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Abstract
The basic helix-loop-helix transcription factor Nex1/Math-2 belongs to the NeuroD subfamily, which
plays a critical role during neuronal differentiation and maintenance of the differentiated state.
Previously, we demonstrated that Nex1 is a key regulatory component of the nerve growth factor
(NGF) pathway. Further supporting this hypothesis, this study shows that Nex1 has survival-inducing
properties similar to NGF, as Nex1-overexpressing PC12 cells survive in the absence of trophic
factors. We dissected the molecular mechanism by which Nex1 confers neuroprotection upon serum
removal and found that constitutive expression of Nex1 maintained the expression of specific G1
phase cyclin-dependent kinase inhibitors and concomitantly induced a dynamic expression profile
of key anti-apoptotic regulators. This study provides the first evidence of the underlying mechanism
by which a member of the NeuroD-subfamily promotes an active anti-apoptotic program essential
to the survival of neurons. Our results suggest that the survival program may be viewed as an integral
component of the intrinsic programming of the differ entiated state.
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The basic helix-loop-helix (bHLH) transcription factors are implicated in the regulation of cell
fate decision and differentiation in a wide variety of cell types. In the mammalian CNS, the
neurogenic bHLH proteins have been classified into two groups based on sequence homology,
temporal expression pattern, and gain and loss of functions (reviewed by Bertrand et al.
2002). The determination factors or proneural genes, which include MASH-1, MATH-1,
MATH-5 and the neurogenins, are transiently expressed in neuronal progenitor cells at the early
stages of CNS development, and play critical roles in determining various cell lineages. In
contrast, the differentiation factors, which include the members of the NeuroD family,
NeuroD, NeuroD2, Nex1/MATH-2 and MATH-3, are downstream regulatory genes that are
partly under the transcriptional control of proneural genes. They display broadly overlapping
patterns of expression during embryonic and postnatal development, resulting in functional
compensation in knockout models. This is exemplified by Nex1-null mice, which do not
display any discernable phenotype (Schwab et al. 1998). In addition to their differentiation-
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inducing functions, they are also believed to promote survival of specific neuronal lineages as
suggested by the phenotypes of NeuroD and NeuroD2 knockout mice. Several studies on
NeuroD-null mice reveal massive cell death of specific progenitor neurons, such as cerebellar
granule cells, granule cells of the dentate gyrus and the inner ear sensory neurons (Miyata et
al. 1999; Liu et al. 2000; Kim et al. 2001; Pennesi et al. 2003), whereas NeuroD2-null mice
show decreased survival of mature cerebellar granule cells (Olson et al. 2001). Finally, double
knockout Nex1/NeuroD mice display increased cell death of immature granule neurons of the
dentate gyrus accompanied by a significant reduction in the overall hippocampal size (Schwab
et al. 2000).

The molecular mechanism by which NeuroD members promote neuronal survival remains
unresolved. It has been hypothesized that cell death, as visualized by terminal deoxynucleotidyl
transferase αUTP nick-end labeling (TUNEL) assay, is most likely the result of failure in proper
cell cycle withdrawal and differentiation (Miyata et al. 1999; Pennesi et al. 2003). However,
a link with distinct neurotrophin pathways suggests a lead to a potential survival-promoting
mechanism, based on the following observations. NeuroD-null mice fail to express the
neurotrophin TrkB and TrkC receptors in the cochlear—vestibular ganglion (Kim et al.
2001), which is supported by a more recent study showing that NeuroD directly regulates the
expression of the neurotrophin TrkB receptor gene at the transcriptional level (Liu et al.
2004). In addition, NeuroD2-null mice show altered expression of brain-derived neurotrophic
factor (BDNF) and specific members of the ras/mitogen-activated protein kinase (MAPK)
cascade (Olson et al. 2001). These observations are in accordance with our previous findings
showing that Nex1 is as an important effector of the nerve growth factor (NGF) pathway in
the PC12 cell system and that Nex1 also has the ability to promote neurite outgrowth and
regeneration in the absence of NGF (Uittenbogaard and Chiaramello 2002). Thus, collectively,
these observations lead us to ask whether the NeuroD members may be key transcriptional
regulators of the neurotrophin-induced survival pathway.

To address this fundamental question, we explored whether Nex1 regulates the expression of
specific anti-apoptotic regulators to promote survival of immature neurons using our previously
established Nex1-overexpressing PC12 cell system. The rat PC12 pheochromocytoma cell line
is a well established system with which to study apoptotic death and mechanisms of neuronal
survival (Greene and Tischler 1976). As an experimental cell death paradigm, we used serum
deprivation of PC12-Nex1 cells because naïve PC12 cells undergo apoptosis when cultured in
serum-free medium, unless rescued by NGF treatment (Greene 1978; Batistatou and Greene
1991; Rukenstein et al. 1991). A major advantage of this approach is that we could investigate
under restrictive conditions whether Nex1 regulates an intrinsic survival-promoting
transcriptional program independently of any extrinsic differentiation signaling.

In this study, we provide the first direct evidence of the neuroprotective properties of Nex1 as
well as the molecular mechanism by which Nex1 promotes long-term neuronal survival upon
withdrawal of trophic factors. We found that serum-deprived PC12-Nex1 cells retain their
neuronal phenotype and attain a non-dividing phenotype through the expression of key G1
phase cyclin-dependent kinase (CDK) inhibitors. Furthermore, we found that in the absence
of an apoptotic stimulus Nex1 regulates the expression of the Bcl-w and X-linked inhibitor of
apoptosis (XIAP) anti-apoptotic regulators. Most importantly, following serum deprivation,
Nex1 promotes a dynamic anti-apoptotic response, acting at two distinct regulatory levels of
the mitochondrial pathway, independently of the phosphatidylinositol 3-kinase (PI3K)/Akt
intracellular signaling pathway. These results indicate that the Nex1-mediated intrinsic
programming of the differentiated state includes the regulation of an anti-apoptotic program.
Thus, our results suggest that the NeuroD family may play an active role in the regulation of
the comprehensive differentiation/survival program during development and maintenance of
the differentiated state.
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Materials and methods
Cell culture

Rat pheochromocytoma PC12 cells (ATCC, Manassas, VA, USA), control PC12-bsd cells
(previously referred to as PC12-OOF), Nex1/MATH-2-overexpressing PC12-Nex1 cells
(clones A, B and C), and PC12-Nex1-mut1 cells (Uittenbogaard and Chiaramello 2002) were
grown on collagen I-coated plates (Becton Dickinson Labware, San Jose, CA, USA) in F-12K
modified medium (Kaighn's modification) supplemented with 2.5% fetal bovine serum and
15% horse serum (Gibco, Rockville, MD, USA; Invitrogen, Carlsbad, CA, USA), as
recommended by ATCC. For cell survival assays involving trophic factor deprivation, cells
were plated at 70% confluency and then washed the following day with serum-free medium.
The cells were cultured for specific periods of time as indicated. When appropriate, the serum-
free medium was changed three times a week; cells were no longer split during long-term serum
deprivation as they stopped proliferating.

Quantification of cell death
Cell death was determined by the trypan blue exclusion assay, which detects cell membrane
integrity. Values represent the mean ± SEM (n ≥ 9) of three independent experiments, and the
trypan blue exclusion test results are expressed as percentage survival. Cell cytotoxicity was
estimated in parallel by measuring the activity of extracellular lactate dehydrogenase (LDH),
which is released into the cell culture supernatant upon damage of the plasma membrane.
Experiments were performed in 24-well coated plates (100 000 cells/well). After serum
deprivation, cells were removed and centrifuged at 800 g for 5 min; aliquots of supernatant
were collected and stored at 4°C and assayed in triplicate following the manufacturer's
instructions (Roche Molecular Biochemicals, Nutley, NJ, USA). Values represent the mean ±
SEM (n ≥ 9) of three independent experiments and the results are expressed as percentage
cytotoxicity.

Genomic DNA isolation and DNA fragmentation assay
Genomic DNA was isolated from the control PC12-bsd cells and PC12-Nex1 cells at different
time points during serum deprivation using the suicide track™ DNA ladder isolation kit
(Oncogene Research Products, Boston, MA, USA), according to the manufacturer's
recommendations. DNA ladder fragments were separated by electrophoresis on a 1.5% agarose
gel along with DNA molecular weight markers, and stained with ethidium bromide.

4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1)
assay for metabolic activity

The metabolic activity of PC12-Nex1 cells (clones A, B and C) during serum deprivation was
measured by the WST-1 assay (Roche Molecular Biochemicals) following the manufacturer's
instructions. Cleavage of the tetrazolium salt WST-1 to formazan by mitochondrial
dehydrogenases of viable PC12-Nex1 cells was measured using a microplate reader at 480 nm
with the reference wavelength > 600 nm. Data represent mean ± SD of three independent
experiments performed in triplicate.

Western blot analysis
Control PC12-bsd and PC12-Nex1 cells were lysed in M-Per mammalian protein extraction
buffer (Pierce, Rockford, IL, USA) in the presence of a cocktail of protease inhibitors (Roche,
Molecular Biochemicals), as described by Uittenbogaard and Chiaramello (2002). Cells
extracts were spun at 12 000 g for 10 min, and protein concentration was determined by the
Bradford assay (Bio-Rad, Hercules, CA, USA). Proteins (40 μg) were resolved on 10%
NuPAGE Bis-Tris gels (Invitrogen) with either MES-sodium dodecyl sulfate (SDS) or MOPS-
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SDS running buffers, as recommended by the manufacturer, and transferred on to
nitrocellulose. Nitrocellulose membranes were stained with Ponceau S (Sigma, St Louis, MO,
USA) to confirm uniform transfer of proteins, and subsequently blocked using Superblock™
blocking buffer (Pierce) in phosphate-buffered saline containing 0.05% Tween-20. The
membranes were probed with various primary antibodies described in Table 1 and
corresponding secondary horseradish peroxidase-conjugated antibodies (Pierce). The antigen
—antibody complex was detected using the Supersignal West Pico Chemiluminescent
Substrate Kit (Pierce). When mentioned, blots were stripped using Restore™ western blot
stripping buffer (Pierce) according to the manufacturer's recommendations, and re-probed with
a monoclonal antibody against βIII tubulin to confirm equal protein loading.

Results
Nex1 prevents apoptosis of PC12-Nex1 cells upon withdrawal of trophic factor

In our previous study, we established a stable PC12-Nex1 cell line that constitutively
overexpresses the bHLH differentiation factor Nex1/MATH-2 under the control of the
cytomegalovirus promoter, as naïve PC12 cells do not express endogenous Nex1, as shown by
RT-PCR and immunoblot analysis (Bartholoma and Nave 1994; Uittenbogaard and
Chiaramello 2002). We showed that at least three distinct PC12-Nex1 clones A, B, and C
displayed identical neuronal phenotype and gene expression pattern, thus excluding clonal
variability in data interpretation (Uittenbogaard and Chiaramello 2002). In our original study,
we simultaneously generated a control stable PC12 cell line, referred to as PC12-OOF, that
did not express Nex1 because of an out-of-frame insertion of the Nex1 cDNA into pcDNA6/
HisB, creating a stop codon right after the first Nex1 amino acid (Uittenbogaard and
Chiaramello 2002). In this study, these control PC12-OOF cells are now referred as PC12-bsd
cells in both the text and figures to reflect that they underwent the same selection process as
the PC12-Nex1 cells. We also concomitantly generated the stable PC12-Nex1-mut1 cell line
that expresses a dominant mutant-like form of Nex1 (Nex1-mut1), which was shown to be
transcriptionally inactive owing to the deletion of the TAD1 activation domain (Uittenbogaard
et al. 2003), and fails to display spontaneous neurite outgrowth and to differentiate upon
exposure to NGF (Uittenbogaard and Chiaramello 2002).

In this study, we investigated whether Nex1 could rescue PC12 cells from undergoing apoptosis
upon withdrawal of trophic factors. Control PC12-bsd, PC12-Nex1-mut1 and PC12-Nex1 cells
(clones A, B and C) were cultured in serum-free medium for different periods of time after
extensive washes and cell death was determined by trypan blue exclusion assay and LDH
release assay. As expected, about 60% of both PC12-bsd and PC12-Nex1-mut1 cells died after
2 days of culture in serum-free medium, whereas the three PC12-Nex1 clones (A, B and C)
displayed identical survival characteristics, with the majority (95%) of the cells remaining
viable after 9 days of serum deprivation (Figs 1a and b). Furthermore, we failed to detect DNA
fragmentation, a hallmark of apoptosis, in serum-deprived PC12-Nex1 cells Fig. 1c).

We then assessed the metabolic activity of the serum-deprived PC12-Nex1 cells at different
time points using the WST-1 assay. WST-1, a water-soluble tetrazolium salt, is used to detect
cellular reducing activities involving the pyridine nucleotide co-factors NADH and NADPH
as well as the mitochondrial succinate tetrazolium reductase system, which are active only in
viable cells. We observed fairly constant cleavage of WST-1 to formazan throughout the
duration of the serum deprivation treatment with the three PC12-Nex1 clones, indicating that
PC12-Nex1 cells remain metabolically active during prolonged Nex1-induced survival (Fig.
1d). Thus, constitutive expression of Nex1 rescues all three PC12-Nex1 clones from
undergoing apoptosis upon withdrawal of trophic factors, suggesting that Nex1 has survival-
inducing properties.
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Serum-deprived PC12-Nex1 cells retain their neuronal characteristics and a constant
expression of Nex1 protein

Both the results presented in Fig. 1 and those described in our previous study (Uittenbogaard
and Chiaramello 2002) illustrate the fact that the three PC12-Nex1 clones display identical
neuronal phenotype, gene expression pattern and survival characteristics. We therefore
conducted our following analysis using the PC12-Nex1 clone B, which was also used in
expression profiling studies of Nex1-MATH-2-mediated neuritogenesis (Uittenbogaard and
Chiaramello 2004). Figure 2(a) illustrates that the PC12-Nex1 cells retained their differentiated
morphology accompanied by substantial neurite outgrowth after 21 days of serum deprivation.
However, they also displayed a flatter and wider cell body than the PC12-Nex1 cells grown in
serum. Furthermore, these cells stopped growing and survived well beyond a month of serum
deprivation, retained their known NGF responsiveness, and regained their growth properties
in the presence of serum (data not shown). We initially examined whether Nex1 protein is
expressed at constant levels during serum deprivation, by using PC12-Nex1 cell extracts
isolated at successive times after serum deprivation for immunoblot analysis using our
polyclonal anti-Nex1 antibody. Figure 2 shows that the expression of Nex1 protein remained
constant and at high levels during the whole period of serum deprivation.

Because overexpression of Nex1 results in increased expression of neuronal markers such as
growth-associated protein-43 (GAP-43) and βIII tubulin in the absence of NGF (Uittenbogaard
and Chiaramello 2002), we examined their expression profile in serum-deprived PC12-Nex1
cells. We extended our analysis to the expression of α tubulin, a major cytoskeletal component
of growing axons. Immunoblot analysis revealed reasonably constant levels of expression of
both βIII tubulin and GAP-43 proteins throughout the duration of serum deprivation, whereas
we detected a transient and modestly increased expression of α tubulin within 24 h of serum
removal followed by a decline to original levels (Fig. 2b). Together, these results are in
agreement with the sustained neuronal morphology observed in serum-deprived PC12-Nex1
cells, and suggest that Nex1 may link neuronal survival to the differentiation process.

Expression of CDKI is maintained in serum-deprived PC12-Nex1 cells
Our previous studies have demonstrated that overexpression of Nex1 induces the expression
of the CDK inhibitor p21WAP/crp1 in the absence of NGF, resulting in a doubling time of PC12-
Nex1 cells twice as long as that of PC12 cells (Uittenbogaard and Chiaramello 2002). More
recently, we found high expression levels of two additional CDK inhibitors, p27kip1 and
p16INK4, upon overexpression of Nex1 in PC12-Nex1 cells (Uittenbogaard and Chiaramello
2004 that overexpression of the CDKI p21WAF/cip, p27kip1 and p16INK4 proteins, and treatment
with pharmacological CDK inhibitors and G1/S blockers, protect serum-deprived naïve PC12
cells from apoptosis (Farinelli and Greene 1996; Park et al. 1997b), we investigated whether
the constitutive expression of Nex1 could maintain the expression of these CDK inhibitors in
serum-deprived PC12-Nex1 cells. As shown in Fig. 2(c), PC12-Nex1 cells exhibited
substantial levels of expression of both p21cip1 and p27kip1 proteins before withdrawal of
trophic factors. Such high levels were sustained throughout the serum deprivation process in
PC12-Nex1 cells. In contrast, we observed an increased expression of the p16INK4a protein
just after 4 h of withdrawal of trophic factors, which remained constant for the duration of the
treatment.

To investigate the time at which serum-deprived PC12-Nex1 cells become quiescent, we
monitored the expression of the CDC47 protein, a member of the minichromosome
maintenance (MCM) family, whose expression is repressed in quiescent cells, such as serum-
starved fibroblasts and post-mitotic neurons (Fujita et al. 1996; Klein et al. 2002). We found
that the expression of the CDC47 protein had already decreased significantly after 2 days of
serum deprivation and declined to undetectable levels after 6 days of treatment (Fig. 2c). These
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results suggest that specific CDK inhibitor proteins from the CIP/KIP and INK4 families are
key components of the Nex1-mediated transcriptional network promoting neuronal survival,
and that removal of growth-promoting factors allows the activities of the CDK inhibitors to
take full effect in inducing cell cycle arrest.

Nex1 induces the expression of the anti-apoptotic Bcl2 members Bcl-XL and Bcl-w upon
serum deprivation

Next, we investigated whether Nex1 could promote survival of serum-deprived PC12-Nex1
cells by modulating the expression of known anti-apoptotic regulators. We initially focused
our attention on the multidomain members of the Bcl2 family, Bcl-XL and Bcl-w, as they are
known to regulate the survival of NGF-dependent sensory neurons (Middleton et al. 2001).
Furthermore, the expression of the Bcl-XL isoform is NGF dependent in PC12 cells, and is not
sustained upon NGF withdrawal (Rong et al. 1999). In this study, we did not examine the
expression of the Bcl2 protein because the Bcl2 gene is not expressed in naïve PC12 cells, and
is expressed only at very low levels in NGF-treated PC12 cells, which do not appear to be
sufficient to promote neuronal survival (Batistatou et al. 1993; Rong et al. 1999). For the Bcl-
XL immunoblot analysis, we used a polyclonal antibody raised against the 63 amino acids
present only in the Bcl-XL isoform, to avoid cross-reaction with Bcl-XS (Table 1).

Figure 3(a) shows that PC12-Nex1 and control PC12-bsd cells expressed very low levels of
Bcl-XL in the presence of serum. However, only the serum-deprived PC12-Nex1 cells
displayed a dramatic increase in Bcl-XL expression after 2 days without serum, followed by a
sustained expression up to 6 days after serum deprivation, before declining to residual levels
after 15 days of treatment (Fig. 3a). Interestingly, we detected an additional major band
migrating around 22 kDa that most probably corresponds to the Bcl-XΔ™ isoform, based on
its apparent molecular weight and the presence of the 63-amino acid domain containing the
BH1 and BH2 conserved domains critical for anti-apoptotic properties (Fig. 3a). This Bcl-
xΔ™ splice variant was originally discovered in murine pre-B cell lines and found to rescue an
interleukin-3-dependent cell line from apoptosis following growth factor withdrawal (Fang et
al. 1994). Furthermore, this study revealed that high levels of Bcl-xΔ™ expression were also
detected in adult brain. In serum-deprived PC12-Nex1 cells, its expression preceded that of
Bcl-xL, as significant levels were detected by 8 h after withdrawal of trophic factors. Its
expression peaked at day 2 and remained detectable even after 15 days of serum deprivation,
a time at which Bcl-xL expression returned to negligible levels (Fig. 3a). The membrane was
re-probed with the anti-βIII tubulin antibody to confirm equal protein loading (Fig. 3a).

Finally, we observed an increased expression of the Bcl-w protein, although this was more
modest than that of Bcl-xL, in serum-deprived PC12-Nex1 cells, which was sustained even
after 15 days of serum removal (Fig. 3b). In contrast, the control PC12-bsd cells failed to
express the Bcl-w protein upon withdrawal of trophic factors (Fig. 3b). Interestingly, PC12-
Nex1 cells grown in serum expressed substantial levels of the Bcl-w protein, suggesting that
Nex1 might directly modulate the expression of the Bcl-w gene. Thus, Nex1 may promote
neuronal survival of PC12-Nex1 cells by inducing the expression of a combination of key anti-
apoptotic regulators, such as Bcl-w, Bcl-XL and its splice variant Bcl-XΔ™, upon serum
deprivation. Furthermore, these factors displayed a distinct temporal pattern of expression,
suggesting that they may play different roles at specific stages of the survival process.

Nex1 stimulates the expression of XIAP and survivin in serum-deprived PC12-Nex1 cells
Previous studies have reported that upon serum deprivation activation of both caspase-2 and
caspase-3 is observed in apoptotic cell death of naïve PC12, resulting in cleavage of apoptotic
substrates, such as poly (ADP-ribose) polymerase (PARP) (Haviv et al. 1998; Stefanis et al.
1998). We therefore examined whether Nex1 could exert its anti-apoptotic effects by inducing

Uittenbogaard and Chiaramello Page 6

J Neurochem. Author manuscript; available in PMC 2006 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the expression of members of the inhibitor of apoptosis (IAP) family, which are known to
interfere with caspase activity (Deveraux and Reed 1999). We turned our attention to XIAP,
which behaves as the most potent inhibitor of caspase-3 activity (Deveraux et al. 1997; Roy et
al. 1997), and to survivin, which may target caspase-2 activity (Beltrami et al. (2004).
Immunoblotting analysis revealed that both IAP regulators were expressed in serum-deprived
PC12-Nex1 cells, albeit with distinct temporal patterns (Figs 4a and b). We observed a steady
level of XIAP expression throughout serum deprivation treatment of PC12-Nex1 cells (Fig.
4a). In contrast, survivin expression was triggered after 8 h of serum deprivation, and peaked
by 24 h before gradually declining to lower but still substantial levels after 15 days of treatment
(Fig. 4b). Serum-deprived PC12-bsd cells expressed only negligible levels of survivin
throughout the treatment.

As a measure of a lack of endogenous caspase activity, we monitored PARP cleavage in serum-
deprived PC12-Nex1 cells and control PC12-bsd cells. As shown in Fig. 4(c), we observed
PARP cleavage only in serum-deprived PC12-bsd cells, with a similar time course to that
previously reported (Stefanis et al. 1996; Francçois et al. 2001). Thus, our results suggest that
both IAP regulators may function as key players in the Nex1-mediated anti-apoptotic cascade
leading to long-term survival of serum-deprived PC12-Nex1 cells.

Activation of Akt is not required for the sustained survival effects of Nex1
It was previously suggested that the PI3K signaling pathway might be one of the pathways
participating in growth factor-induced survival of PC12 cells grown in serum-containing
medium (Yao and Cooper 1995). We therefore examined whether the PI3K-Akt intracellular
signaling cascade is involved in the Nex1-mediated survival of serum-deprived PC12-Nex1
cells. PI3K generates phosphatidylinositol 3,4,5-triphosphate, which in turn activates Akt
resulting in the phosphorylation of the Ser-473 residue (Alessi et al. 1996). This activated form
of Akt influences the activity of Bad, caspase-9, CAMP-response element binding protein
(CREB), nuclear factor (NF)-κB and forkhead transcription factors to promote neuronal
survival (Datta et al. 1999). To ascertain the status of Akt at distinct phases of the Nex1-
mediated survival cascade, we made use of a monoclonal antibody that specifically recognizes
the Akt protein phosphorylated at Ser-473 (Table 1). PC12-Nex1 cells grown in the presence
of serum failed to express detectable levels of phosphorylated Akt, and withdrawal of trophic
factors resulted in a negligible modulation of active Akt expression (Fig. 5a). In contrast, total
levels of Akt protein remained raised and reasonably constant throughout serum deprivation,
indicating that the majority of Akt protein present in serum-deprived PC12-Nex1 cells was
unphosphorylated (Fig. 5a). Furthermore, we did not detect the formation of an Akt cleavage
product with an apparent molecular weight of 49 kDa in serum-deprived PC12-Nex1 cells,
reflecting a lack of caspase-3 activity, as caspase-3 has the ability to cleave signaling molecules
promoting cell survival such as Akt (Bachelder et al. 1999; Francçois and Grimes 1999). These
results are in agreement with the PARP cleavage data shown in Fig. 4(c).

We next explored whether the lack of activated Akt was a consequence of the negative
regulation by phosphate and tensin homolog (PTEN), a lipid phosphatase that
dephosphorylates phosphatidylinositol 3,4,5-triphosphate and antagonizes the PI3K pathway
to prevent activation of Akt (Vasquez and Sellers 2000). Moreover, PTEN antagonistic
activities are negatively regulated by casein kinase 2, which phosphorylates the PTEN tail and
induces an inactive ‘open’ conformation to prevent its membrane localization (Vasquez et al.
2000, 2001). Immunoblot analyses showed that the total amount of PTEN protein remained
constant throughout the serum deprivation treatment and that the PTEN protein existed
predominantly in a phosphorylated (Ser-380) and inactive state before and after withdrawal of
trophic factors, except at day 15 when a slight decline in phosphorylated PTEN was observed
(Fig. 5b). Collectively these results indicate that the lack of Akt activation observed in serum-
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deprived PC12-Nex1 cells is not a reflection of the negative regulation by PTEN, but is rather
due to a lack of PI3K signaling. Taken together, these findings reveal that activation of Akt is
not required for the sustained survival effects of Nex1 upon withdrawal of trophic factors.

Discussion
Many studies have demonstrated that neurotrophic factors are critical to neuronal
differentiation and survival. How they each contribute to the specificity and survival of various
neuronal lineages is under intense scrutiny, as the elucidation of their molecular mechanisms
will most likely lead to therapeutic strategies. In our previous study, we showed that in PC12
cells Nex1 is an important effector of the NGF-mediated differentiation pathway
(Uittenbogaard and Chiaramello 2002). In the present report, we extend our study by addressing
the question of whether Nex1 can substitute for the NGF effect in promoting neuronal survival.
Numerous studies on neuronal survival have shown that growth factors are key modulators of
the apoptotic/anti-apoptotic equilibrium. Such regulation has been shown to occur at all levels
controlling gene expression and protein activity, from transcription to post-translational
modifications. At the transcriptional level, critical studies have shown that neuronal death
during vertebrate development occurs through a lack of trophic support, and leads to the
activation of the core apoptotic machinery in a transcription-dependent mechanism
(Oppenheim 1991). Examination of the transcriptional mechanism regulating either the pro-
apoptotic or anti-apoptotic pathways in different cellular systems has shown a rather conserved
use of transcription factors. These include the activation of c-Jun, p53, Forkhead-FOXO and
E2F by the pro-apoptotic pathway, and the activation of CREB and NF-κB by the anti-apoptotic
pathway. Overall, all these transcription factors behave as immediate regulators of gene
expression through the mediation of a conserved apoptotic/anti-apoptotic signaling network,
which necessitates a rapid response (Finkbeiner 2000; Mattson and Camandola 2001).

In contrast, this report provides evidence that the transcription-dependent anti-apoptotic
program is regulated at an additional level, which involves the intrinsic programming of
neuronal specificity. First, we demonstrate that constitutive expression of Nex1 prevents cell
death of PC12-Nex1 cells upon trophic factor withdrawal, whereas naïve control PC12 cells
undergo rapid apoptosis. Second, serum-deprived PC12-Nex1 cells remain metabolically
active and retain their neuronal phenotype throughout the entire duration of starvation. Third,
Nex1 induces the expression of several G1 phase CDK inhibitors, such as p21Cip1, p27kip1 and
p16INK4a in the presence of serum, and thereby conditions the PC12-Nex1 cells to adequately
undergo cell cycle arrest upon withdrawal of trophic factors. Fourth, Nex1 triggers the
expression of two distinct anti-apoptotic regulators, Bcl-w and XIAP, in the absence of any
apoptotic stimulus. Finally, upon serum withdrawal, Nex1 induces an Akt-independent
dynamic and comprehensive anti-apoptotic response that acts at different levels in the
mitochondrial pathway, as discussed below.

The anti-apoptotic Bcl2-related proteins Bcl-XL and Bcl-w display distinct kinetics of
expression suggesting that they are differentially regulated upon withdrawal of trophic factors.
The fact that the Bcl-w protein is steadily expressed in the presence and absence of serum raises
the possibility of a direct Nex1-mediated regulation of the Bcl-w gene. In contrast, the Nex1-
mediated modulation of the expression of both the Bcl-XL protein and its splice variant Bcl-
XΔ™ appears to be indirect upon serum removal. It is noteworthy that the expression levels of
both anti-apoptotic isoforms undergo a dramatic fluctuation from barely detectable to striking
levels within 24 h of serum removal. However, only the Bcl-XΔ™ protein remains expressed
during long-term survival, suggesting that Bcl-XL activity is no longer necessary at this late
phase of the survival process. Previous studies on the regulation of Bcl-X gene expression
revealed a complex and cellular context-dependent modulation mediated by the control of
several transcription factors, such as the Pit-Oct-Unc (POU) transcription factor Brn-3a, p53
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and NF-κB (Glasgow et al. 2000; Sugars et al. 2001). Thus, it is plausible that the complex
transcriptional network regulated by Nex1 may interface with these transcription factors, and
ultimately affect the expression and splicing pattern of the Bcl-X gene. The expression of the
transmembrane-deleted splice variant Bcl-XΔ™ was originally discovered in activated T and
B lymphocytes. It was shown to be particularly abundant in the mouse brain, diffusely
expressed in the cytosol, and to possess anti-apoptotic properties (Fang et al. 1994). Therefore,
the concomitant expression of both splice variants most likely provides an enhanced survival
phenotype by recruiting the anti-apoptotic machinery in two separate intracellular pools, one
membrane bound and the other cytosolic, with complementary functions.

The dynamic and distinct expression profile of the anti-apoptotic Bcl-2-related proteins
suggests that Nex1-mediated survival requires an appropriate combination of key regulators,
an optimal expression level, and a specific temporal pattern of expression throughout the
survival process. In support of this concept is the in vivo analysis of the regulatory effect of
the Bcl-XL and Bcl-w proteins on the survival of nodose and trigeminal sensory neurons. This
study revealed that their effectiveness in promoting neuronal survival is age dependent and
correlates with their abundance and pattern of expression during brain development, Bcl-X
being predominantly expressed in differentiating embryonic neurons and Bcl-w expression
persisting in mature neurons (Hamneér et al. 1999; Middleton et al. 2001). This may partly
explain why overexpression of either Bcl2 or Bcl-XL alone does not promote long-term
survival of PC12 cells (Batistatou et al. 1993; Rong et al. 1999).

Another aspect of the regulatory impact of the anti-apoptotic Bcl-2-related proteins their
involvement in maintaining mitochondrial integrity to prevent cytochrome c leakage into the
cytosol and facilitate mitochondrial exchange of metabolites and ATP/ADP. A study of the
constitutive expression of Bcl-XL in non-transformed pro-B cells FL5.12 has shown that it
promotes cell survival by modulating intrinsic bioenergetics pathways, which allow the cells
to be less dependent on extracellular nutrients, and to overcome reduced glycolytic activity
upon growth factor deprivation (Plas et al. 2001). Taken together, these results suggest that
upon serum removal Nex1 is able to coordinate survival by positively affecting the metabolic
activity of mitochondria, thereby promoting long-term survival. Such a physiological
adaptation may be necessary during neuronal development when neurons need to survive
before making contact with their target cells, and during the period of synaptogenesis that
requires a high concentration of mitochondria to generate enough energy. Likewise, it may
also be necessary for the survival of axotomized neurons as well as a prerequisite for CNS
regeneration (Goldberg and Barres 2000).

Our results also indicate that Nex1 suppresses serum deprivation-induced apoptosis by
modulating the expression of XIAP and survivin, two members of the IAP family, known to
interfere with the activities of specific caspases (Deveraux and Reed 1999). XIAP has been
shown to behave as the most potent inhibitor of both the initiator caspase-9 and the effector
caspase-3 and caspase-7 (Deveraux et al. 1997; Roy et al. 1997). Of interest is the observation
that XIAP is expressed in PC12-Nex1 cells in the absence of an apoptotic stimulus, suggesting
a possible direct regulation of the XIAP gene by Nex1. Furthermore, XIAP expression remains
constant throughout the entire serum deprivation treatment, which may be a consequence of a
combined transcriptional and translational regulation. It has been demonstrated that under
cellular stress, such as serum starvation, the expression of XIAP is controlled at the translation
initiation via a potent internal ribosome entry site element located in the 5′ untranslated region
of the XIAP gene (Holcik et al. 1999). In contrast, little is known about the transcriptional
regulation of the XIAP gene. However, an additional IAP protein is most probably involved in
this regulation, because XIAP does not inhibit the activity of caspase-2, and serum-deprived
PC12 cells undergo apoptosis in a caspase-2 dependent manner (Troy et al. 1997; Haviv et al.
1998; Stefanis et al. 1998). A likely candidate is survivin, which confers cytoprotection by
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regulating the upstream events of the mitochondrial-dependent pathway, and is believed to
target caspase-2 (Beltrami et al. 2004). In our experimental paradigm, survivin expression is
triggered within hours of serum deprivation and remains at substantial levels after 15 days of
treatment. This dynamic expression pattern implies that survivin expression can be modulated
independently of cell cycle progression. However, this stands in contrast with the fact that its
expression is cell cycle-regulated at the G2/M phase (Li et al. 1998). Normally, its expression
is undetectable in differentiated neurons, except when they are transformed, such as in
neuroblastoma cells associated with an unfavorable prognosis (Adida et al. 1998). In the G1
phase of cycling cells, survivin expression is down-regulated at the transcriptional level via
the cell cycle dependent element (CDE)/cell cycle homology region (CHR) G1-repressor
elements (Li and Altieri 1999). This suggests that in quiescent serum-deprived PC12-Nex1
cells the survivin gene is regulated by a different transcriptional mechanism in which the G1
repressor is inactive, thus allowing distinct positive regulators to stimulate survivin promoter
activity. It is also possible that the increased expression of the survivin protein may partly result
from a post-translational regulation affecting its half-life. In cycling cells, survivin is short-
lived with a half-life of 30 min owing to ubiquitination and degradation by the ubiquitin-protea-
some pathway (Zhao et al. 2000). Thus, our study provides the first evidence that survivin is
a regulatory component of the neuronal survival pathway.

Another important facet of the apoptotic/anti-apoptotic network is the link to the cell cycle.
Several studies on PC12 cells and sympathetic neurons have shown that after loss of trophic
support inadequate cell cycle withdrawal or inappropriate cell cycle re-entry leads to apoptosis,
suggesting a key participation by the cyclin-CDK machinery (Rukenstein et al. 1991; Farinelli
and Greene 1996; Park et al. 1997b). Pharmacologically active G1 blockers delay apoptosis of
serum-deprived naïve PC12 cells (Farinelli and Greene 1996; Park et al. 1997b). Furthermore,
the CDK inhibitors olomoucine and flavopiridol block cell death of neuronal PC12 cells as
well as sympathetic neurons deprived of trophic support (Park et al. 1997a). In accordance with
these findings are several additional lines of evidence showing that overexpression of specific
CDK inhibitors leads to increased survival. Overexpression of the CDK inhibitor p16INK4a

protects differentiated neuroblastoma cells from cell death caused by trophic factor deprivation
(Kranenburg et al.1996). Similar neuroprotective effects are observed upon overexpression of
p21cip1 and p27kip1 in NGF-deprived sympathetic neurons (Park et al. 1997a). Our study
reveals that overexpression of Nex1 results in expression of the p16INK4a, p21cip1 and
p27kip1 proteins in serum-grown PC12-Nex1 cells, and consequently conditions the cells to
adequately undergo cell cycle arrest upon withdrawal of trophic factors. Moreover, the fact
that the expression of the tumor suppressor p16INK4a protein is increased and sustained upon
serum removal is in accordance with a recent report demonstrating its critical role in G1 phase
growth arrest (Ohtani et al. 2001). Finally, several studies have demonstrated that members of
the NeuroD family promote cell cycle exit during the differentiation program, by direct
regulation of the p21cip1 and p27kip1 genes (Farah et al. 2000; Uittenbogaard and Chiaramello
2002; Liu et al. 2004). However, none of these studies has yet reported their roles in regulating
neuronal survival through the anti-apoptotic pathway. Our study therefore strengthens the
hypothesis that the anti-apoptotic/apoptotic network is tightly linked to the cell cycle.

Of interest are the complementary studies demonstrating that the Bcl-2-related proteins Bcl2
and Bcl-xL also influence cell cycle arrest in the absence of trophic factors by a mechanism
that remains unclear. Overexpression of Bcl-2 in hemopoietic cells not only leads to survival
upon growth factor deprivation, but also hastens cell cycle arrest in the G0 phase (Vaux et al.
1988; Nunez et al. 1990; Vairo et al.1996). One line of study actually suggests that Bcl-2 has
a cell cycle inhibitory function involving the phosphorylation of the conserved Tyr-28 which
is separate from its survival functions; however, this finding remains controversial (Huang et
al. 1997; Janumyan et al. 2003). Additional evidence has linked the overexpression of Bcl-2
with the up-regulation of two essential cell cycle arrest mediators, the pRB relative p130 and
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p27kip1, leading to the speculation that Bcl-2 may be producing repressive p130-E2F4
complexes to inhibit the G1-S phase transition (Vairo et al. 2000). Thus, it is plausible that
high concentrations of Bcl-xL and Bcl-xΔ™ combined with their specific temporal expression
during serum deprivation of PC12-Nex1 cells may be needed to drive the cells in the G1 phase
of the cell cycle. Modulation of the cell cycle has also been extended to XIAP, which induces
cell cycle arrest of vascular endothelial cells through the activation of NF-κB transcription
factor and induction of the CDK inhibitor proteins p21cip1 and p27kip1 (Levkau et al.2001).
Finally, whether survivin mediates cell cycle arrest remains to be further investigated.

In conclusion, we present compelling evidence that Nex1 mediates long-term neuronal survival
by orchestrating several distinct but interconnected programs, such as neuronal differentiation,
cell cycle withdrawal and the anti-apoptotic pathway. This report provides the first evidence
that a NeuroD member promotes survival by modulating dynamic expression of key anti-
apoptotic proteins. More importantly, our results combined with those of knockout studies
imply that the anti-apoptotic program needs to be activated in a transcription-dependent manner
during the establishment of the differentiation process, and sustained during maintenance of
the differentiated state. Finally, our results highlight the existence of an additional regulatory
layer contributing to the neuronal survival pathway, suggesting that the survival program can
be viewed as an integral component of the intrinsic programming of differentiation. Together,
our results may have profound implications regarding the design of novel therapeutic strategies
for neurodegenerative disorders and CNS regeneration.
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Fig. 1.
Overexpression of Nex1 promotes survival of PC12-Nex1 cells upon serum deprivation. (a)
Prolonged survival of PC12-Nex1 cells (clones A, B and C) compared with control PC12-bsd
and PC12-Nex1-mut1 cells after serum deprivation. Trypan blue exclusion test results are
expressed as percentage survival. (b) Overexpression of Nex1 results in increased cell viability,
as measured by LDH assay. Values represent the mean ± SEM (n = 9) of three independent
experiments.(c) Overexpression of Nex1 prevents DNA fragmentation upon serum deprivation
in PC12-Nex1 cells compared with control PC12-bsd cells. Apoptotic DNA was isolated from
PC12-bsd and PC12-Nex1 cells at different time points during serum deprivation treatment,
according to the manufacturer's recommendations. Equal amounts of DNA were run on a 1.5%
agarose gel and stained with ethidium bromide. DNA markers were electrophoresed as a base
pair reference. (d) PC12-Nex1 cells (clones A, B, and C) remain metabolically active after a
prolonged 15-day serum deprivation treatment. The metabolic activity of PC12-Nex1 cells was
measured by a colorimetric WST-1 assay. Data represent mean ± SD of three independent
experiments performed in triplicate.
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Fig. 2.
Expression profile of neuronal markers and cell cycle regulators in serum-deprived PC12-Nex1
cells. (a) Phase-contrast micrographs of serum-deprived PC12-Nex1 cells reveal a maintained
neuronal phenotype accompanied by a flattened and wide cell body and significant neurite
outgrowth. Serum-grown PC12-Nex1 cells, τ = 0 days; serum-deprived PC12-Nex1 cells, τ =
21 days. (b) Nex1 expression and that of specific neuronal markers remain constant during
serum deprivation of PC12-Nex1 cells. PC12-Nex1 cells extracts isolated at successive times
after serum deprivation as indicated above the panel were subjected to immunoblot analyses
using appropriate antibodies described in Table 1 and corresponding secondary antibodies. The
antigen—antibody complexes were detected by chemiluminescence. The membrane was
stripped with Restore™ western blot stripping buffer and re-probed with the anti-βIII tubulin,
anti-α tubulin, and anti-GAP-43 antibodies separately. (c) Constitutive expression of Nex1
results in sustained expression of specific CDK inhibitors upon serum deprivation. Immunoblot
analyses using PC12-Nex1 cell extracts were performed as described above with antibodies
described in Table 1. The membrane was stripped with Restore™ stripping buffer and re-
probed with the anti-p27cip1, anti-p16INK4a and CDC47 antibodies separately. Data shown are
representative of at least three independent experiments.
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Fig. 3.
Expression profile of the anti-apoptotic Bcl2 members upon withdrawal of trophic factors. (a)
Constitutive expression of Nex1 induces expression of Bcl-XL and Bcl-XΔ™ proteins in
serum-deprived PC12-Nex1 cells. PC12-Nex1 and PC12-bsd cells were grown in the absence
of serum for periods of time indicated above each lane. Whole-cell extracts were prepared and
equal amounts of total proteins (40 μg) were electrophoresed and subjected to immunoblot
analysis with a polyclonal antibody raised against the 63-amino acid domain specific to the
splice variant Bcl-XL to avoid cross-reaction with Bcl-XS. Equal loading was verified by
staining the membrane with Ponceau S after transfer and by probing with the β-III tubulin
antibody. Molecular weight markers are indicated on the left side of each figure. The asterisk
indicates a non-specific anti-Bcl-XL immunoreactive polypeptide migrating more slowly than
the Bcl-XL protein, and serves as an internal control for equal loading. (b) Constitutive
expression of Nex1 results in increased expression of Bcl-w upon serum deprivation.
Immunoblot analyses were performed as described above after stripping the membrane before
probing with an anti-Bcl-w polyclonal antibody that does not cross-react with other Bcl2
proteins. Data shown are representative of at least three independent experiments.
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Fig. 4.
Overexpression of Nex1 induces the expression of members of the IAP family. (a) XIAP
remains expressed in serum-deprived PC12-Nex1 cells. PC12-Nex1 and PC12-bsd cell extracts
were prepared at different times during serum deprivation as indicated above each panel and
subjected to immunoblot analysis using an anti-XIAP antibody. The antigen—antibody
complexes were detected by chemiluminescence. (b) Survivin expression is only triggered
upon serum deprivation of PC12-Nex1 cells. PC12-Nex1 and PC12-bsd cell extracts were
prepared as described above and survivin expression was examined by western blotting. The
antigen—antibody complexes were detected by chemiluminescence. (c) Serum deprivation of
PC12-Nex1 cells does not induce PARP cleavage. PC12-Nex1 and PC12-bsd cell extracts were
prepared and subjected to immunoblot analysis using a polyclonal antibody that only
recognizes the large cleaved fragment of the rat PARP protein. The asterisk indicates a non-
specific anti-PARP immunoreactive polypeptide migrating slightly lower than the large
cleaved PARP fragment.
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Fig. 5.
Nex1 promotes long-term survival of serum-deprived Pc12-Nex1 cells, independently of the
Akt pathway. (a) Serum deprivation of PC12-Nex1 cells does not lead to phosphorylation of
Akt at Ser-437. PC12-Nex1 cells were deprived of serum for the times indicated above the
panel and equal amounts of total protein were subjected to immunoblot analysis. Amounts of
total and phosphorylated Akt were detected by using anti-Akt and anti-phosphorylated Akt
(Ser-437) antibodies respectively. The antigen—antibody complexes were detected by
chemiluminescence. The membrane was stripped before probing with the anti-Akt antibody.
Molecular weight markers are indicated on the left side of each figure. Data shown are
representative of at least three independent experiments. (b) The majority of PTEN protein
exists in an inactive phosphorylated form in serum-deprived PC12-Nex1 cells. PC12-Nex1
cells were deprived of serum for times indicated above the panel and whole-cell extracts were
analyzed by immunoblotting. Amounts of total and phosphorylated PTEN were detected by
using anti-PTEN and anti-phosphorylated PTEN (Ser-380) antibodies respectively. The
antigen—antibody complexes were detected by chemiluminescence. The membrane was
stripped before probing with the anti-phosphorylated PTEN antibody. Data shown are
representative of at least three independent experiments.
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Table 1
Primary antibodies used in this study

Antibody Type Source (Catalog no.) Remarks

Nex1 Rabbit pAb Chiaramello laboratory Uittenbogaard and Chiaramello (2002)
βIII tubulin Mouse mAb Covance (mms-435P)
GAP-43 Rabbit pAb Chemicon (AB 5220)
p21waf/cip Mouse Ab Santa-Cruz (sc-6246)
p27KIP1 Rabbit pAb StressGen (KAP-CC02)
p16INK4 Rabbit pAb SantaCruz (sc-1207)
CDC47 Mouse mAb Neomarkers (MS-862)
Bcl-xL Rabbit pAb Santa Cruz (sc-7195) Specific to Bcl-xL only (amino acids

126-188)
Bcl-w Rabbit pAb Santa Cruz (sc-11422) Recognizes (amino acids 55-193)
XIAP Mouse mAb StressGen (AAM-050)
Survivin Rabbit pAB Chemicon (AB 3611)
PTEN Rabbit pAb Upstate (07-016)
p-PTEN Rabbit pAb Cell Signaling (9551) Recognizes only p-PTEN at ser380
Akt Rabbit pAb Cell Signaling (9272)
p-Akt Mouse mAb Cell Signaling (4057) Recognizes only p-Akt at ser473
PARP Rabbit pAb Cell Signaling (9545) Recognizes cleaved PARP (larger

fragment only)

mAb monoclonal antibody; pAb, polyclonal antibody; p-PTEN, phosphorylated form of PTEN; p-Akt, phosphorylated form of Akt.
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