of cell cycle genes, thereby preventing entry into the S-phase of
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the cell cycle (for review, see Slack and Miller, 1996). When this
pRb-mediated cell cycle exit is perturbed, CNS neurons apo-
ptose, likely by a p53-mediated default apoptotic pathway (Ma-
cleod et al., 1996; Slack et al., 1998). It is unclear whether similar
mechanisms are essential for the transition from a cycling sym-
pathetic neuroblast to a postmitotic sympathetic neuron. In fact,
the mechanisms appear to be fundamentally different: sympa-
thetic neuroblasts express a neuronal phenotype while still divid-
ing (Rothman et al., 1978; Rohrer and Thoenen, 1987; Memberg
and Hall, 1995), whereas most CNS progenitors express a neuro-
nal phenotype only when they undergo terminal mitosis (Lauder
and Bloom, 1974; Rothman et al., 1980; Koulakoff et al., 1983;
Menezes and Luskin, 1994; Gloster et al., 1999).

Significantly more is known about the mechanisms regulating
sympathetic neuron survival and apoptosis. These neurons re-
quire nerve growth factor (NGF) and activation of the TrkA/
NGF receptor to survive and, in their absence, undergo apoptosis
(for review, see Kaplan and Miller, 2000). Apoptosis can occur
via two pathways: a p75NTR-Jun-N-terminal kinase (JNK)-
dependent pathway (Majdan et al., 1997, 2001; Bamji et al., 1998)
and a second pathway that involves the stimulation of the cell
cycle machinery (Freeman et al., 1994; Farinelli and Greene,
1996; Park et al., 1996, 1997). These pathways use p53 and its
family member p73 as checkpoints to regulate apoptosis (Aloyz et
al., 1998; Pozniak et al., 2000a). Thus, both the survival and
terminal mitosis of sympathetic neurons may rely on two well
known tumor suppressors, pS3 and pRb. It is therefore surprising
that neither pRb nor p53 is mutated in NB, although p53 local-
ization is sometimes altered (Vogan et al., 1993; Goldman et al.,
1996). Instead, the N-myc proto-oncogene is often found to be
amplified in N'B, and this amplification is one of the most impor-
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tant molecular markers for poor prognosis in patients with this
tumor (Brodeur et al., 1984).

N-myc is a transcription factor that regulates a number of genes
involved in cell proliferation and apoptosis and directly binds to
cell cycle regulators such as pRb (Rustgi et al., 1991). The N-myc
homozygous null mouse dies in midgestation and has fewer neu-
ronal cells in the peripheral ganglia (Stanton and Parada, 1992;
Stanton et al., 1992; Sawai et al., 1993). In the developing avian
and Drosophila PNS, overexpression of N-myc stimulates G,/S-
phase progression, ventral migration, and neural differentiation
(Wakamatsu et al., 1997). In mice, the sequestration in the cyto-
plasm and thus inactivation of N-myc may be required for the
neurotrophin-induced cell cycle arrest of sensory precursor cells
(EIShamy et al., 1998). Consistent with their role as cell cycle
regulators during development, myc family members are highly
expressed in the childhood tumors NB, medulloblastoma, and
Wilms’ tumor (Nisen et al., 1986). However, the precise mecha-
nisms whereby N-myc mediates its normal physiological role or its
pathological oncogenic role are not clear.

Here, we have asked whether N-myc is capable of inducing
postmitotic sympathetic neurons to reenter the cell cycle. We
show that N-myc overexpression stimulated both cell cycle pro-
gression and survival of sympathetic neurons but had no effect on
S-phase progression in postmitotic cortical neurons. Thus, sym-
pathetic neurons are not completely locked out of the cell cycle,
and N-myc can protect cycling neurons from apoptosis, thereby
potentially contributing to malignant transformation.

MATERIALS AND METHODS

Sympathetic neuron cultures. Primary neuronal cultures were prepared
from postnatal day 1 Sprague Dawley rat sympathetic superior cervical
ganglia essentially as described previously (Ma et al., 1992). For immu-
nocytochemistry and nuclear staining, MTT assays, or Western blot
analysis, 6,000-10,000 cells per well were plated in 8-well chamber slides,
3000-5000 cells per well were plated in 96-well chamber slides, or
0.5-1 X 10 cells per well were plated in 6-well plates, respectively. All
the plates were rat tail collagen-coated, and the cells were maintained in
Ultraculture medium containing 2 mM glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin (all from BioWhittaker, Walkersville, MD), and
3% rat serum (Harlan Bioproducts, Madison, WI). Neurons were ini-
tially cultured for 5 d in the presence of 50 ng/ml NGF (Cedarlane,
Hornby, Ontario, Canada) and 7 uM cytosine arabinoside (CA). LAN-
1-15N human neuroblastoma cells were the kind gift of Dr. C. Thiele
(National Institutes of Health, Bethesda, MD).

Cortical neuron cultures. Primary cortical neuron cultures were ob-
tained from embryonic day (E) 16—-E17 mice. The meninges were re-
moved, and cortical tissue was transferred into Neurobasal media (In-
vitrogen) containing 500 uM glutamine, 2% B27 supplement, and 1%
penicillin—streptomycin (Invitrogen). The tissue was triturated into a
single-cell suspension, and cells were plated in four-well chamber slides
precoated with laminin and poly-D-lysine (Collaborative Research) at a
density of 10° per well. Three days after plating, half of the media was
changed with fresh media supplemented with 7 um CA (final concentra-
tion). Three days later, all media was replaced with fresh media without
CA. Infection with recombinant adenovirus was at 6 d after plating.

Recombinant adenovirus infections. The adenovirus coding for human
N-myc was constructed as described (He et al., 1998). Briefly, the N-myc
cDNA was cloned into the pAdTrack shuttle vector, recombined with the
pAdEasy adenoviral vector in bacteria, transfected, and amplified in
human embryonic kidney (HEK)293 cells. The viruses were purified on
CsCl gradients and titered in HEK293 cells, as we have described
previously (Slack et al., 1996). The other adenoviruses have been de-
scribed previously and encode a constitutively hypophosphorylated form
of pRb (Chang et al., 1995; Toma et al., 2000), p53 (Slack et al., 1996;
Pozniak et al., 2000a), kinase-inactive TrkA (Vaillant et al., 1999), green
fluorescent protein (GFP) (Pozniak et al., 2000a; Toma et al., 2000)
(Quantum Biotechnologies), and Escherichia coli B-galactosidase (Slack
et al., 1996) (gift of Dr. Frank Graham, McMaster University, Canada).
The adenoviruses were used to infect cultured sympathetic neurons at
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various concentrations of infective virus particles added per cell (multi-
plicity of infection; MOI). Infections of sympathetic neurons were per-
formed by replacing the culture media with viruses diluted in Ultracul-
ture containing no serum or CA and with glutamine, penicillin,
streptomycin, and NGF as described above. Infections of cortical neurons
were similar except that viruses were diluted in Neurobasal medium
containing glutamine, B27, penicillin, and streptomycin. After 24 hr the
media was replaced with the same media without virus.

Survival experiments. Neurons were cultured for 5 d and infected as
described above. To measure potential virus-induced cell death, the
neurons were maintained for an additional 4 d after infection and
analyzed. The MTT assays, which measure mitochondrial function and
reflect cell viability and survival, were performed in 96-well plates, each
condition as a triplicate as described previously (Bamji et al., 1998). Data
from these assays were expressed as a percentage of MTT signal obtained
in 10 ng/ml NGF (100% survival) versus zero NGF (0% survival). For
the neurotrophin withdrawal experiments, neurons were infected with
recombinant adenovirus, and 2 d after infection, NGF was washed out by
four 1 hr washes of Ultraculture alone. Neurons were then maintained in
Ultraculture containing penicillin, streptomycin, and glutamine, with or
without NGF, for 24-48 hr before analysis. MTT assays were performed
2 d after NGF withdrawal as indicated above. For the assessment of
live/dead cells using Trypan blue, neurons were withdrawn from NGF for
2 d and stained with 20% Trypan blue, and the percentage of white (live)
and blue (dead) of 300 or more cells in three random microscope fields
was quantitated. For analysis of apoptotic nuclei with Hoechst, neurons
were withdrawn from NGF for 48 hr, fixed with 4% paraformaldehyde
(PFA), and then stained with Hoechst 33258 (Sigma, St. Louis, MO)
diluted 1:3000 in PBS. Quantitation was as for Trypan blue analysis.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) was performed at 24-48 hr after NGF with-
drawal, essentially as described previously (Vaillant et al., 1999; Pozniak
et al., 2000a). Briefly, neurons were fixed for 15 min at room temperature
with 4% PFA, 0.25% glutaraldehyde (Fluka AG), and 0.2% Triton X-100
(Sigma) in 40 mm PIPES, 2.5 mMm EGTA, 1 mm MgCl,, and washed with
PBS. The cells were then incubated for 1 hr at 37°C in the TUNEL
reaction mix of 20 ul TdT buffer/1.5 ul terminal deoxynucleotidyl trans-
ferase (TdT) enzyme (both from Promega Corporation) and 1 ul of
biotin-16-dUTP (Boehringer Mannheim). After the TUNEL reaction,
cells were washed, incubated for 1 hr with streptavidin-conjugated Cy;
secondary antibody (1:500; Jackson ImmunoResearch Laboratories) in
PBS at room temperature, washed, Hoechst-labeled, and mounted. Dig-
ital image acquisition and analysis were performed with the Northern
Eclipse software (Empix Inc.) using a Sony XC-75CE charge-coupled
device video camera.

5-Bromo-2-deoxyuridine incorporation and immunocytochemistry. For
immunocytochemistry and 5-bromo-2-deoxyuridine (BrdU) incorpora-
tion analysis, sympathetic neurons were plated in collagen-coated eight-
well chamber slides and cultured for 5 d as described above, and cortical
neurons were plated in four-well chamber slides and cultured as de-
scribed. On the fifth and sixth days, for sympathetic and cortical neurons,
respectively, cells were infected with the indicated virus or virus combi-
nation. For N-myc immunostaining, the cells were fixed in 4% parafor-
maldehyde, permeabilized in 0.5% Triton X-100 in PBS, rinsed, and
incubated overnight with 1 ug/ml anti-human N-myc monoclonal anti-
body (Oncogene Research Products). After the fixed cells were washed
with PBS, the secondary anti-mouse-Cy3 antibody was added for 1 hr, the
cells were again washed, and the nuclei were labeled with Hoechst dye.
For the analysis of DNA synthesis, 10 uM BrdU (Boehringer Mannheim)
in fresh media was added for 24—-48 hr. Neurons were fixed with ethanol,
treated with 2N HCI for 10 min, 0.1 M Na,B,O,, pH 8.5, for 10 min,
washed with PBS, and incubated either with monoclonal anti-BrdU
(1:100; Chemicon) and polyclonal anti-neurofilament M (1:200; Chemi-
con) or with polyclonal sheep anti-BrdU (1:150; Research Diagnostics
Inc.) and monoclonal anti-microtubule-associated protein 2 (MAP2)
(1:400; Sigma) in PBS overnight at 4°C. After they were washed in PBS,
the cells were incubated with secondary FITC or Cy3-conjugated anti-
sheep antibody (1:300; Jackson ImmunoResearch) for 1 hr at room
temperature, washed, and labeled with Hoechst (1:3000) to stain nuclei.
In some experiments, 4, 8, or 16 uM cytosine arabinoside (a DNA
polymerase inhibitor) was added at the same time as BrdU. Data acqui-
sition and image analysis were performed as described above; for each
treatment, at least 300 cells in each of three to six random fields were
analyzed. For double labeling of neurons and astrocytes in cortical
neuron cultures, cells were incubated with a monoclonal antibody to
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MAP2 (1:400; Sigma) and a polyclonal antibody to GFAP (1:800; Sig-
ma). X-gal staining for p-galactosidase was performed essentially as
described (Slack et al., 1996).

Immunoprecipitations and Western blot analysis. Cells were cultured
and infected, and where indicated, NGF was withdrawn as described
above. The cultured cells were rinsed briefly in cold TBS and then lysed
in TBS lysis buffer (137 mm NaCl, 20 mm Tris, pH 8, 1% v/v NP-40, and
10% glycerol) or in urea extraction buffer (8 M urea, 4% 3-[(3-
deoxycholic acid (cholamidopropyl)dimethylammonio]-1-propanesulfo-
nate), 40 mm Tris, pH 8.0) supplemented with Mini Complete protease
inhibitor mixture (Boehringer Mannheim) and 1.5 mM sodium vanadate.
Lysates were scraped into Eppendorf tubes and rocked for 10 min at 4°C.
Samples were cleared by centrifugation, and the protein concentration
was determined by the BCA assay (Pierce Chemical) using BSA as a
standard. For SDS-PAGE, samples were boiled in sample buffer, sepa-
rated by 7.5-15% SDS-PAGE gradient gels, and transferred to nitrocel-
lulose membranes. The filters were blocked with 5% skim milk powder in
TBS-T (TBS + 1% Tween 20) for 1-2 hr and incubated with primary
antibodies against p7SN'TR (1:1000; Promega), phospho-JNK (1:5000;
Promega), MAPK (1:500; Santa Cruz Biotechnology), N-myc (1:1000;
Oncogene Research Products), a-tubulin (1:5000; Oncogene Sciences),
cyclin-dependent kinase 2 (cdk2) (1:1000, Santa Cruz Biotechnology), or
cyclin E (2 pg/ml; Upstate Biotechnology).

RESULTS

Posmitotic sympathetic neurons enter S-phase of the
cell cycle in response to overexpression of N-myc

To determine whether overexpression of N-myc is sufficient to
perturb the cell cycle status and/or survival of postmitotic sym-
pathetic neurons, we constructed a recombinant adenovirus ex-
pressing human N-myc and GFP under the control of separate but
identical cytomegalovirus promoters (Fig. 1.4). We then used this
virus to transduce neonatal, postmitotic sympathetic neurons that
had been cultured for 5 d in the presence of 50 ng/ml NGF. A
substantial number of neurons were transduced by infection with
this virus at MOIs as low as 50, and this number increased with
increasing viral MOIs so that as many as 95% of the neurons were
detectably infected at an MOI of 300, as indicated by expression
of GFP (Fig. 1B). Confirmation that the GFP-positive neurons
also expressed increased levels of N-myc was obtained by per-
forming immunocytochemistry for N-myc on the infected neu-
rons (Fig. 1D). All cells that expressed GFP also expressed high
levels of N-myc, and much of this N-myc was localized to the
nucleus, as would be predicted. Western blot analysis for N-myc
confirmed this morphological data and demonstrated that the
virus expressed a recombinant protein of the appropriate molec-
ular weight of 64 kDa (Fig. 1C). Importantly, these Western blots
also demonstrated that N-myc is endogenously expressed in cul-
tured postmitotic sympathetic neurons. Moreover, the levels of
human N-myc expression in cultures obtained at MOIs of 100-
300 were similar to those seen in the human neuroblastoma cell
line LAN-1-15N (Ciccarone et al., 1989), where the N-myc gene
is amplified (Fig. 1C). No conclusions, however, can be drawn
regarding the relative level of human N-myc overexpression in
sympathetic neurons, because the antibody may not cross-react
equally well with the human (adenoviral) and rodent (endoge-
nous) proteins.

Using this recombinant adenovirus, we determined whether
expression of N-myc at levels similar to those seen in NBs was
sufficient to cause cell cycle entry in postmitotic sympathetic
neurons. To ask this question, we infected neurons with the
N-myc adenovirus and then added BrdU to the NGF-containing
media 1 d later to label newly synthesized DNA. We then per-
formed double-label immunocytochemistry 48 hr later for BrdU
and for neurofilament-M, which is specific for neurons. As pre-
dicted, when neurons were mock infected or were infected with
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Figure 1. Characterization of a recombinant adenovirus expressing hu-
man N-myc. 4, Adenovirus construct encoding human N-myc and green
fluorescent protein under separate but identical CMV promoters. B,
Adenovirus N-myc (AdN)-myc is expressed in sympathetic neurons. Flu-
orescent micrograph of GFP expression in postmitotic sympathetic neu-
rons 72 hr after infection with 300 MOI of AdN-myc. C, Western blot of
equal amounts of protein isolated from LAN-1-15N neuroblastoma cells
and from sympathetic neurons infected for 48 hr with 0-300 MOI of
N-myc adenovirus and probed with an antibody for N-myc. Note that
uninfected sympathetic neurons express N-myc and that LAN-1-15N cells
express levels of N-myc similar to sympathetic neurons infected with
100-300 MOI of the N-myc adenovirus. D, Photomicrographs of sympa-
thetic neurons infected with AdN-myc and then analyzed for expression
of GFP and immunocytochemically for expression of N-myc (a-N-myc).
Cells were also stained with the nuclear dye Hoechst 33258 to identify all
of the cells in the field. Note that cells that are GFP positive are also
overexpressing N-myc and that the overexpressed N-myc is primarily
nuclear. Scale bar, 50 pum.

200 MOI of control adenoviruses expressing 3-galactosidase (Fig.
2A) or GFP (data not shown), we detected no or very few neurons
that were positive for BrdU, although some of the small percent-
age of non-neuronal cells present in these cultures were positive
(Fig. 24). Confirmation that most of the sympathetic neurons
were transduced with 200 MOI of the B-galactosidase adenovirus,
as we have reported previously (Slack et al., 1996), was obtained
by staining the infected cultures with X-gal (Fig. 2E).

In contrast, when neurons cultured in the presence of NGF
were infected with 200 MOI of the N-myc adenovirus, most of the
neurofilament-positive neurons were also BrdU positive (Fig.
2C). Quantitation of this result in four independent experiments
revealed that up to 58% of the neurons were positive after a 48 hr
pulse of BrdU (Fig. 2D). In contrast, no increase in neuronal
BrdU incorporation was observed in neurons infected with up to
800 MOI of the B-galactosidase adenovirus (Fig. 2D). To confirm
that this enhanced BrdU incorporation was not caused simply by
DNA damage or fragmentation, we performed similar experi-
ments with sympathetic neurons that were withdrawn from NGF,
a treatment that causes DNA fragmentation coincident with cel-
lular apoptosis. NGF withdrawal never led to BrdU incorporation
in sympathetic neurons (Fig. 2B). Similarly, no BrdU incorpora-
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Figure 2. Overexpression of N-myc in
postmitotic sympathetic neurons leads to
S-phase entry. A-C, Photomicrographs of
sympathetic neurons infected with recombi-
nant adenovirus, pulse-labeled with BrdU,
and then immunocytochemically analyzed
for expression of neurofilament-M ( green)
and BrdU (red). In some cases, cells were
also labeled with Hoechst to label all nuclei
(blue). A, AdLacZ-expressing neurons do
not incorporate BrdU. Neurons were in-
fected with 200 MOI of a B-galactosidase
adenovirus and maintained in 10 ng/ml
NGF for 3 d. Note that none of the
neurofilament-positive neurons are BrdU
positive (arrows) and that the only BrdU-
positive cells are neurofilament-negative
non-neuronal cells (arrowheads). B, Unin-
fected neurons that were withdrawn from
NGF in the presence of BrdU for 30 hr and
then analyzed immunocytochemically.
Note that a neurofilament-negative non-
neuronal cell with an intact nucleus has in-
corporated BrdU (arrowhead) but that neu-
rons in different phases of apoptosis are not
BrdU positive (arrows). C, AdN-myc-
expressing neurons incorporate BrdU. Neu-
rons were infected with 200 MOI of N-myc
adenovirus and maintained in the presence
of NGF. One day later BrdU was added,
and cells were analyzed immunocytochem-
ically 48 hr later. Note that under these
conditions, many of the neurofilament-
positive neurons are BrdU positive (ar-
rows). Scale bar: 4, C, 100 um; B, 50 wm. D,
Quantitation of the percentage of cells pos-
itive for both BrdU and neurofilament after
infection with various MOIs of recombinant
adenovirus in the presence of NGF for 1 d,
followed by the addition of BrdU for an
additional 48 hr. Neurons were infected
with recombinant adenoviruses expressing
N-myc, constitutively hypophosphorylated
pRD (Rb) (Toma et al., 2000), p53 (Slack et
al., 1996), B-galactosidase (LacZ), or a
kinase-inactive mutant of TrkA (KDTrkA)
(Vaillant et al., 1999). Values derive from
counts of at least 300 cells in four or more
random microscope fields per condition,
and error bars represent the SD of the
mean. Similar results were obtained in four
independent experiments. **p < 0.01; Stu-
dent’s ¢ test. Note that only N-myc led to
BrdU incorporation in sympathetic neu-
rons. E, Staining for B-galactosidase (LacZ)
in cultures of sympathetic neurons trans-
duced with 200 MOI of the B-galactosidase
adenovirus. Note that most of the sympa-
thetic neurons are positively stained. F, In-
hibition of N-myc stimulated cell cycle entry
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by DNA polymerase inhibition. Percentage of BrdU-positive neurons 48 hr after infection with 50 or 200 MOI AdN-myc, cultured in the presence of BrdU with
or without 4, 8, or 16 uM cytosine arabinoside for the final 24 hr. Quantitation was performed as in D. Similar results were obtained in three independent
experiments. Concentrations of CA shown here did not increase apoptotic cell morphology over the time of the experiment. **p < 0.05; ***p < 0.001. G,
AdN-myc expression increases the levels of the S-phase markers cyclin E and cdk2. Western blot analysis of equal amounts of protein from sympathetic neurons
that were uninfected (0) or infected with 200 MOI of adenoviruses expressing either p-galactosidase (LacZ) or N-myc for 2 d. Blots were reprobed for total
a-tubulin as a loading control. Similar results were obtained in two independent experiments.

tion was observed after infection with adenoviruses expressing iting DNA polymerase activity. To perform these experiments,
p53 (Aloyz et al., 1998) or a kinase-inactive form of TrkA (Vail- neurons were infected with 50 or 200 MOI of N-myc adenovirus,
lant et al., 1999) (Fig. 2D), both of which cause sympathetic and 4-16 uM DNA polymerase inhibitor CA was added at the
neuron apoptosis in the presence of NGF.

As an additional control for the specificity of BrdU incorpora- immunocytochemically double labeled for neurofilament and
tion, we determined whether we could rescue this effect by inhib- BrdU. Quantitation of these experiments (Fig. 2F) revealed that

same time as the BrdU. Twenty-four hours later, neurons were
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Figure 3. N-myc promotes sympathetic neuron
survival after NGF withdrawal. A, AdN-myc does
not decrease the survival of sympathetic neurons
in the presence of NGF. MTT survival assays of
sympathetic neurons selected in NGF, infected
with 100-400 MOI of N-myc, GFP, or hypophos-
phorylated pRb adenovirus, maintained in NGF,
and assayed 4 d after infection are shown. All
conditions were performed in triplicate, and error
bars represent the SD of the mean. Values derive
from one representative experiment of three and
are normalized to those obtained for uninfected
AQ QQ neurons maintained in 10 ng/ml NGF, which are
_’9\3 considered to be 100% survival. No significant
alterations are seen in any of the conditions. B-D,

Adenovirus-mediated expression of N-myc res-

cues sympathetic neurons from apoptosis induced

by NGF withdrawal, as monitored by MTT assays

(B), nuclear morphology (C), and Trypan blue

ok exclusion (D). In all experiments, neurons were
infected with adenovirus, withdrawn from NGF
2 d later, and analyzed after an additional 2 d. B,
MTT assays of neurons infected with 80-320
MOI N-myc, GFP, or hypophosphorylated pRb
adenovirus. Values were normalized to those ob-
tained for uninfected neurons either maintained
in NGF (100%) or withdrawn from NGF (1%).
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&%L dent experiments, each of which was performed in
triplicate. *p < 0.05; Student’s ¢ test comparing
results obtained with the N-myc versus control

GFP adenovirus. C, D, Percentage of living cells or nonapoptotic cells counted by Hoechst-labeled intact nuclei (C) or Trypan blue exclusion (D) after
virus infection and NGF withdrawal. For both methods, values were obtained by counting three randomly selected microscope fields in each condition,

and the error bars represent the SD of the mean. Values are representative results of one of two independent experiments. **p

< 0.01; Student’s ¢ test

comparing results obtained using the N-myc versus control B-galactosidase (LacZ) adenovirus.

50 and 200 MOI of N-myc caused ~17 and 35%, respectively, of
the neurons to incorporate BrdU and that CA inhibited this effect
in a concentration-dependent manner.

To confirm that the enhanced BrdU incorporation reflected
S-phase entry, we analyzed expression of two proteins known to
be induced during S-phase of the cell cycle: cyclin-dependent
kinase 2 (cdk2) and cyclin E (for review, see Ekholm and Reed,
2000). Specifically, sympathetic neurons were infected with 200
MOI of adenoviruses encoding either B-galactosidase or N-myc
and were lysed 2 d later. Western blot analysis of equal amounts
of protein revealed that levels of both of these proteins were
increased in neurons overexpressing N-myc (Fig. 2G).

Finally, we determined whether N-myc overexpression caused
sympathetic neurons to divide. Mitotic figures were never ob-
served during extensive time-lapse analysis of multiple cultures,
nor were dividing neuronal cell bodies observed. Because these
analyses were performed at MOIs of N-myc adenovirus where
>50% of neurons incorporated BrdU, we conclude that N-myc
overexpression promotes S-phase entry but is insufficient to cause
postmitotic neurons to proceed into mitosis itself.

Overexpression of N-myc inhibits sympathetic neuron
apoptosis after NGF withdrawal

One hypothesis postulates that postmitotic neurons inevitably
undergo apoptosis when they are forced to reenter the cell cycle.
We therefore asked whether N-myc caused sympathetic neuron
apoptosis coincident with cell cycle entry. Sympathetic neurons
were infected with the N-myc adenovirus in the presence of NGF,
and 4 d later we performed MTT assays, which measure mito-
chondrial function. Results of this experiment demonstrated that
overexpression of N-myc had no adverse effects on sympathetic
neuron survival (Fig. 34), despite the fact that it caused S-phase

entry. Similar results were obtained when neurons were infected
with a control GFP adenovirus at the same MOIs (Fig. 34). Thus,
in sympathetic neurons, cell cycle reentry is not obligately cou-
pled to apoptosis.

We then asked whether overexpression of N-myc might provide
a survival advantage to sympathetic neurons, as might be pre-
dicted by its role in promoting neuroblastoma. To perform these
experiments, neurons were infected with 80-320 MOI of N-myc
adenovirus; 2 d later they were withdrawn from NGF, and MTT
assays were performed after an additional 2 d. This analysis
revealed that N-myc significantly inhibited NGF withdrawal-
induced apoptosis in a concentration-dependent manner (Fig.
3B). Such a rescue was never observed with adenoviruses express-
ing either GFP (Fig. 3B) or B-galactosidase (data not shown). The
rescue observed with N-myc overexpression was similar to or
better than that observed with pro-survival proteins such as
activated Ras (Mazzoni et al., 1999).

To confirm that the MTT assay was measuring neuronal sur-
vival and to determine the percentage of neurons that were
rescued from apoptosis, we performed two additional assays.
Neurons were infected with 50 or 200 MOI N-myc adenovirus,
were withdrawn from NGF after 2 d, and then the percentage of
live cells was determined 48 hr later by counting neurons with
intact, Hoechst-positive nuclei (Fig. 3C) or by Trypan blue exclu-
sion (Fig. 3D). Both assays demonstrated a dose-dependent res-
cue of 65-85% of the neurons by overexpression of N-myc (Fig.
3C,D). As predicted, no such rescue was observed with similar
MOIs of the B-galactosidase adenovirus. Finally, to demonstrate
that N-myc was actually rescuing neurons from apoptosis, we
performed TUNEL. Neurons were infected with adenoviruses
expressing either N-myc and GFP or GFP alone, were withdrawn
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Figure 4. N-myc overexpression inhibits sympathetic neuron apoptosis
after NGF withdrawal. A-F, TUNEL of sympathetic neurons infected
with adenoviruses expressing GFP (4dGFP; A-C) or N-myc (this virus
also expresses GFP) (AdN-myc; D-F ) and withdrawn from NGF for 48 hr.
Photomicrographs show TUN EL-positive nuclei (4, D), GFP-expressing
cells (B, E), and Hoechst-positive nuclei (C, F) in the same fields (4-C
and D-F). Arrows indicate the same neurons in each field. Note that
neurons infected with the adenovirus expressing only GFP (4-C) are
TUNEL positive and display shrunken, apoptotic nuclei, but that those
infected with the virus expressing both GFP and N-myc (D-F) are not
TUNEL positive. Scale bar, 100 um. G, Percentage of TUNEL-positive
cells 24 hr after NGF withdrawal. Neurons were infected with various
MOIs of the N-myc or GFP adenoviruses, and the total number of
TUNEL-positive nuclei in three randomly selected fields was counted.
The values represent the average of two independent experiments, and
error bars represent the SD of the mean. **p < 0.01 in Student’s ¢ test
comparing apoptotic (TUNEL-positive) cell percentage after infection
with AdN-myc versus AAGFP.

from NGF, and assayed 24 hr later. This analysis demonstrated
that for neurons infected with the GFP virus, many of the GFP-
positive cells were also TUNEL positive (Fig. 44-C). In contrast,
for neurons infected with the N-myc/GFP virus, few of the GFP-
positive cells were TUNEL positive (Fig. 4D-F). Quantitation of
the total number of TUNEL-positive cells confirmed that over-
expression of N-myc significantly rescued sympathetic neurons
from apoptosis after NGF withdrawal (Fig. 4G).

Expression of constitutively hypophosphorylated pRb
inhibits the S-phase entry caused by N-myc but has
no effect on neuronal survival

One mechanism whereby N-myc is thought to regulate S-phase
entry involves the retinoblastoma tumor suppressor protein
(Rustgi et al., 1991; Lasorella et al., 2000). pRb is a key neuronal
cell cycle regulator (Clarke et al., 1992; Jacks et al., 1992; Lee et

Wartiovaara et al. « N-myc in Postmitotic Neurons

al., 1992, 1994; Slack et al., 1998; Toma et al., 2000). Hypophos-
phorylated pRb binds to and inhibits proteins that promote
S-phase entry, such as the E2F family (for review, see Slack and
Miller, 1996). On this basis, we predicted that if in these experi-
ments N-myc promotes S-phase entry via a mechanism involving
pRb, then this S-phase entry should be inhibited by coincident
overexpression of a mutant pRb that is constitutively hypophos-
phorylated. To test this prediction, sympathetic neurons were
coinfected with the N-myc adenovirus and with increasing MOIs
of a recombinant adenovirus expressing constitutively hypophos-
phorylated pRb (Chang et al., 1995; Toma et al., 2000).

To perform these experiments, we first asked whether expres-
sion of constitutively hypophosphorylated pRb on its own had any
effect on sympathetic neuron S-phase entry. Neurons were in-
fected with 50 or 200 MOI of pRb adenovirus, and then 1 d later
BrdU was added for an additional 48 hr. Double-label immuno-
cytochemistry revealed that few or none of the neurofilament-
positive neurons were BrdU positive (Fig. 2D). Having estab-
lished that hypophosphorylated pRb had no effects on its own, we
then determined whether it could rescue N-myc-mediated
S-phase entry. Neurons were coinfected with 50 MOI N-myc and
200 MOI pRb adenoviruses for 1 d and then were incubated with
BrdU for an additional 2 d. Double-label immunocytochemistry
revealed that 50 MOI N-myc adenovirus caused ~15% of sym-
pathetic neurons to incorporate BrdU and that the pRb virus
decreased this number in a concentration-dependent manner so
that at 200 MOI pRb, <4% of neurons were BrdU positive (Fig.
5A). In contrast, coinfection with 200 MOI of the B-galactosidase
adenovirus had no significant effect (Fig. 54). Thus, hypophos-
phorylated pRb rescued the N-myc-mediated S-phase entry.

We then asked whether the survival effects seen with N-myc
overexpression also involved pRb. Initially, we determined
whether hypophosphorylated pRb itself had effects on sympa-
thetic neuron survival. Neurons were infected with MOIs of the
pRb adenovirus ranging from 80 to 400 and were then either
maintained in NGF or withdrawn from NGF for 2 d before MTT
assays. These experiments demonstrated that expression of hypo-
phosphorylated pRb on its own had no effect on neuronal survival
in either the presence or absence of NGF (Fig. 34,B). We then
asked whether the N-myc-mediated survival was affected by con-
stitutively hypophosphorylated pRb. To perform these experi-
ments, sympathetic neurons were coinfected with 200 MOI N-myc
and 100 or 200 MOI constitutively hypophosphorylated pRb virus
for 2 d and were then withdrawn from NGF for an additional
24-48 hr. Staining of the neurons with Hoechst and quantitation
of apoptotic nuclei revealed that coexpression of hypophosphor-
ylated pRb had no effect on the decrease in apoptosis observed
when N-myc was overexpressed (Fig. 5B). Thus, at a ratio of
N-myc to pRb virus of 1:1, hypophosphorylated pRb rescued the
N-myc-mediated S-phase entry but not its effects on neuronal
survival, suggesting that the pathways used by N-myc to promote
S-phase entry versus enhanced survival are distinct.

The apoptotic death of sympathetic neurons after NGF with-
drawal requires the p75 neurotrophin receptor (Bamji et al.,
1998), which directly activates a JNK-p53 apoptotic pathway
(Aloyz et al., 1998). Moreover, the absolute cellular levels of
p75NTR are a key determinant of its ability to cause neuronal
apoptosis (Barrett et al., 1998; Majdan et al., 2001). Because
N-myc is a transcription factor, it could potentially regulate sym-
pathetic neuron apoptosis by regulating levels of this apoptotic
receptor. To test this possibility, sympathetic neurons were cul-
tured in 50 ng/ml NGF and then infected with 100 or 400 MOI of
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Figure 5. Constitutively hypophosphorylated pRb
inhibits the S-phase entry, but not the survival,
caused by N-myc. 4, Constitutively hypophosphor-
ylated pRb rescues the N-myc-induced BrdU in-
corporation. Neurons were coinfected with 50
MOI N-myc adenovirus and 50-200 MOI pRb
adenovirus, incubated with BrdU 1 d later, and
then analyzed immunocytochemically for BrdU
and neurofilament-M after an additional 2 d. As a

control, neurons were coinfected with 200 MOI of

b3

a B-galactosidase adenovirus (LacZ). Quantitation

was performed as described in Figure 2D. *p <

0.05; Student’s ¢ test, comparing N-myc plus pRb

versus N-myc plus B-galactosidase. B, pRb has no

effect on N-myc-induced survival after NGF with-

drawal. Neurons were infected with 200 MOI
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N-myc in the presence or absence of 100 or 200
MOI hypophosphorylated pRb adenovirus, and
2 d later NGF was withdrawn. Neurons were
stained with Hoechst, and intact, nonapoptotic nu-
clei were quantitated by counting at least 300 cells
in each of three random fields. C, AdN-myc de-
creases p7SNTR expression and inhibits the acti-
vation of JNK. Immunoblots of sympathetic neu-
rons infected with 100 or 400 MOI of N-myc
adenovirus in the presence (right panel ) or absence
(left panel) of NGF. Left panel, Neurons were
infected with N-myc adenovirus for 48 hr and then
withdrawn from NGF for an additional 24 hr.
Equal amounts of protein were analyzed for ex-
pression of the p7SNTR (a-p75), the activated,
phosphorylated form of JNK (a-P-/JNK), or for
total MAP kinase protein levels (a-MAPK). Note
that although p75NTR and phospho-JNK levels

(MOI)

0 NGF

50 NGF

were reduced on infection with N-myc, total MAP
kinase levels remained the same. Right panel, Neu-
rons were infected with N-myc adenovirus and
maintained in NGF for 72 hr before Western blot

analysis. Immunoblots were first probed with an antibody to p7SNTR and then reprobed with an antibody for total a-tubulin to demonstrate that similar
amounts of protein were present in each lane. Note the concentration-dependent decrease in p7SNTR levels in neurons infected with the N-myc
adenovirus. Similar results were obtained in four independent experiments.

the N-myc adenovirus for 2 d. Western blot analysis revealed that
N-myc overexpression led to a substantial decrease in the levels of
p75NTR (Fig. 5C). Reprobing of the same blots for proteins such
as a-tubulin or the M AP kinases revealed that this decrease was
specific to p7SNTR (Fig. 5C). Similar results were obtained for
neurons that were withdrawn from NGF for 24 hr. p7SNTR levels
were significantly lower in neurons overexpressing N-myc,
whereas levels of the MAP kinases were unchanged (Fig. 5C).
Interestingly, concomitant with this decrease in p7SNTR, levels
of phosphorylated JNK, a key mediator of sympathetic neuron
apoptosis after NGF withdrawal (Pozniak et al., 2000b; Harding
et al., 2001), were also reduced (Fig. 5C). In contrast, levels of
p7SNTR or phospho-JNK were unaltered by infection with a
control, GFP-expressing adenovirus (data not shown). Thus, one
pRb-independent mechanism that could account for the en-
hanced survival observed when N-myc was overexpressed in-
volves downregulation of the p7SNTR-JNK apoptotic pathway.

N-myc does not cause S-phase entry in postmitotic
cortical neurons

We next focused on postmitotic cortical neurons to ask whether
N-myc could induce S-phase entry in CNS neurons. To perform
these experiments, we used cultures of cortical neurons that were
primarily free of glia. Specifically, cortical neurons were cultured
at E16-17 and then maintained for 6 d to ensure that all neurons
in the culture were postmitotic. To characterize the cultures, we

immunostained them for MAP2, a neuron-specific protein, and
for GFAP, an astrocyte-specific protein. This analysis revealed
that >95% of the cells in these cultures were neurons, with only
a small number of astrocytes present (Fig. 64-C). To ensure that
the neurons were truly postmitotic, we also pulsed the cultures
with BrdU for 48 hr; virtually none of the M AP2-positive neu-
rons were BrdU positive (data not shown).

We then used this culture system to determine whether over-
expression of N-myc was sufficient to cause postmitotic cortical
neurons to enter S-phase. Neurons were infected with 100 MOI
N-myc or control, GFP adenovirus for 2 d and were then incu-
bated with BrdU for 24 hr. Double-label immunocytochemical
analysis for N-myc and MAP2 confirmed that ~40-50% of the
cortical neurons were infected under these conditions (Fig. 6D—
F,J). Similar numbers were infected with 100 MOI of the control
GFP adenovirus (Fig. 6J). We then asked whether any of the
cortical neurons incorporated BrdU by performing immunocyto-
chemistry for MAP2 and BrdU (Fig. 6G-I). Virtually none of the
MAP2-positive neurons were positive for BrdU, although the
occasional M AP2-negative non-neuronal cell did show BrdU
immunoreactivity (Fig. 6G-I). Quantitation of these data re-
vealed that the percentage of BrdU-positive, M AP2-positive cells
was similar in neurons infected with either the N-myc or control
GFP adenoviruses (Fig. 6J). Thus, unlike sympathetic neurons,
overexpression of N-myc did not cause postmitotic cortical neu-
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Figure 6. N-myc does not cause BrdU
incorporation in postmitotic cortical neu-
rons. A-C, Immunocytochemical analysis
of postmitotic cortical neuron cultures.
Neurons were cultured as described in
Results and double labeled with antibod-
ies for neuron-specific MAP2 (A) and
astrocyte-specific GFAP (B). Cells were
also stained with Hoechst to show cell
nuclei (C). The same field is shown in all
three panels, and arrows indicate the oc-
casional astrocyte present in the cultures.
Note that most fields did not contain any
GFAP-positive cells. D-F, Cortical neu-
rons were infected with 100 MOI N-myc
adenovirus (which also expresses GFP)
and then immunostained for MAP2. Vi-
sualization of GFP (D) revealed those
cells that were transduced with the
N-myc adenovirus, whereas immuno-
staining for MAP2 (E) indicated that the
infected cells were neurons. F is the
merged image resulting from D and E.
Arrows indicate cells that were positive
for both GFP and M AP2. G-I, Cortical
neurons were infected with 100 MOI
N-myc adenovirus and then incubated in
the presence of BrdU for 24 hr before
double-label immunocytochemical analy-
sis for MAP2 (G) and BrdU (H). The
cells were also stained with Hoechst (7).
The same field is shown in all three pan-
els, and the arrow indicates a non-
MAP2-positive non-neuronal cell that is J
BrdU positive. J, Left two bars, Quanti-

tation of data showing that N-myc fails to

promote S-phase entry in postmitotic

cortical neurons. Quantitation is of data

similar to those shown in D-F and indi-

cates the percentage of MAP2-positive

neurons that were GFP positive after in-

fection with 100 MOI of N-Myc/GFP

(I00ON-myc) or control GFP (100GFP)

adenovirus. Right two bars, The percent-

age of MAP2-positive cells that were

BrdU positive after infection with 100

MOI of either the N-myc or GFP adeno-

viruses. Similar results were obtained in

three independent experiments.
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rons to enter S-phase, indicating that there is a fundamental
difference in the control of S-phase entry in postmitotic cortical
versus sympathetic neurons.

DISCUSSION

The experiments reported in this paper support a number of
major conclusions, which together provide a molecular mecha-
nism whereby the N-myc proto-oncogene could play a major role
in the genesis and promotion of neuroblastoma. First, data pre-
sented here indicate that overexpression of N-myc at levels similar
to those observed in NB promotes the survival and S-phase entry
of postmitotic sympathetic neurons. These findings not only pro-
vide information about the mechanisms whereby N-myc might
promote oncogenesis, but they also argue against the hypothesis
that aberrant cell cycle entry inevitably causes neuronal apopto-
sis, at least in sympathetic neurons. Second, the N-myc-induced
S-phase entry can be reversed by concomitant expression of
constitutively hypophosphorylated pRb. In contrast, hypophos-
phorylated pRb had no effect on N-myc-mediated survival, indi-
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cating that these effects likely occur via separate downstream
pathways, only one of which (the S-phase entry) involves pRb.
Finally, our data demonstrate that N-myc does not cause S-phase
entry in postmitotic cortical neurons, indicating that sympathetic
and CNS neurons are “locked out” of the cell cycle by different
mechanisms and suggesting that sympathetic neurons are prefer-
entially susceptible to the oncogenic actions of N-myc. Thus,
N-myc selectively causes postmitotic sympathetic neurons to re-
enter the cell cycle and allows them to survive under conditions in
which they would normally undergo apoptosis, thereby potentially
contributing to their transformation to NB.

Perhaps the most striking result reported here is the ability of
N-myc to selectively cause postmitotic sympathetic neurons to
reenter S-phase, as monitored by BrdU incorporation and in-
creased expression of cyclin E and cdk2, both of which are
normally increased during S-phase (Ekholm and Reed, 2000).
However, although our data strongly support the conclusion that
N-myc can cause S-phase entry, they also argue that N-myc is not
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sufficient to mediate further cell cycle progression, because we
never observed mitotic figures or cell division. Similar results
have been reported in transgenic skin cells that overexpressed
c-myc: the cells entered S-phase but did not undergo cell division
(Pelengaris et al., 1999). Why do only half of the neurons reenter
S-phase in these experiments? One potential explanation involves
neuronal maturity. Sympathetic neurons exit the cell cycle at time
points ranging from E13 to postnatal day 1 (Hall and Landis,
1991), and hence after 5 d of culturing they range from being 4 to
12 d postmitotic. It may be that the more immature sympathetic
neurons are preferentially sensitive to the cell cycle effects of
N-myc. Alternatively, the explanation may be a technical one.
BrdU labeling was performed for only 48 hr, and the length of
time required for N-myc to induce a G, to S-phase transition may
be variable.

How does N-myc mediate this S-phase entry? The results
demonstrating that coexpression of hypophosphorylated pRb res-
cues the BrdU incorporation argues that N-myc mediates this
effect via pRb. Such an effect could be mediated by direct inter-
actions between N-myc and pRb (Rustgi et al., 1991), and it could
also be indirectly mediated via an N-myc-induced increase in
levels of the inhibitory basic helix-loop-helix protein, Id2, which
binds to hypophosphorylated pRb and inhibits its ability to lock
cells out of S-phase (Iavarone et al., 1994; Lasorella et al., 1996;
2000). An additional, potentially related mechanism involves
N-myc-mediated downregulation of the cyclin-dependent kinase
inhibitor p27 (Bouchard et al., 1999; Perez-Roger et al., 1999;
Yang et al., 2001), which in fibroblasts is essential for induction of
cyclin E—cdk?2 kinase activity, but not for S-phase entry (Beier et
al., 2000). Although the data presented here do not distinguish
between these alternative explanations, we have observed that
p27 levels are decreased and Id2 levels increased in sympathetic
neurons overexpressing N-myc (our unpublished observations),
suggesting that decreased p27 may collaborate with increased 1d2
to trigger S-phase entry.

Results reported here also indicate that N-myc overexpression
does not induce S-phase entry in cortical neurons, suggesting that
sympathetic and cortical neurons are locked out of the cell cycle
via distinct mechanisms. Such a difference could be predicted by
considering the development of these two populations of neurons.
Cortical neurons, like most CNS neurons, induce neuronal gene
expression and undergo terminal mitosis at the same time
(Gloster et al., 1999). Perturbation of this progenitor-to-
postmitotic neuron transition, for example, via functional inhibi-
tion of the pRb family (Slack et al., 1998) or via overexpression of
Id2 (Toma et al., 2000), leads to cellular apoptosis; in no condi-
tions yet reported do cortical cells divide while expressing a
neuronal phenotype. In contrast, sympathetic neuroblasts transi-
tion through a stage in which they express a neuronal phenotype
while still dividing (Rothman et al., 1978; Rohrer and Thoenen,
1987; Memberg and Hall, 1995), suggesting that the nature of
terminal mitosis differs in sympathetic versus CNS neurons. In
that regard, our findings may indicate that the mechanisms lock-
ing most CNS neurons out of the cell cycle are much more
stringent than for sympathetic neurons.

A somewhat surprising finding reported here is that, coincident
with S-phase entry, N-myc promotes enhanced survival of sym-
pathetic neurons in the absence of NGF. This is particularly
surprising in light of findings indicating that aberrant cell cycle
entry is one of the major mechanisms whereby NGF withdrawal
causes sympathetic neuron apoptosis. In particular, NGF with-
drawal causes increased cyclin D1 expression (Freeman et al.,
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1994), and inhibition of cdk4 and -6, both of which phosphorylate
and activate pRb, is sufficient to delay NGF withdrawal-induced
apoptosis (Park et al., 1997). However, in this regard, data pre-
sented here show that NGF withdrawal does not cause enhanced
BrdU incorporation and that hypophosphorylated pRb is not, by
itself, sufficient to rescue sympathetic neurons from apoptosis. Of
themselves, our findings do not necessarily argue against a role
for cell cycle dysregulation in NGF withdrawal-induced apopto-
sis, although they do demonstrate that this dysregulation does not
actually lead to S-phase reentry. Instead, our data suggest that
N-myc-induced survival mechanisms may be “dominant” to any
apoptotic signals deriving from the coincident aberrant reentry
into S-phase. Interestingly, data presented here suggest (but do
not definitively establish) that one such N-myc-mediated mecha-
nism may involve downregulation of p75NTR (Bamji et al,
1998).

N-myc is a true oncogene with overexpression in the sympa-
thetic chain and adrenal medulla of transgenic mice that results,
via unknown mechanisms, in malignant neuroblastoma (Weiss et
al.,, 1997). The experimental and clinical data showing a strong
correlation between N-myc gene amplification and poor outcome
in neuroblastoma suggest that N-myc is involved in the malignant
transformation of developing sympathetic precursors or neurons,
or both. On the basis of our data showing that N-myc can promote
S-phase entry and survival of “postmitotic” sympathetic neurons,
we suggest a model in which N-myc contributes to malignant
neuroblastoma by either stopping sympathetic neuroblasts from
exiting the cell cycle or by collaborating with other risk factors to
actually transform postmitotic neurons and cause them to reenter
the cell cycle.
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