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Abstract
During neurogenesis, expression of the basic Helix-Loop-Helix NeuroD6/Nex1/MATH-2
transcription factor parallels neuronal differentiation, and is maintained in differentiated neurons in
the adult brain. To further dissect NeuroD6 differentiation properties, we previously generated a
NeuroD6-overexpressing stable PC12 cell line, PC12-ND6, which displays a neuronal phenotype
characterized by spontaneous neuritogenesis, accelerated NGF-induced differentiation, and
increased regenerative capacity. Furthermore, we reported that NeuroD6 promotes long-term
neuronal survival upon serum deprivation. In this study, we identified the NeuroD6-mediated
transcriptional regulatory pathways linking neuronal differentiation to survival, by conducting a
genome-wide microarray analysis using PC12-ND6 cells and serum deprivation as a stress paradigm.
Through a series of filtering steps and a gene-ontology analysis, we found that NeuroD6 promotes
distinct but overlapping gene networks, consistent with the differentiation, regeneration, and survival
properties of PC12-ND6 cells. Using a gene set enrichment analysis, we provide the first evidence
of a compelling link between NeuroD6 and a set of heat shock proteins in the absence of stress, which
may be instrumental to confer stress tolerance to PC12-ND6 cells. Immunocytochemistry results
showed that HSP27 and HSP70 interact with cytoskeletal elements, consistent with their roles in
neuritogenesis and preserving cellular integrity. HSP70 also colocalizes with mitochondria located
in the soma, growing neurites and growth cones of PC12-ND6 cells prior to and upon stress stimulus,
consistent with its neuroprotective functions. Collectively, our findings support the notion that
NeuroD6 links neuronal differentiation to survival via the network of molecular chaperones and
endows the cells with increased stress tolerance.
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INTRODUCTION
During neural development, neurotrophic factors induce a variety of signaling cascades,
ultimately resulting in modulation of gene expression promoting differentiation and/or survival
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of neurons (Oppenheim, 1991). A plethora of studies has demonstrated that survival of most
immature neurons is dependent on some form of trophic support to actively repress the default
pro-apoptotic pathway, while mature neurons have the default anti-apoptotic pathway actively
turned on to respond to stress-induced signals (Benn and Woolf, 2004). However, the identity
of the transcriptional regulators controlling this molecular switch remains elusive.

The neurogenic basic helix-loop-helix (bHLH) NeuroD6 transcription factor, a member of the
NeuroD family, is a potential candidate based on its differentiation-inducing properties during
brain development. During corticogenesis, NeuroD6, whose expression is triggered at
embryonic day E11, contributes to the specification of multipotential progenitors toward a
glutamatergic pyramidal fate and is believed to execute cell cycle exit and terminal
differentiation based on our vitro cell culture studies (Bartholomae and Nave, 1994; Shimizu
et al., 1995; Schwab et al., 1998; Uittenbogaard and Chiaramello, 2002; 2004; Wu et al.,
2005).

The NeuroD family is composed of four members, NeuroD, NeuroD2, NeuroD6 (also known
as Nex1/MATH-2), and NeuroD4 (NeuroM/MATH-3), which display overlapping patterns of
expression during brain development, resulting in functional compensation in most knockout
models (Schwab et al., 1998; 2000). Nevertheless, these knockout models did highlight the
notion that they may promote survival of specific neuronal lineages, while executing neuronal
differentiation as illustrated in the double knockout Nex1/NeuroD mice, which display
increased cell death of immature granule neurons of the dentate gyrus combined with decreased
hippocampal size (Schwab et al., 2000). These studies generated the global hypothesis that cell
death may be the result of failure in proper cell cycle withdrawal and differentiation (Miyata
et al., 1999; Pennesi et al., 2003) and that a potential link between neurotrophin-induced
differentiation and the survival pathway may occur in certain lineages (Kim et al., 2001; Olson
et al., 2001; Liu et al., 2004). More specifically, our previous studies suggested that NeuroD6
might play a central role in the switch from pro- to anti-apoptotic pathways in differentiating
neurons (Uittenbogaard and Chiaramello, 2002; 2005).

To elucidate NeuroD6 intrinsic properties, we engineered a stable NeuroD6- overexpressing
PC12 cell line, PC12-ND6, and showed that NeuroD6 mimics NGF effect in terms of neuronal
differentiation and survival and is an important effector of the NGF pathway (Uittenbogaard
and Chiaramello, 2002; 2004). More recently, we provided the first direct evidence of NeuroD6
neuroprotective properties using serum deprivation as a stress paradigm. PC12-ND6 cells
remain viable and retain a neuronal morphology after 15 days of serum deprivation, while naïve
PC12 cells undergo apoptosis within 48 hours. We identified the initial steps of the NeuroD6
intrinsic survival-promoting transcriptional program, which included expression of G1 phase
inhibitors and the anti-apoptotic regulators Bcl-xL, Bcl-w, XIAP, and survivin (Uittenbogaard
and Chiaramello, 2005).

The main objective of this study is to expand the underlying mechanism of NeuroD6
transcriptional network in promoting neuronal survival and to decipher the molecular switch
linking neuronal differentiation to survival. We performed a genome-wide analysis by
comparing the gene expression profile upon NeuroD6 overexpression and two days of serum
deprivation. We validated our genomic findings with comprehensive protein analyses, which
included two additional time points after stress induction, 6 and 15 days, to understand the
long-term effects of chronic stress, often associated with neurodegenerative disorders. Our
results provide the first demonstration that NeuroD6 triggers a molecular chaperone network
through the expression of a multitude of heat shock proteins (HSPs) in the absence of stress.
This correlation may be relevant to the link between differentiation and survival, as HSPs
interface at different connective points of these neuronal pathways (Fitzgerald et al., 2007;
Herbert et al., 2007).
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MATERIALS AND METHODS
Cell Culture

Control rat pheochromocytoma PC12 cells and PC12-ND6 cells (previously referred to as
Nex1/MATH-2-overexpressing PC12-Nex1 cells) 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 (Invitrogen,
Carlsbad, CA, USA), as described in Uittenbogaard and Chiaramello, 2005. When indicated,
cells were differentiated in the presence of NGF (100 ng/ml) (Roche Molecular Biochemicals,
Nutley, NJ, USA). For trophic factor deprivation, cells were seeded at 70% confluency and
then washed the following day three times with serum-free medium, as described in
Uittenbogaard and Chiaramello, 2005. The cells were grown in the absence of serum for
specific periods of time, as indicated. For long-term serum deprivation, the serum-free medium
was changed three times a week without splitting cells, as they stopped proliferating.

Total RNA isolation
Total RNA was isolated from six replicates of serum-grown control PC12 and PC12-ND6 cells
as well as serum-deprived PC12-ND6 cells for two days to ensure adequate reproducibility.
Total RNA was isolated using the RiboPure™ kit (Applied Biosystem, Foster City, CA)
according to the manufacturer’s recommendations and the quality was assessed with the
Agilent 2100 BioAnalyzer (Agilent Technologies, Palo Alto, CA).

cDNA synthesis and biotin-labeling of antisense cRNA
First strand cDNA was synthesized using a T7-(dT)24 oligomer and Superscript III enzyme
(Invitrogen, Carlsbad, CA). Second-strand cDNA synthesis was performed using T4 DNA
polymerase (Invitrogen) followed by phenol/chloroform extraction. Amplification and biotin-
labeling of antisense cRNA was performed using the Bioarray™ High Yield RNA transcript
labeling kit (Affymetrix, Santa Clara, CA). Unincorporated NTPs were removed using RNeasy
spin columns (Applied Biosystem) and labeled cRNA was fragmented by metal-induced
hydrolysis.

Microarray and Data Analysis
Fragmented and labeled amplified cDNA from each cell type (control PC12 or PC12-ND6)
and growing condition (in the presence or absence of serum) done in six replicates was
hybridized to the rat genome 230 A array as described in the Affymetrix array processing
manual. Arrays (18 total) were washed at low and high stringency before being scanned by an
Agilent laser scanner. Signal intensities were calculated using Affymetrix GeneChip
Microarray Suite software 5.0. Microarray data were generated using the Affymetrix GCOS
program. CEL files were generated and data normalization was performed using GC-RMA
and per gene normalization to median (without averaging probe sets associated with a specific
gene, when applicable). Data from the three conditions (serum-grown control PC12, serum-
grown PC12-ND6 and serum-deprived PC12-ND6) were analyzed using the GeneSpring
software version 7.3.1 (Agilent, Santa Clara, CA).

To identify statistically relevant probe sets, we performed a 1-Way ANOVA with the
parametric test, don’t assume equal variances, a false discovery rate of 0.05 (p< 0.05) and a
multiple testing correction with Benjamini and Hochberg false discovery rate. To correlate
differential expression upon NeuroD6 overexpression (fold change of 1.5) with statistical
significance (p-value< 0.05), a volcano plot filter was carried out between control PC12 and
PC12-ND6 samples. The expression profile of the 951 NeuroD6 up-regulated probe sets was
examined upon serum removal by applying a second Volcano plot filter (fold change of 1.5
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fold and p-value cut-off of 0.05) between serum-grown and serum-deprived PC12-ND6
samples. All microarray data have been deposited in the Gene Expression Omnibus (GEO) of
the National Center for Biotechnology Information (NCBI) (Edgar et al., 2002) and are
accessible through the accession number GSE15942 (http://www.ncbi.nim.nih.gov/geo).
Transcripts with differential expression levels upon NeuroD6 overexpression (PC12-ND6
cells) and upon withdrawal of trophic factors were classified into functional categories using
the GO annotation tool in GeneSpring. A gene set enrichment analysis (GSEA), using the
algorithm described in Subramanan et al. in 2005, was conducted to determine the rate of
enrichment for each relevant functional category by comparing the percent of genes represented
on the GeneChip® with the percent of genes upregulated upon NeuroD6 overexpression.

Immunoblot Analysis
Serum-grown control PC12 and PC12-ND6 cells, as well as serum-deprived PC12-ND6 cells
for specific time periods as indicated in the figure legend 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 in Uittenbogaard and Chiaramello,
2005. Protein concentration was determined by the Bradford assay (Bio-Rad) and proteins (40
μg) were resolved on a 10% NuPAGE Bis-Tris gels (Invitrogen) with either MES-sodium
dodecyl sulfate (SDS) or MOPS-SDS running buffer, as recommended by the manufacturer,
and transferred onto the nitrocellulose. Nitrocellulose membranes were stained with Ponceau-
S (Sigma, St Louis, MO) to confirm uniform transfer of proteins, and subsequently blocked
using Superblock™ blocking buffer (Pierce Biotechnology, Rockford, IL, USA) in phosphate
buffer saline containing 0.05% Tween-20. The membranes were probed with various
antibodies described in Table S1 and corresponding secondary horseradish peroxidase-
conjugated antibodies (Pierce). The antigen-antibody complex was detected using the
Supersignal West Pico Chemiluminescent Substrate kit (Pierce). Blots were then stripped using
Restore™ western blot stripping buffer (Pierce) according to the manufacturer’s
recommendations, and re-probed with a monoclonal antibody against glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) to confirm equal protein loading. Protein levels visualized
by immunoblot analysis were quantified by GelEval 1.21 image software (FrogDance
Software, http://www.frogdance.dundee.ac.uk) and normalized against the GAPDH loading
control.

Immunocytochemistry and Confocal Fluorescence Microscopy
For immunocytochemistry labeling, control PC12 and PC12-ND6 cells grown in the presence
or absence of serum were seeded on poly-D-lysine–coated coverslips placed in a six-well plate
(Nunc, Rochester, NY, USA). Mitochondria were labeled by incubating cells in the presence
of 500 nM MitoTracker® Red (Molecular Probes) for 10 minutes at 37 °C. All samples were
fixed in 4.0% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 5 minutes,
and permeabilized in 0.2% Triton X-100 for 5 minutes. To label polymerized actin filaments,
control PC12 and PC12-ND6 cells were incubated with AlexaFluor® 488 phalloidin
(Molecular Probes) diluted to a final concentration of 82.5 nM in PBS for 20 minutes at RT
following fixation and permeabilization. Cells were then blocked in 10% goat serum
(Invitrogen) for one hour at RT. All primary and secondary antibody incubations were
performed at RT as follows: one hour incubation with primary antibodies (Table S1), diluted
in PBS, followed by one hour incubation with the appropriate Alexa Fluor® conjugated
secondary antibodies diluted 1:1000 in PBS (Table S1). When indicated, cells were incubated
with the nuclear counterstain DAPI (Molecular Probes). All samples were then mounted with
Fluoromount G (Electron Microscopy Sciences), allowed to dry at room temperature overnight,
and then stored at 4 °C. Images were acquired using a Zeiss LSM 510 confocal system and
Observer Z1 microscope equipped with a 63x planapo chromat (NA, 1.4) objective and Zen
software (4.5, 2007) interface. DAPI was excited with a 30 mW diode laser emitting at 405
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nm and Alexa Fluor® 488 was excited with a 30 mW argon 488 nm laser. Alexa Fluor® 568
and MitoTracker Red were excited with a 1.2 mW helium/neon 543 nm laser, while Alexa
Fluor® 647 was excited with a 5 mW helium/neon 633 nm laser.

RESULTS
Identification of differentially expressed genes upon constitutive expression of NeuroD6

In this study, we investigated the NeuroD6 genomic “signature” bridging neuronal
differentiation and survival by performing a comparative genome-wide microarray analysis
using an Affymetrix-based GeneChip® platform. The relative change in gene expression was
analyzed under two conditions: 1) the global effect of constitutive NeuroD6 overexpression
by comparing control PC12 and PC12-ND6 cells, and 2) the effect of serum deprivation by
comparing serum grown PC12-ND6 and serum-deprived PC12-ND6 cells (t= 48 hrs). Serum
removal is a widely used experimental paradigm for cell death, as it elicits within 48 hours
apoptosis of control PC12 cells due to inappropriate cell cycle progression (Greene, 1978;
Rukenstein et al., 1991; Farinelli and Greene, 1996) and increased ROS production (Troy and
Shelanski., 1994; Satoh et al., 1996). The rat 230A high-density oligonucleotide GeneChip®
was simultaneously screened with total RNA isolated from six replicates of the above-
mentioned samples to ensure adequate reproducibility and robust statistical analyses.

GC-RMA normalization was performed to eliminate all probe sets for which the expression
data was not reproducible between the replicate GeneChips®. Upon a 1-way ANOVA
statistical analysis combined with a Benjamini-Hochberg correction for false discovery rate
(FDR) of 0.05, we generated a list of 6,059 statistically relevant probe sets from the 15,923
queried on the Affymetrix Rat 230 A high-density oligonucleotide GeneChip®. Differentially
expressed probe sets upon NeuroD6 overexpression were then identified by performing a
Volcano plot analysis with at least a 1.5 fold change and P-value cut-off of ≤0.05, as described
in Materials and Methods. Figure 1A shows a scatterplot analysis of the differentially expressed
probe sets upon NeuroD6 overexpression. Of the 6,059 statistically relevant probe sets, a total
of 1,804 probe sets (30%) were differentially expressed in PC12-ND6 cells, with 951
transcripts up-regulated (16%) and 853 transcripts down-regulated (14%) (Table S2). We
initially compared RNA levels of known NeuroD6 target genes from our previous restricted
cDNA analysis and found that RNA levels of Gap43 (+6.21), p21CIP1 (Cdkn1a) (+4.31 and
+2.63 for Affymetrix probe set 1387391_at and 1388674_at, respectively), neurofilament
medium (nefm) (+3.43), and microtubule-associated protein-1A (Mtap1a) (+2.24) tightly
correlated with our published studies (Uittenbogaard and Chiaramello, 2003; 2004), thus
lending confidence in the genome-wide Affymetrix platform (Table S2).

Overall, upregulated transcripts upon NeuroD6 overexpression belonged to canonical
pathways associated with neurogenesis (Table S2), such as G1-phase inhibitors, including
quiescin Q6 (Qscn6), E2F transcription factor 5 (E2f5), growth arrest specific-5 (gas5) and -6
(gas6), transcription factors cooperating with neurogenic bHLH regulators to promote
neurogenesis and neuronal maturation, such as CCAAT/enhancer binding protein (C/EBP)
(Nieto et al., 2001;Sun et al., 2001;Vetter, 2001;Ménard et al., 2002;Paquin et al., 2005), and
the HMG-box protein SRY-box containing gene 4 (Sox4) (Bergsland et al., 2006), as well as
enhancers of neural regeneration, such as neuronal regeneration related protein (Nrep) (Fujitani
et al., 2004), arginosuccinate synthase (Ass) (Cai et al., 2002), small proline-rich repeat
(SPRR1A) (Li and Strittmatter, 2003), matrix metallopeptidase 13 (Mmp13), a disintegrin and
metallopeptidase domain 15 (Adam-15) and-23 (Adam-23) (Yong et al., 2001). As anticipated,
significant down-regulation of key proliferating-promoting regulators, such as cyclin E
(Ccne1), cyclin B1 (Ccnb1), cyclin B2 (Ccnb2), proliferating cell nuclear antigen (Pcna), and
inhibitor of DNA binding 3 (Id3) was observed (Table S3), which is in keeping with previous
gene expression profiling studies on NGF-treated PC12 cells using a serial analysis of gene
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expression (SAGE) approach (Angelastro et al., 2000;2002) or a microarray platform
(Dijkmans et al., 2008).

Functional gene categories regulated by NeuroD6
To gain further insight into the biological relevance of the NeuroD6-mediated gene network,
we performed a gene ontology (GO) analysis on the 951 upregulated genes in PC12-ND6 cells,
as described in Materials and Methods. This analysis employed the Gene Set Enrichment
Analysis (GSEA) algorithm described in Subramanan et al. in 2005. These genes were
distributed among 13 prevalent functional categories (Fig. 1B), which were consistent with the
reported differentiation phenotype of PC12-ND6 cells, their long generation time (7 days) and
survival properties (Uittenbogaard and Chiaramello, 2002; 2004; 2005). Genes showing
increased expression belonged to functional groups involved in neuronal differentiation, such
as neuronal projection (neurite extension), leading edge (formation of lamellipodium), and cell
cycle (cell cycle arrest, G1/S phase transition and negative regulation of proliferation).
Moreover, our GSEA analysis provided the first clue that overexpression of NeuroD6 resulted
in increased expression of genes belonging to the heat shock response, mitochondrial
bioenergetics, and stress response in the absence of stress stimulus (Fig. 1B).

Most of these functional groups displayed substantial gene enrichment, when compared to the
percent of genes represented on the Rat 230 A high-density oligonucleotide GeneChip® (Fig.
1B). Interestingly, the category of heat shock proteins (HSPs) showed the most striking
enrichment of genes upregulated in PC12-ND6 cells with a 18-fold increase in representation
(Fig. 1B). Among the small HSPs members, HSP27 (hspb1) and HSP32, also called heme
oxygenase-1 (hmox-1), displayed the highest increase in expression levels upon NeuroD6
overexpression with a 4.3 and 8.4 fold, respectively (Table 1). Several members of the DnaJ/
Hsp40 family were also upregulated upon NeuroD6 overexpression. This observation is
particularly relevant in the context of concomitant increased expression of several HSP-70
members in PC12-ND6 cells (Table 1), as DNAJ/HSP40 proteins interact with HSP70 proteins
to stimulate their ATP hydrolysis activity for regulating protein folding (Qiu et al., 2006). We
also observed increased expression of two organelle-specific members of the HSP70 family,
the glucose-related proteins (Grps), Grp75 (Hspa9a) (1.5 fold) and Grp78 (hspa5) (2.3 fold) in
PC12-ND6 cells (Table 1), which are known to possess protective functions against various
stresses and insure proper protein folding in mitochondria and endoplasmic reticulum,
respectively (Daugaard et al., 2007). In contrast, the constitutively expressed housekeeping
Hsc70 (hspa8) member did not display differential expression upon NeuroD6 overexpression
and upon serum deprivation (Table 1).

Identification and functional distribution of NeuroD6 upregulated genes upon withdrawal of
trophic factors

Since our recent studies revealed NeuroD6 neuroprotective function as an integral component
of the differentiation program, we analyzed the expression profile of the 951-upregulated genes
in the context of NeuroD6-mediated neuronal survival following withdrawal of trophic factors.
Thus, we performed a second Volcano plot analysis with a minimum of a 1.5 fold change and
P-value of ≤0.05 between serum-grown PC12-ND6 and serum-deprived PC12-ND6 cells (t=48
hrs). We found 108 genes (12%) to be significantly up-regulated upon serum removal and 174
genes (18%) to be down-regulated, while 301 genes (32%) were constant or moderately up-
regulated (between 1.0 and +1.5), 358 genes (38%) were between 1.0 and −1.5, and 10 genes
that were no longer statistically relevant under the serum deprivation conditions (Fig. 1C, Table
S4).

Based on the neuroprotective properties of NeuroD6, we emphasized our analysis on functional
categories associated with survival, such as negative regulation of apoptosis, mitochondrial
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bioenergetics, stress response, and heat shock response (Fig. S1). Remarkably, most of the
HSPs remained expressed at unaltered levels upon serum deprivation (Fig. S1A, Table 1).
Similarly, the majority of genes involved in mitochondrial bioenergetics and metabolism
displayed constant RNA expression levels after 48 hours of serum deprivation in PC12-ND6
cells (Fig. S1B). As expected, most of the regulators repressing apoptosis remained expressed
at constant levels in serum-deprived PC12-ND6 cells (Fig. S1C). Finally, other members of
the stress response showed substantial variations in their expression levels upon serum removal
(Fig. S1D, Table S4).

Thus, our microarray analysis provides the first clue of a correlation between the expression
of NeuroD6 and HSP encoding genes in the absence of stress. This is particularly relevant to
NeuroD6 functions, as the HSPs share pathways with NeuroD6, such as cell cycle control,
cytoskeletal dynamics, and regulation of neuronal survival during neuronal differentiation
(Richter-Landsberg, 2007). In addition, they participate in protein synthesis, folding, transport
and translocalization via their chaperone activity and thereby preventing protein misfolding
and aggregation upon stress stimuli (Liberek et al., 2008).

Validation and comparative analysis of HSP expression patterns between the NeuroD6 effect,
serum removal and NGF-mediated differentiation

To validate the mRNA expression changes of the HSP members revealed by the microarray
analysis, we selected HSP candidates with at least a 1.5 fold increase in mRNA expression
levels and with well-established roles in neuronal differentiation and/or survival.

The protein expression levels of six HSP proteins belonging to the small HSP, HSP40, and
HSP70 families were analyzed by immunoblot analysis and quantified as described in Materials
and Methods, with the following objectives: first, to determine their expression levels upon
NeuroD6 overexpression (PC12-ND6 cells); second, to determine their expression profile
throughout serum deprivation of PC12-ND6 cells, to acquire a perspective on the dynamic
aspect of stress response associated with long-term stress induction; and finally, to compare
their levels of expression through NGF-mediated neuronal differentiation using control PC12
and PC12-ND6 cells, to compare the differentiation effect of NeuroD6 and versus NGF on the
expression of distinct HSPs.

Overexpression of NeuroD6 resulted in increased expression levels of specific members of
the small heat shock protein family

Based on the criteria aforementioned, we investigated the expression profile of two members
of the small HSP family, HSP27 (hspb1) and HO-1 (hmox-1). We found a 4-fold increase in
HSP27 protein levels upon NeuroD6 overexpression, which was in keeping with the 4.3-fold
increased mRNA levels quantified by microarray analysis (Fig. 2A; Table 1). We further
observed a tight correlation between decreased mRNA (−1.31-fold) and protein (−1.46-fold)
levels after two days of serum deprivation in PC12-ND6 cells (Fig. 2A, Table 1). Surprisingly,
expression levels of the HSP27 protein continued to decrease throughout serum deprivation
(Fig. 2A). In contrast, HSP27 protein showed increased expression levels upon NGF exposure
in both control PC12 and PC12-ND6 cells, with NGF-treated PC12-ND6 cells expressing
higher levels of HSP27 protein than NGF-treated control PC12 cells (Fig. 2A).

Immunoblot analysis confirmed increased expression levels of the HO-1 protein upon NeuroD6
overexpression in the absence of stress stimulus, albeit with a magnitude lower than that of the
mRNA levels quantified by microarray analysis, 4-fold and 8.4-fold, respectively (Fig. 2B;
Table 1). We further observed unaltered expression levels of the HO-1 protein during the first
two days of serum deprivation in PC12-ND6 cells, which is in agreement with the HO-1 mRNA
levels quantified by microarray analysis (Fig. 2B; Table 1). Interestingly, two additional HO-1
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isoforms were detected after six days of serum deprivation in addition to the 32-kDa full-length
HO-1 protein, which displayed increased expression levels (1.5 fold) after 15 days of serum
deprivation (Fig. 2B). NGF treatment of PC12-ND6 cells did not alter HO-1 expression levels
up to day seven, and induced the expression of the two potential HO-1 isoforms (Fig. 2B). As
expected, NGF-treated PC12 cells failed to up-regulate expression of the endogenous HO-1
protein, since NGF exposure has been shown to trigger transient HO-1 expression only within
the first two hours of exposure (Liu et al., 2003). Therefore, the NeuroD6 effect appears to
diverge from the NGF pathway, as HO-1 expression was not sustained in NGF-treated PC12
cells, thus raising the possibility of a NeuroD6 direct regulation.

NeuroD6 upregulates the expression of members of the HSP70 chaperone system,
independent of a stress stimulus

We examined the expression levels of the inducible form of Hsp70 (also called HSP72;
hspa1b), as the microarray analysis revealed a 2.8-fold increase at the mRNA level upon
NeuroD6 overexpression (Table 1). For the immunoblot analysis, we used an antibody specific
to the inducible HSP70 form, which did not cross-react with the constitutive HSC70 form
(Table S1). Strikingly, we found that PC12-ND6 cells expressed high levels of HSP70, while
control PC12 cells only expressed barely detectable basal levels of HSP70 protein (Fig. 3A).
Furthermore, NGF treatment failed to stimulate the expression levels of HSP70 protein in both
cell types, implying that the hsp70 gene is not NGF responsive (Fig. 3A). Moreover, expression
levels of HSP70 protein remained unaltered in serum-deprived PC12-ND6 cells (Fig. 3A).
Collectively, these results suggest that the hsp70 gene may be a direct target gene of NeuroD6.

Next, we focused on the HSP40 family, more specifically the Dnajb1 member, also known as
HSP40 homolog, since it is a well-established co-chaperone for specific HSP70 proteins (Qiu
et al., 2006). Although quantification of the microarray data revealed a 1.8 and 1.76-fold
increase in DnaJb1 mRNA levels for probe set 1388722_at and 1383302_at, respectively upon
NeuroD6 overexpression (Table 1), we failed to observe a similar increase at the protein levels
by immunoblot analysis (Fig. 3B). However, after two days of serum deprivation, PC12-ND6
cells showed a 50% increased expression of the HSP40 protein, which was not maintained
throughout the length of serum deprivation (Fig. 3B). In contrast, levels of DnaJb1 expression
remained at steady levels throughout NGF treatment of either control PC12 or PC12-ND6 cells,
implying that the DnaJb1 gene is not NGF-inducible (Fig. 3B).

We complemented the analysis of the Hsp70 chaperone system by focusing on the HSP105
(hsph1) chaperone for the following reasons: 1) our microarray analysis revealed a concomitant
increase of HSP70 and HSP105 mRNA levels upon NeuroD6 overexpression (Table 1); and
2) HSP105 is known to cooperate with HSP70 in the disaggregation process of aggregated
proteins (Zietkiewicz et al., 2004;2006). Figure 3C shows a modest increase of the HSP105
protein in PC12-ND6 cells, consistent with the microarray data. Similarly, NGF treatment of
PC12 and PC12-ND6 cells resulted in a slight but reproducible increase in HSP105 protein
levels, although at higher levels in PC12-ND6 cells (Fig. 3C). Finally, the expression levels of
HSP105 protein were only increased at 15 days of serum deprivation, suggesting that HSP105
may play a more prevalent role during the long-term phase of stress tolerance (Fig. 3C).

NeuroD6 stimulates the expression of organelle-specific members of the HSP70 family
The microarray analysis revealed increased expression of two organelle-specific members of
the Hsp70 family, GRP75 (hspa9a), also known as HSP70.9 or mtHSP70, and GRP78 (hspa5),
also called Bip for binding protein), which are localized in mitochondria and endoplasmic
reticulum, respectively (Table 2). We found that expression levels of both GRP75 and GRP78
proteins increased upon NeuroD6 overexpression in the absence of stimulus (Fig. 4A). Serum
deprivation of PC12-ND6 cells did not alter GRP75 expression levels and only triggered a
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negligible decrease of GRP78 levels (Fig. 4A), all which are in accordance with the microarray
results (Table 1). Finally, NGF-treated PC12-ND6 cells displayed sustained levels of both
GRP75 and GRP78 proteins, whereas NGF treatment of control PC12 cells resulted in a slight
but consistent decrease in GRP75 and GRP78 protein levels (Fig. 4A). Thus, these results imply
that NeuroD6 upregulates GRP75 and GRP78 levels, independent NGF signaling.

Clusterin levels increase upon both NeuroD6 overexpression and serum deprivation
We analyzed the expression profile of clusterin (clu), also called apolipoprotein J, as the
microarray analysis revealed a 1.61-fold and 2.18-fold increase in mRNA levels in PC12-ND6
and serum-deprived PC12-ND6 cells, respectively (Table 1). Furthermore, clusterin, which is
structurally related to small HSPs, has recently been shown to possess neuroprotective
properties (DeMattos et al., 2002;Poon et al., 2002;Carver et al., 2003). Interestingly, clusterin
protein levels peaked at day two, but failed to sustain throughout the whole serum deprivation
treatment, with a collapse at day 6 of serum deprivation (Fig. 4B). Finally, we observed that
levels of clusterin protein were significantly upregulated upon NGF treatment of both control
PC12 and PC12-ND6 cells (Fig. 4B), which is in keeping with a previous study reporting
increased clusterin mRNA levels in NGF-treated PC12 cells (Gutacker et al., 1999). In
summary, we found clusterin to be the only molecular chaperone displaying a transient increase
in expression levels upon serum deprivation, which coincides with the transient increase in the
expression of the anti-apoptotic Bcl-xL regulator, previously reported in our studies
(Uittenbogaard and Chiaramello, 2005). This pattern of expression is consistent with the
recently reported cytoprotective properties of clusterin (Björk and Sistonen, 2006;Loison et
al., 2006).

Colocalization of actin and HSP27 in PC12-ND6 cells
We supplemented our analyses with immunocytochemistry studies to investigate whether
specific heat shock proteins involved in cytoskeletal dynamics acquired appropriate subcellular
localization upon NeuroD6 overexpression in the absence of extrinsic signaling. We focused
on HSP27 (hspb1) and HSP70 (hspa1b), as they modulate key cytoskeletal elements during
development of the nervous system (Herbert et al., 2007), which are also upregulated upon
NeuroD6-mediated neuronal differentiation (Uittenbogaard and Chiaramello, 2002; 2004).

Since HSP27 influences neurite outgrowth of dorsal root ganglion neurons by modulating the
actin network (Williams et al., 2005; 2006), we investigated this potential colocalization by
immunocytochemistry using phalloidin to label actin and a rabbit polyclonal antibody against
HSP27 (Table 1). One advantage of the PC12-ND6 cellular paradigm is that PC12-ND6 cells
simultaneously recapitulate the first four stages of neuronal differentiation, as defined by Dotti
et al., 1988 (Baxter et al., manuscript in preparation), thereby allowing the evaluation of the
relationship between HSP27 and actin at distinct neuronal stages associated with intense actin
remodeling, such as the early stage of lamellipodia formation (stage I) and the later stage of
axonal outgrowth (stage III).

Figure 5A clearly shows that HSP27 colocalizes with actin at focal points of the leading edge
of the lamellipodium (see arrows) as well as in filopodia (see arrowheads) of stage I PC12-
ND6 cells. As expected, we also detected a significant amount of cytosolic HSP27 in the soma
of PC12-ND6 cells. We further examined the distribution of the HSP27 protein at stage III of
neuronal differentiation during which axonal outgrowth occurred, and found that HSP27
protein not only retained a robust cytosolic expression, but also colocalized with actin in the
developing axon and filopodia extending from the growth cone. One interesting feature of
HSP27 expression was its abundant accumulation in the growth cone, suggesting a potential
role of HSP27 not only in neurite initiation, but also in axonal outgrowth via growth cone
activity (Fig. 5A).
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Although several studies using non-neuronal cells reported limited colocalization between
HSP27 and mitochondria upon a stress stimulus (Bruey et al., 2000; Paul et al., 2002), we
examined the HSP27 subcellular localization in relation to the mitochondria distribution prior
to and during serum deprivation using PC12-ND6 cells. Mitochondria were visualized using
an antibody against the α subunit of ATP synthase (COX V) (Table S1). Only a small fraction
of cytosolic HSP27 was in the vicinity of mitochondria in the soma of serum-grown and serum-
deprived PC12-ND6 cells (Fig. 5B and C, arrowheads). HSP27 did not colocalize with
mitochondria located in the growth cones (Fig. 5B). Our immunocytochemistry results
confirmed the decreased expression levels of HSP27 upon serum deprivation revealed by
immunoblot analysis (Fig. 2). Thus, within the context of our neuronal differentiation/survival
paradigm, these results imply that HSP27 essentially exerts its function through its
colocalization with actin, rather than mitochondria, which is in accordance with the notion of
HSP27 protecting non-neuronal HeLa cells by preserving actin integrity (Paul et al., 2002).

HSP70 protein colocalizes with tubulin and mitochondria in PC12-ND6 cells
We examined HSP70 (hspa1b) colocalization with cytoskeletal elements, as several studies
have reported HSP70 associations with microtubules elements and the microtubule-binding
protein Tau (Wallace et al., 1993; Kirby et al., 1994; Liang and MacRae, 1997). As expected,
figure 6A shows strong colocalization of HSP70 and β-III tubulin in the soma and growing
neurites of PC12-ND6 cells, with substantial accumulation of HSP70 protein at developing
branch points (Fig. 6A, arrowheads). Furthermore, we observed accumulation of HSP70 in the
neuritic tip of stage II PC12-ND6 cells (Fig. 6A, arrows). Interestingly, HSP70 protein
remained present throughout the growth cone beyond the expression domain of β-III tubulin
in stage III PC12-ND6 cells, but excluded from the leading edge of the growth cone and
filopodia (Fig. 6A, arrowheads; Fig. 6B). This observation supports previous studies showing
synaptic expression of HSP70 protein in rat brain upon hyperthermia and improvement of
presynaptic performance at high temperature upon overexpression of HSP70 in Drosophila
(Bechtold et al., 2000; Karunanithi et al., 2002). However, our results provide the first evidence
of HSP70 expression in growth cones in the absence of heat shock or other type of stress.

Since HSP70 was detected in mitochondrial fractions of the human U937 leukaemic cell line
(Bruey et al., 2000), we investigated the potential colocalization between HSP70 and
mitochondria in PC12-ND6 cells and its time course in relation to the stress stimulus. Figure
6B shows that HSP70 colocalizes with mitochondria in the absence of stress stimulus and that
such colocalization is not limited to the soma of serum-grown PC12-ND6 cells. More precisely,
HSP70 colocalizes with migrating mitochondria (MTR, red) in growing neurites and at
branching points (phalloidin, green) (Fig. 6B, middle row, arrows), and with mitochondria
located in the growth cone (Fig. 6B, arrowheads). Interestingly, HSP70 was also present in
areas of the growth cone devoid of mitochondria. HSP70 colocalization with mitochondria
persisted in serum-deprived PC12-ND6 cells (Fig. 6C). It is worth noting that HSP70 protein
remained present at high levels in developing neurites and growth cones as well as in the soma
(Fig. 6C). As expected, HSP70 did not interact with actin (Fig. 6B). In conclusion, NeuroD6
not only triggers increased HSP70 expression, but also induces proper HSP70 trafficking in
developing neurites and colocalization with microtubules and mitochondria.

Differential expression levels of the heat shock transcription factors HSF-1, HSF-2, and
HSF-4 upon NeuroD6 overexpression

In view of the positive correlation between NeuroD6 and HSPs, we extended our analysis to
the heat shock transcription factor (HSF) family, Hsf-1, Hsf-2, and Hsf-4, which bind to the
Heat Shock Element (HSE) to regulate transcription of heat shock genes (Pirkkala et al.,
2001; Morange, 2006; Åkerfelt et al., 2007). While Hsf1 mainly induces expression of HSPs
in response to stress (Morimoto, 1998), Hsf-2 regulates not only the expression of Hsp genes
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in conjunction with Hsf-1 (Östling et al., 2007), but also the expression of target genes other
than HSPs within the context of neuronal differentiation in the absence of stress (Chang et al.,
2006). Much less is known on Hsf-4 mechanism of action within the context of HSP induction
(Hu and Mivechi, 2006; Tu et al., 2006).

Our immunoblot analysis failed to detect any significant changes in expression levels of HSF-1
protein upon NeuroD6 overexpression, serum deprivation of PC12-ND6 cells, and NGF
treatment (Fig. 7A). In contrast, HSF-2 protein expression levels were increased upon NeuroD6
overexpression, with both α and β isoforms being detected (Fig. 7A). HSF-2 expression levels
were further increased upon two days of serum deprivation before returning to pre-stress levels
(Fig. 7A). In keeping with the recently reported role of Hsf-2 during neuronal differentiation
(Chang et al., 2006), we observed that NGF treatment induced expression of the HSF-2 β
isoform (Fig. 7A), which is primarily expressed in the brain (Goodson et al., 1995). Strikingly,
NGF-treated PC12-ND6 cells still displayed a stronger induction of HSF-2 β expression levels
than NGF-treated PC12 cells, suggestive of a synergetic effect between NeuroD6 and NGF
(Fig. 7A).

On the other hand, PC12-ND6 cells expressed negligible levels of HSF-4 protein (Fig. 7A),
which stands in contrast with the 1.73-fold increase in mRNA levels in PC12-ND6 cells (Table
S2). The lack of concordance between mRNA and protein levels might be explained by the
fact that: 1) the Affymetrix 230 A genechip® contains hsf-4 oligonucleotide probes designed
from ETS sequences, therefore matching the 3′end of the predicted Hsf-4 mRNA; and 2) the
existence of hsf-4 splice variants, the α and β isoforms (Nakai et al., 1997;Tanabe et al.,
1999. Finally, HSF-4 protein levels were only marginally regulated upon seven days of NGF
treatment in both control PC12 and PC12-ND6 cells, while serum deprivation of PC12-ND6
cells resulted in transient increase in HSF-4 expression levels on day 6 (Fig. 7A). Thus, among
the HSF members, NeuroD6 only affects HSF2 expression levels regardless of serum-growth
conditions or NGF exposure.

HSF-2 protein accumulates in branching points and growth cones of developing neurites in
PC12-ND6 cells

Since HSF-2 shuttles from the cytoplasm to nucleus to regulate gene expression, we assessed
HSF-2 subcellular localization upon NeuroD6-or NGF-mediated differentiation.

Figure 7B shows that HSF-2 protein is surprisingly abundant in the developing neurites of
PC12-ND6 cells with substantial accumulation in the branching point and growth cones (see
arrowheads). HSF-2 protein was also detected in the nucleus, albeit at lower levels than in the
cytoplasm (Fig. 7B), which is critical for HSF2 transcriptional activity.

We found that PC12 cells treated for two days with NGF displayed an HSF2 subcellular
distribution similar to untreated PC12-ND6 cells, with the majority of HSF-2 staining in the
cytoplasm, neurites and neuritic tip, accompanied by faint nuclear staining (Fig. 7C). NGF-
treated PC12-ND6 cells, which displayed an extensive neurite network due to increased NGF
responsiveness upon constitutive expression of NeuroD6 (Uittenbogaard and Chiaramello,
2002), exhibited HSF-2 staining in well developed neurites with accumulation of HSF-2
protein in growth cones and branching points (Fig. 7C, arrowheads). Intense HSF-2 nuclear
localization tightly correlated with advanced neuronal differentiation.

Collectively, the immunocytochemistry results revealed an unexpected HSF2 staining pattern
in the branching points and growth cones, suggestive of a potential emerging role in growth
cone behavior and branching pattern, in addition to its well-established transcription activities.
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DISCUSSION
The central issue of this study is to decipher the NeuroD6 transcriptional regulatory network
linking neuronal differentiation to survival, as this molecular “bridge” is critical for proper
neurogenesis and maintenance of the differentiated state. We took advantage of the long-term
survival properties of PC12-ND6 cells to investigate how NeuroD6 promotes tolerance during
prolonged stress mediated by serum deprivation, which may emulate chronic stress. We
supplemented our analysis by comparing NeuroD6 effect with the NGF signaling cascade,
since NeuroD6 is a critical effector of the NGF pathway (Uittenbogaard and Chiaramello,
2002).

Our study provides the first demonstration that NeuroD6 regulates a molecular chaperone
network in the absence of stress, with members displaying overlapping and distinct expression
patterns throughout the different phases of stress tolerance. NeuroD6 induces expression of a
set of heat shock proteins, including HSP27 (hspb1), the HSP70 chaperone system, Clusterin
(clu), and heme-oxygenase-1 (hmox-1), known to either interface with cytoskeletal elements,
the anti-apoptotic pathway, and/or to play a critical role in protein quality control (Fig. 8). The
most striking finding is that the NeuroD6 effect on HSPs is not limited to their increased
expression levels, but also to their precise spatial organization in PC12-ND6 cells vis-à-vis
specific cytoskeletal elements involved in neuritogenesis (Liang and MacRae, 1997;Mounier
and Arrigo, 2002;Dou et al., 2003).

The differentiation properties of PC12-ND6 cells associated with increased HSP27 levels,
colocalization with actin, and enrichment in branching points and growth cones are all
consistent with the role of HSP27 in neuritogenesis (Williams et al., 2005; 2006) and neural
regeneration (Costigan et al., 1998). Overexpression of HSP27 in cultured adult dorsal root
ganglion (DRG) neurons stimulates neurite initiation resulting in increased neurite outgrowth
accompanied by a complex branching pattern, while HSP27 silencing greatly diminishes
neurite extension and branching pattern. HSP27 role in neuritogenesis is not limited to the
DRG neuronal paradigm, as HSP27 expression is increased in NGF-treated PC12.
Interestingly, constitutive expression of NeuroD6 alters the timing of maximal HSP27
expression, which occurs at day three of NGF exposure concomitantly with neurite branching
pattern formation (Uittenbogaard and Chiaramello, 2002). This extensive branching
architecture is specific to NGF-treated PC12-ND6 cells, as NGF-differentiated PC12 cells
mainly extend thin poorly branched neurites. Thus, NeuroD6-mediated HSP27 expression
essentially parallels major rearrangement and increase in neuronal cytoskeleton.

Furthermore, it bears mentioning that increased HSP27 expression levels concord with
increased expression of ATF3 and c-Jun in PC12-ND6 cells by 10-and nearly 2 folds,
respectively (Table S2). PC12 cells infected with adenoviral vectors expressing ATF3 and c-
Jun express HSP27 protein as a result of DNA-binding of the ATF3-c-Jun dimer and activation
of the HSP27 promoter (Nakagomi et al., 2003), suggestive of a potential NeuroD6 regulation
of the hsp27 gene via the ATF3-cJun pathway.

Several studies have demonstrated that HSP27 possesses survival properties in various
neuronal paradigms (Costigan et al., 1998; Lewis et al., 1999; Benn et al., 2002; Nakagomi et
al., 2003; Stetler et al., 2008). HSP27 promotes survival of injured sensory and motor neurons
by binding to cytochrome c translocated from mitochondria to the cytosol, thereby preventing
apoptosome formation and caspase-3 activation (Benn et al., 2002). In PC12 cells, this
translocation event occurs within 24 hours of serum deprivation (Stefanis et al., 1996), during
which naïve PC12 cells show negligible HSP27 levels, while PC12-ND6 cells display robust
HSP27 levels without caspase-3 activation (Uittenbogaard and Chiaramello, 2005).

Uittenbogaard et al. Page 12

J Neurosci Res. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Collectively, our results concur with the notion that HSP27 may be more relevant during the
early rather than the late stages of long-term survival.

NeuroD6-mediated tolerance to prolonged stress may instead be acquired through HSP70
(hspa11b) expression, which contrary to HSP27 (hspb1) is maintained at steady levels up to
15 days of serum deprivation. Correlation between stress tolerance and HSP70 induction has
been observed upon a variety of stressors, such as cerebral ischemia (Giffard et al., 2004;
Brown, 2007), kainic acid-induced stress (Yenari et al., 1998), polyglutamine repeat-induced
toxicity (Chai et al., 1999; Kobayashi et al., 2000; Muchowski and Walker, 2005), and beta-
amyloid-mediated toxicity (Magrané et al., 2004; Smith et al., 2005). HSP70 may provide
stress tolerance to PC12-ND6 cells by four distinct but complementary mechanisms of action,
involving preservation of cytoskeletal integrity, synaptic protection, protein quality control,
and translocation into mitochondria.

Here, we report the first evidence of HSP70 immunoreactivity in growth cones of developing
neurites, suggesting that HSP70 may assist the folding of nascent polypeptides during local
protein synthesis upon NeuroD6-mediated neuronal differentiation. This observation is in
keeping with the reported local translation of HSP70 in regenerating axons and growth cones
of injury-conditioned DRG neurons (Willis et al., 2005). In fact, such local translation is not
limited to a single HSP, but rather to a group of HSPs, including αβ crystalline (hspb8), HSP27
and HSP60 proteins, with HSP70 levels being enriched in regenerating axons compared with
other axonally synthesized proteins (Willis et al., 2005). Even though compelling evidence has
demonstrated the importance of local protein translation in axonal growth cones in the context
of neural development and regeneration (Koenig and Giuditta, 1999; Alvarez et al., 2000;
Campenot and Eng, 2000; Zhang and Poo, 2002; Verma et al., 2005; Leung et al., 2006; Hengst
and Jaffrey, 2007), the question of whether local protein translation is required for growth cone
responses to guidance cues remains unresolved due to conflicting findings from different
neuronal populations (Piper et al., 2006; Yao et al., 2006; Lin and Holt, 2007; Bouchard et al.,
2008; Lang et al., 2008; Roche et al., 2009). In addition, our observation of sustained HSP70
and HSP27 expression in growth cones of serum-deprived PC12-ND6 cells suggests that they
may promote neuronal survival by locally attenuating apoptotic signals upon stress and thereby
protecting synapses, a notion consistent with the observed enhanced protection of pre-synaptic
activity following heat stress in transgenic Hsp70 flies (Karunanithi et al., 2002). This argues
for a potential cytoprotective role of HSP local translation beyond the reported role in axonal
guidance, synaptic plasticity, and formation of long-term memory (reviewed by Twiss and van
Minnen, 2006; Lin and Holt, 2007;van Horck and Holt, 2008). This is in keeping with the
known neuro-protective effects of HSP27 or HSP70 overexpression to prevent excitotoxic
neuronal cell death (Akbar et al., 2003; Kalwy et al., 2003).

HSP70 along with the co-chaperone HSP40 (Dnajb1), which is referred to as HSP70 chaperone
system, may regulate protein quality control. While DnaJb1 protein regulates HSP70 ATPase
activity essential for stable substrate interactions to prevent protein aggregation and misfolding
(Qiu et al., 2006), HSP105 (hsph1) disaggregates aggregated proteins (Liberek et al., 2008).
Moreover, HSP105 has been shown to confer neuroprotection in stably transfected PC12 cells
upon stress stimulus, such as serum deprivation, heat shock, and JNK-induced apoptosis
(Hatayama et al., 2001). In the case of staurosporine-treated HeLa cells, HSP105
overexpression prevents cell death by blocking Bax translocation to mitochondria and therefore
cytochrome c release (Yamagishi et al., 2006).

Finally, HSP70 may in part confer stress tolerance of PC12-ND6 cells by translocating from
the cytosol to mitochondria as assessed by confocal microscopy. In keeping with this notion,
is the previously demonstrated correlation between HSP70 expression and heat shock-induced
mitochondrial membrane depolarization in premonocytic U937 cells (Polla et al., 1996), which
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is consistent with HSP70 protein in the intermembrane space and matrix of mitochondria
isolated from non-neuronal cells (Bruey et al., 2000). Thus, it is tempting to speculate that
HSP70 may prevent mitochondrial dysfunction by maintaining proper folding of mitochondrial
located proteins in conjunction with another member of the hsp70 family, the mitochondrial-
specific GRP75, also simultaneously upregulated upon NeuroD6 expression. Moreover,
HSP70 translocation to mitochondria may consequently preserve the functional and physical
communication between endoplasmic reticulum (ER) and mitochondria, through the sustained
expression of the endoplasmic reticulum chaperone GRP78. Furthermore, the dynamic ER-
mitochondria interface, which is in part regulated by the chaperone machinery, plays a crucial
role in cellular survival (Szabadkai et al., 2006; Hayashi and Su, 2007). Altogether, it suggests
that HSP70 translocation to mitochondria may provide an additional mechanism to promote
neuronal survival, and therefore further studies are warranted to establish its specific role in
mitochondrial protection using a combination of biochemical and confocal microscopy
approaches.

Finally, clusterin (clu), a chaperone molecule structurally related to small HSPs, may play a
role in NeuroD6-mediated survival. Although its role as a survival-enhancing chaperone
remains elusive, increased susceptibility to axotomy-induced cell death observed in clusterin
null mice supports the notion of clusterin behaving as a modulator of cell death (Wicher and
Aldskogius, 2005; Ohlsson and Havton, 2006). The fact that clusterin promotes neuritogenesis
(Kang et al., 2005) makes it an attractive candidate in the NeuroD6-mediated HSP cascade to
link neuronal differentiation to survival.

The positive correlation between NeuroD6 and HSPs combined with the presence of E-boxes
in the proximal promoters of hsp27, Hmox-1, hspa1b, and clusterin bears the question of the
transcriptional contribution of NeuroD6 in their regulation. It has been well established that
HSFs are the main transcriptional regulators of the hsp genes, with HSF2 being the most
relevant to brain development (Loones et al., 1997; Rallu et al., 1997; Brown and Rush,
1999; Kallio et al., 2002; Wang et al., 2003; Chang et al., 2006). Only recently, the role of
HSF-2 upon stress has been resolved using non-neuronal cells. HSF-2 dimerizes with HSF-1
to modulate the activity of hsp promoters, such as hsp25, hsp40, hsp70, and hsp110 (Östling
et al., 2007). This dimerization event is also relevant in the context of cellular differentiation.
Clusterin is another hsp gene regulated by the HSF1-HSF2 complex in response to
accumulation of aberrant proteins (Loison et al., 2006). NeuroD6 may participate to the
transcriptional regulation of clusterin via E-boxes present in the proximal promoter (Gutacker
et al., 1999). Similarly, NeuroD6 may contribute to the well-documented transcriptional
regulation of the Hmox-1 gene involving multiple transcription factors belonging to distinct
families, upon a variety of stress stimuli (Alam and Cook, 2007), as overexpression of NeuroD6
triggers a substantial increase in HMOX-1 expression in the absence of stress, possibly by
binding to E-boxes located in the Hmox-1 promoter. Future studies will be required to address
the question of whether NeuroD6 directly or indirectly stimulates the expression of these hsp
genes.

Collectively, our findings support the concept that NeuroD6 may sustain a critical expression
level of a set of HSPs to confer long-term stress tolerance to mature neurons. In conclusion,
our study provides additional and compelling evidence that NeuroD6 harnesses an active
survival pathway, which is an integral component of its differentiation-mediated network.
Thus, NeuroD6 may constitute a new target to design therapeutic avenues for treatment of
neurodegenerative diseases associated with cognitive deficits.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Unbiased genome-wide microarray analysis upon NeuroD6 overexpression. (A) Scatterplot
analysis showing differentially expressed probe sets upon NeuroD6 overexpression. Total
RNA from control PC12 and PC12-ND6 cells were isolated in six replicates and hybridized
to the rat 230A Affymetrix high density oligonucleotide GeneChip®. Differential expression
was defined as at least a 1.5 fold change and a P-value cut-off of ≤0.05 after performing a 1-
Way ANOVA and a multiple testing correction test with a Benjamini and Hochberg False
Discovery Rate, followed by a Volcano analysis. Fluorescence intensities were graphed on a
scatterplot, with control PC12 cells indicated on the horizontal axis and PC12-ND6 cells on
the vertical axis (log10). The two green external lines on the scatterplot indicate boundaries
for differential expression between 1 and ± 1.5 fold, while the green central line demarcates
the lack of change in gene expression upon NeuroD6 overexpression. On the right side of the
figure is shown the Colorbar representing expression levels on a continuous scale, with red
indicating overexpression, yellow indicating average expression, and blue indicating
underexpression in PC12-ND6 cells. The exact number of transcripts upregulated (951) and
downregulated (853) by at least a 1.5 fold upon NeuroD6 overexpression are indicated on the
graph. (B) Distribution of functional categories of differentially regulated transcripts upon
NeuroD6 overexpression. The 951 probe sets upregulated by NeuroD6 were categorized in 13
functional groups using the gene ontology tool in GeneSpring, which were consistent with the
reported differentiation and survival properties of PC12-ND6 cells. The percentage of
upregulated transcripts in each category is indicated on the y axis with the corresponding
functional group on the x axis. The percent of genes associated with each functional category
on the 230A GeneChip® is indicated in blue, while the percent of genes upregulated in PC12-
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ND6 cells and associated with a specific functional category is indicated in red. The rate of
enrichment was determined for each relevant functional category by comparing the percent of
genes represented on the rat 230A GeneChip® with the percent of genes upregulated upon
NeuroD6 overexpression. (C) Scatterplot analysis illustrating the expression profiles of the
951 NeuroD6-upregulated transcripts after two days of serum deprivation in PC12-ND6 cells.
A Volcano analysis was performed with a minimum of a 1.5 fold change and P-value of ≤0.05
between serum-grown PC12-ND6 (x axis) and serum-deprived PC12-ND6 cells (y-axis).
Fluorescence intensities were graphed on a log of 10. This analysis revealed 108 transcripts
upregulated (red dots) and 174 transcripts downregulated (blue dots) upon serum deprivation
of PC12-ND6 cells. The remaining 669 transcripts gray dots) did not display any significant
changes in expression levels and thus were graphed between the two external diagonal lines
representing the boundaries between ± 1.5 fold change in expression levels upon serum
deprivation.
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Fig. 2.
Overexpression of NeuroD6 induces the expression of two members of the small heat shock
protein family. Cells were grown and treated as described in Materials and Methods. Data
shown are representative of at least three distinct experiments. Protein levels were quantified
and normalized against the GAPDH loading control. Quantification results are expressed as
fold change relative to the respective control cells, shown in lane 1 of each blot. Indicated
quantification values are specific to the shown blot, with a standard deviation less than 10%
when compared to the corresponding replicates. (A) Expression levels of HSP27 protein
increase in serum-grown PC12-ND6, cells but collapse in serum-deprived PC12-ND6 cells.
NGF treatment of both PC12-ND6 and control PC12 cells stimulates the expression levels of
HSP27 protein. (B) Expression levels of HO-1 (HSP32) protein are upregulated upon NeuroD6
expression and further stimulated upon serum deprivation. An additional HO-1 isoform,
indicated by an asterisk, was detected after six days of serum deprivation with maximal
expression levels after 15 days of serum deprivation. NGF treatment failed to further increase
expression levels of HO-1 protein in treated PC12-ND6 cells, whereas it failed to trigger
expression of endogenous HO-1 protein in treated PC12 cells.
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Fig. 3.
NeuroD6 and the HSP70 chaperone system. (A) Overexpression of NeuroD6 triggers
expression of HSP70 protein, which remains at steady levels even upon serum deprivation and
NGF treatment. In contrast, control PC12 cells express negligible expression levels of
endogenous HSP70 protein, even upon NGF exposure. (B) PC12-ND6 cells express similar
levels of endogenous HSP40 protein than control PC12 cells. However, expression levels of
HSP40 protein remain at steady state in serum-deprived PC12-ND6 cells throughout the
duration of the treatment. Expression levels of HSP40 protein fail to augment upon NGF
exposure in both control PC12 and PC12-ND6 cells. (C) Overexpression of NeuroD6
stimulates the expression of HSP105 protein, which is further increased after 15 days of serum
deprivation in PC12-ND6 cells. NGF treatment of control PC12 and PC12-ND6 cells have a
modest impact on the expression levels of HSP105 protein.
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Fig. 4.
NeuroD6 upregulates the expression of organelle-specific HSP70 members and the non-
classical molecular chaperone clusterin. (A) NeuroD6 upregulates the expression of the
mitochondrial-specific chaperone GRP-75 and the endoplasmic reticulum-specific chaperone
GRP78. Serum deprivation does not impact expression levels of both GRP-75 and GRP78 in
PC12-ND6 cells. NGF treatment of either control PC12 or PC12-ND6 cells did not result in
further increased expression of GRP75 and GRP78 proteins. (B) Clusterin levels are increased
upon NeuroD6 expression and after two days of serum deprivation in PC12-ND6 cells. NGF
treatment stimulates endogenous expression levels of clusterin in both treated PC12 and PC12-
ND6 cells, with an apparent synergistic effect between NGF and constitutive expression of
NeuroD6.
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Fig. 5.
Subcellular localization of HSP27 protein in PC12-ND6 cells. (A) HSP27 protein colocalizes
with actin and accumulates in growth cones of developing neurites. PC12-ND6 cells were
seeded on poly-D-lysine-coated cover glass. To label polymerized actin filaments, PC12-ND6
cells were incubated with AlexaFluor® 488 phalloidin (82.5 nM) for 20 minutes at room
temperature (RT), fixed and permeabilized as described in Materials and Methods. Cells were
incubated with the anti-HSP27 primary antibody and then with the appropriate Alexa Fluor®
568 conjugated secondary antibody. Scale bars are indicated at the bottom right corner of merge
images. The top row shows stained PC12-ND6 cells at stage I of neuronal differentiation, while
the middle row displays stained stage III PC12-ND6 cells. The bottom row shows a
magnification of the growth cone (GC) of stage III PC12-ND6 cell represented in the middle
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row. (B) Only a small fraction of HSP27 protein is located in the vicinity of mitochondria.
PC12-ND6 cells were grown and processed for confocal fluorescence microscopy as described
in panel A. Mitochondria were visualized with an antibody against the mitochondrial marker,
the α subunit of complex V (COX V, also called ATP synthase). Mitochondria located in the
vicinity of HSP27 protein are indicated with arrowheads. The top row shows stage I PC12-
ND6 cells, while the bottom row illustrates a magnification of the growth cone (GC) of
developing neurite from a stage III PC12-ND6 cell (see inset). Scale bars are indicated at the
bottom right corner of merge images. (C) HSP27 expression not only decreases upon serum
deprivation in PC12-ND6 cells, but also remains essentially cytosolic. The serum-deprived
PC12-ND6 cells (SD-PC12-ND6) were processed for confocal fluorescence microscopy as
described in Materials and Methods. The top row shows serum deprived (SD) stage I PC12-
ND6 cells, while the bottom row shows serum-deprived stage III PC12-ND6 cells. Scale bars
are indicated at the bottom right corner of merge images.
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Fig. 6.
HSP70 colocalizes with tubulin and mitochondria in PC12-ND6 cells. (A) HSP70 colocalizes
with tubulin in the soma and extending neurites. However, it accumulates in growth cones in
areas devoid of tubulin. PC12-ND6 cells were grown and processed for confocal microscopy
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as described in Materials and Methods. The top row shows stage II PC12-ND6 cells with
neuritic tips indicated by arrows. The middle row illustrates stage III PC12-ND6 cells, which
display growth cones (GC) and developing branching point (bp), both indicated by arrowheads.
A magnification of the growth cone and neighboring developing branching point is shown in
the bottom row. Scale bars are indicated at the bottom right corners of merge images. (B)
HSP70 colocalizes with mitochondria located in the soma, while migrating in developing
neurites and in growth cones. Mitochondria were stained with the MitoTracker® Red CMXRos
dye (MTR). PC12-ND6 cells were stained with phalloidin to highlight the overall cellular
morphology and to examine the HSP70-actin colocalization. The top row shows stage III PC12-
ND6 cells, while the middle and bottom rows illustrate a magnification of a developing
branching point (bp) and growth cone (GC), respectively. Arrowheads indicate colocalization
of HSP70 and mitochondria. Scale bars are indicated at the bottom right corner of merge
images. (C) HSP70 expression levels and subcellular localization remain unaltered by
withdrawal of trophic factors in PC12-ND6 cells. Mitochondria were stained with MTR and
the overall cellular morphology was revealed using an antibody against β-III tubulin. The top
rows show a network of stage III SD-PC12-ND6 cells, while the bottom row illustrates the
magnification of the neurite network indicated by a white box. Arrows indicate colocalization
of mitochondria and HSP70 in growth cones of SD-PC12-ND6 cells. Scale bars are indicated
at the bottom right corner of merge images.
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Fig. 7.
NeuroD6 and members of the heat shock transcription factors (HSFs). (A) Among the heat
shock transcription factors, NeuroD6 only induces the expression of HSF2. Interestingly, NGF
treatment only stimulates the expression levels of the β isoform of HSF2, in both the control
PC12 and PC12-ND6 cells. Endogenous levels of HSF4 are repressed upon NeuroD6
overexpression. Serum deprivation results in a weak transient increase of HSF4 levels after 6
days, while NGF exposure triggers a modest but constant increase of HSF4 expression levels
in both control PC12 and PC12-ND6 cells. (B) HSF2 protein is detected in growing neurites,
branching points, and growth cones of PC12-ND6 cells. Control PC12 and PC12-ND6 cells
were grown and processed for confocal microscopy, as described in Materials and Methods.
Cells were stained with β-III tubulin to delineate their overall morphology. Scale bars are
indicated at the bottom right corner of merge images. The immunocytochemistry results are in
agreement with the immunoblot results shown in panel A. Growth cone (gc) and neighboring
branching point (bp) in PC12-ND6 cells are indicated by arrowheads. (C) NGF treatment of
PC12-ND6 cells results in increased expression of HSF2 in the nucleus, while sustaining HSF2
expression in developing neurites and growth cones. The top row shows PC12 cells exposed
to NGF for 48 hours, while the middle row shows NGF-treated PC12-ND6 cells for 48 hours.
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The bottom row represents a magnification of the soma of NGF-treated PC12-ND6 cells to
illustrate increased nuclear HSF2 expression, as indicated by an arrowhead. Scale bars are
indicated at the bottom right corner of merge images.
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Fig. 8.
Proposed model of the underlying mechanism by which NeuroD6 may bridge neuronal
differentiation to survival. This model integrates the current results with our previously
published studies, demonstrating that NeuroD6 upregulates the expression of G1 phase-
promoting cell cycle regulators and several cytoskeletal elements in the absence of NGF
(Uittenbogaard and Chiaramello, 2002; 2004), as well as maintain the expression levels
throughout serum deprivation (Uittenbogaard and Chiaramello, 2005). In addition, NeuroD6
prevents caspase-3 activation upon serum deprivation by triggering expression of the anti-
apoptotic Bcl2 members, Bcl-xL and Bcl-w, in conjunction with members of the Inhibitor of
Apoptosis (IAP) family, such as XIAP and surviving (Uittenbogaard and Chiaramello, 2005).
The NeuroD6-mediated pathways are illustrated by arrows with NeuroD6 located at the center
of this nexus. The positive correlation between NeuroD6 and the heat shock network is shown
as an integral component of the NeuroD6-mediated nexus, leading to the notion that NeuroD6
may bridge neuronal differentiation to survival via the expression of specific heat shock
proteins, known to influence cytoskeletal dynamics and neuronal survival through the post-
mitochondrial pathway depicted in the figure.
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TABLE 1

Differential expression levels of heat shock proteins in serum-grown and serum deprived PC12-ND6 cells for
48 hours.

Members of HSP Families1
Fold Change upon

NeuroD6 p-value* Fold Change upon
Serum Removal p-value*

Small hsp family
 Hsp27 (hspb1) [24471] 4.32 2.22 10−7 −1.31 9.1310−5

 Hsp22 (hspb8) [113906] 1.62 7.19 10−5 1.0 0.05
 Hsp32; HO-1 (hmox-1) [24451] 8.4 4.82 10−6 −1.28 0.00508
 Cpn10 (hspe1) [25462] 1.3 5.79 10−5 1.0 0.05
Hsp40 family
 2 Dnajb1 predicted [361384] 1.8 0.000354 1.0 0.005
 3 Dnajb1 [361384] 1.76 1.70 10−5 1.24 0.0136
 4 Dnaja4 [300721 1.55 0.0131 1.26 0.0138
 5 Dnaja4 [300721] 1.51 0.00582 1.0 0.05
 6 Dnaja1 [65028] 1.94 0.000221 1.0 0.05
 7 Dnaja1[65028] 1.70 2.84 10−5 1.0 0.05
 Dnajb10 [501165] 1.66 0.000792 1.0 0.05
 Dnajb9 [24908] 2.0 0.000954 1.99 6.2210−5

 Dnajc3 [63880] 1.97 0.00655 −2.41 4.01510−5

Hsp60 family
 Hsp60 (hspd1) [63868] 1.3 8.16 10−5 1.0 0.05
Hsp70 family
 Hsc70 (hspa8) [24468] 1.3 0.015 1.0 0.05
 Hsp72; Hsp70-2 (hspa1b) [294254] 2.8 0.0046 1.0 0.05
 BIP; GRP78 (hspa5) [25617] 2.22 0.00608 −2.44 2.3810−5

 mtHsp70; GRP75 (Hspa9a) [500372] 1.56 0.0169 −1.96 0.00531
Hsp90 family
 Hsp90-1a (hsp90aa1) [299331] 1.4 0.00131 1.25 0.05
 Hsp90-1b (hsp90ab1) [301252] 1.4 0.0189 1.24 0.05
Hsp110 family
 Hsp105 (hsph1)[288444] 2.07 0.000729 −1.1 0.0049
Non-classical HSPs
 clusterin (clu) [24854] 1.61 0.000145 2.18 3.34E-05
Hsf members
 Hsf-1 [79245] 1.0 0.05 1.0 0.05
 Hsf-2 [64441] 1.0 0.05 1.0 0.05
 Hsf-4 [291960] 1.73 4.75 10−5 −1.46 0.00493

Hsf (heat shock factor), HSP (heat shock protein)

1
Members of the HSP family are listed by their known gene names (aliases) followed by their official or “interim” symbol in parentheses and their gene

ID number in brackets, according to the NCBI nomenclature. Only members of the Hsp40 family are referred to as official symbols.

2
Corresponding Affymetrix probe set 1388722_at

3
Corresponding Affymetrix probe set 1383302_at

4
Corresponding Affymetrix probe set 1387780_at

5
Corresponding Affymetrix probe set 1378592_at

6
Corresponding Affymetrix probe set 1368852_at

7
Corresponding Affymetrix probe set 1398819_at

*
p-value calculated after a 1-Way ANOVA, a multiple testing correction with Benjamini and Hochberg with a false discovery rate of 0.05 (p< 0.05),

followed by a Volcano analysis using the software GeneSpring version 7.3, as described in Materials and Methods.
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