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This study aimed at identifying transcriptional changes asso-
ciated to neuronal differentiation induced by six distinct stimuli
using whole-genome microarray hybridization analysis. Bioin-
formatics analyses revealed the clustering of these six stimuli
into two categories, suggesting separate gene/pathway depend-
ence. Treatment with specific inhibitors demonstrated the
requirement of both Janus kinase and microtubule-associated
protein kinase activation to trigger differentiation with nerve
growth factor (NGF) and dibutyryl cAMP. Conversely, activa-
tion of protein kinase A, phosphatidylinositol-3-kinase «, and
mammalian target of rapamycin, although required for dibu-
tyryl cAMP-induced differentiation, exerted a negative feed-
back on NGF-induced differentiation. We identified Polo-like
kinase 2 (PIk2) and poliovirus receptor (PVR) as indispensable
for NGF-driven neuronal differentiation and aB-crystallin
(Cryab) as an inhibitor of this process. Silencing of Plk2 or PVR
blocked NGF-triggered differentiation and Cryab down-regula-
tion, while silencing of Cryab enhanced NGF-induced differen-
tiation. Our results position both Plk2 and PVR upstream of the
negative regulator Cryab in the pathway(s) leading to neuronal
differentiation triggered by NGF.

Multiple sclerosis (MS)? is a chronic inflammatory, neurode-
generative, demyelinating disease of the central nervous sys-
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tem, triggered by the activation of autoreactive T cells, reacting
to self-antigens such as the myelin components myelin basic
protein or myelin oligodendrocyte glycoprotein (1). MS was
originally considered only as an inflammatory disease. How-
ever, as a consequence of increasing evidence on the contribu-
tion of neurodegenerative processes to the pathology of MS,
axonal loss is nowadays considered as an early and persistent
event mainly responsible for the neurological deficits (2).
Despite this, current therapies for MS consist only of anti-in-
flammatory and immunomodulatory drugs, which show mini-
mal or no clinical benefit in preventing the progression of
neurological disability that characterizes this disease (2). Con-
sequently, elucidation of the molecular mechanisms leading to
axonal degeneration as well as of those promoting axonal sur-
vival, regeneration, and remyelination is essential for the devel-
opment of novel therapies based on neuroprotection and/or
neuronal regeneration. Moreover, this new class of therapeu-
tics would constitute a breakthrough also for the treatment of
other neurodegenerative diseases such as Alzheimer disease,
Parkinson disease, Creutzfeldt-Jakob disease, or amyotrophic
lateral sclerosis among others. Complex cellular programs,
such as those leading to neuronal differentiation require global
gene expression changes. The pheochromocytoma PC12 cell
line provides a representative model system for studying gene
expression and signaling pathways mediating neuronal differ-
entiation (3—6). PC12 cells, originated from a rat adrenochro-
maffin tumor, can differentiate into sympathetic neuronal-like
cells upon treatment with NGF in a process involving growth
arrest, neurite extension, and acquisition of electrical excitabil-
ity (7, 8). Although NGF-driven differentiation is the most stud-
ied process, PC12 cells can develop a neuronal phenotype also
in response to a variety of other extracellular stimuli such as
basic fibroblast growth factor (bFGF), interleukin 6 (IL-6),
dbcAMP, pituitary adenylate cyclase-activating polypeptide 38
(PACAP38) or forskolin among others (4, 9 —15). Although sig-
nal transduction pathways leading to neuronal differentiation
have been extensively studied, especially for NGF, the induced
gene expression changes are far from complete. Several
genome-wide scale approaches have been used to study
changes in gene expression required for neuronal differentia-
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tion in PC12 cells. Although some studies analyzed the expres-
sion profile upon PACAP38 treatment (16 —18), the vast major-
ity restricted the investigation to NGF-induced differentiation
(3, 19, 20). Only one study extended the analysis to the differ-
ential gene expression triggered by PACAP38, dbcAMP, and
forskolin as compared with NGF (14). Furthermore, most of the
studies have been limited to a single time point despite increas-
ing evidence suggesting a time dependence of regulation of
gene expression throughout the differentiation process (3, 19,
21). Mechanisms leading to neuronal differentiation have been
proven difficult to sort out by studying differentiation induced
with a single stimulus and/or after a unique length of time.
Although several lists of genes associated to the acquisition of a
neuronal phenotype in PC12 cells have been published, eluci-
dation of a common minimal pattern of global gene changes
required for differentiation remains incomplete.

In the present study we sought to investigate this complex
process by a more comprehensive systems biology approach.
On one side, we analyzed the global transcriptional changes
involved in neuronal differentiation using whole-genome
microarray hybridization upon differentiation of Neuro-
screen-1 (NS1) PC12 cells (3) with NGF, IL-6, bFGF, PACAP38,
dbcAMP, and forskolin at 3, 24, and 72 h after each treatment.
On the other side, we investigated how the common transcrip-
tional machinery identified was affected by inhibition or
enhancement of neuronal differentiation using several small
molecule, target-specific inhibitors.

We identified 31 genes whose expression was regulated in
common by all stimuli during differentiation. Among them,
Plk2 and PVR, two genes up-regulated by all the stimuli leading
to neuronal differentiation, were proven to be essential for neu-
rite outgrowth. Silencing of Plk2 and PVR with specific small-
interfering RNAs (siRNAs) inhibited this process, deregulated
the expression of markers for differentiation, and more inter-
estingly, greatly influenced the overall gene expression machin-
ery identified in the present whole-genome array hybridization
study. Moreover, inhibition of neuronal differentiation upon
treatments with MEK1/2- or JAK1/2/3-specific inhibitors sig-
nificantly decreased the up-regulation of P/k2 and PVR
observed during differentiation.

Several studies suggest that Cryab plays a role in the patho-
genesis of MS. However, whether the specific role of Cryab is
beneficial or, rather, detrimental to this pathology is still a mat-
ter of debate (22-26). Furthermore, a potential role of crystal-
lins during axonal regeneration has also been recently reported
(27, 28). In the present study we uncovered a novel function for
Cryab as an inhibitor of neuronal differentiation. Indeed, Cryab
was found to be down-regulated by all the stimuli inducing
differentiation in NS1 cells as well as by NGF in superior cervi-
cal ganglia (SCG) neurons. In addition, transfection of Cryab
siRNA resulted in significant enhancement of NGF-induced
neurite outgrowth, and inhibition of neurite extension upon
silencing of Plk2 or PVR resulted in the up-regulation of Cryab.
Taken together, these results identify PVR and Plk2 as two
genes essential for the neuronal differentiation process, work-
ing upstream of the negative regulator Cryab and regulated in
response to MEK and JAK activation, two pathways required
for NGF-induced differentiation.
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EXPERIMENTAL PROCEDURES

Materials—Flasks and plates were collagen type-1 coated (BD
Biosciences). RPMI 1640 and Dulbecco’s modified Eagle’s cul-
ture media, L-glutamine, penicillin, streptomycin, and dispase
were from GIBCO. Horse serum and fetal calf serum were from
Hyclone (Sigma Aldrich). dbcAMP, forskolin, staurosporine.
and cytosine (-p-arabinofuranoside hydrochloride were from
Sigma. 2.5 S mouse NGF was from Promega AG (Duebendorf,
CH), PACAP38 was from Bachem AG (Bubendorf, CH), and rat
IL-6 and human bFGF were from Peprotech (London, UK). JAK
inhibitor I (2-(1,1-dimethylethyl)-9-fluoro-3,6-dihydro-7H-
benz[h]-imidaz[4,5-f]isoquinolin-7-one P6), protein kinase
A-specific inhibitor H-89, and mTOR inhibitor rapamycin
were from Calbiochem. PI3Ka (AS-702630) (52)- and MEK1/2
(AS-702789)-specific inhibitors were from Merck Serono A.S.
HitKit™, and the automated imaging instrumentation and the
Neuroscreen™™-1 cells were from Cellomics (Pittsburgh, PA).
OFA rats were from Charles River Laboratories (Lyon, FR).
siRNAs and primers were from Qiagen AG (Basel, CH). The
Amaxa nucleofector™ II system and cell line nucleofector kit
V were from Amaxa (Koln, Germany). RNeasy mini and micro
kits, DNase I and quantitative PCR (qPCR) kits (Quantitect and
QuantiFast SYBR green), and the reverse transcription-PCR
advantage kit was from Clontech (Takara Bio/Clontech, Saint
Germain en Laye, FR). qPCRs were performed using the
7900HT Fast real-time PCR system (Applied Biosystems, Rot-
kreuz, CH). Affymetrix (Bucks, UK) GeneChip Technology
used rat Genome 230 2.0 Array, Test3 Array, Hybridization
Oven 640, Fluidics Station 450, One-Cycle Target Labeling and
Control Reagents, Scanner 3000 7G System, and Operating
Software (GCOS) Version 1.1.1. RNA and cRNA quantification
was performed in Nanodrop ND-1000 spectrophotometer
(Witec AG, Luttau-Luzern, CH). RNA and cRNA quality was
checked by RNA6000 Nano Reagents kit and Bioanalyzer 2100
(Agilent Technologies, Basel, CH). Streptavidin phycoerythrin
conjugated for the fluorescent labeling were from Invitrogen.
Prism 3.0 was from GraphPad (San Diego, CA).

Cell Culture—NS1 cells were chosen because they display
several advantages over PC12 cells, including 50—80% faster
growth, no tendency toward cell aggregation, and accelerated
responsiveness to NGF. NS1 cells were maintained in T75 flasks
in RPMI 1640 supplemented with 10% horse serum and 5% fetal
calf serum, 2 mMm L-glutamine, 25 units/ml penicillin, and 25
pg/ml streptomycin in a humidified atmosphere containing 5%
CO,at 37 °C. Cells were induced to differentiate by the addition
of NGF (50 ng/ml and 100 ng/ml for siRNA transfection exper-
iments) for 3 days unless differently specified. To study the
concentration-response effects on NOG of extracellular stimuli
and inhibitors, cells were plated in 96-well plates (1500 cells/
well) 24 h before treatment. For RNA extraction for qPCR anal-
ysis, cells were plated in 6-well plates (200,000 cells/well) 24 h
before treatment with 10 um AS-702789, JAK inhibitor I, H-89,
AS-702630, or rapamycin or with 10 nm concentrations of non-
selective serine/threonine inhibitor staurosporine for 20 min
followed by treatment with either NGF or dbcAMP for 3, 24, or
72 h. For the microarray experiments cells were plated in 10-cm
dishes at a concentration of 600,000 cells/dish 24 h before treat-
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ment with NGF, IL-6, or bFGF or at a concentration of
1,000,000 cells/dish 24 h before treatment with dbcAMP, for-
skolin, or PACAP38. SCG cells were dissected from postnatal
day 1 rat pups and dissociated in 2% dispase for 30 min at 37 °C.
Neurons were then mechanically dissociated and plated in
12-well plates and cultured in Dulbecco’s modified Eagle’s
medium containing 15% fetal calf serum, 2 mm L-glutamine, 50
units/ml penicillin, 50 ug/ml streptomycin, 0.1 mMm cytosine
B-Dp-arabinofuranoside hydrochloride, and 50 ng/ml NGF for 3
days in a humidified atmosphere containing 5% CO, at 37 °C.

SiRNA Transfection and Quantification of Neurite Length—
10° cells were electroporated using Amaxa nucleofector™ 11
system (program A-033 and nucleofector kit V) and plated in a
6-well plate. 3 days after electroporation cells were detached,
and 10° cells were re-transfected with the same siRNA using the
same protocol. Double-transfected cells were plated at a con-
centration of 250,000 per well and allowed to attach before
treatment with 100 ng/ml NGF for 3 additional days. To quan-
tify neurite outgrowth (NOG), phase contrast photographs
(10X objective) were taken using a Nikon digital camera Cool-
Pix 4500. For each set of electroporated cells, neurites from a
minimum of 100 cells for each of 3 randomly chosen optical
fields were measured using the image processing and analysis
software Image] from JAVA (rsb.info.nih.gov). Neurite length
(wm) was analyzed for statistical significance using Prism 3.0.
For quantification of NOG by immunocytochemistry, NS1 cells
plated in 96-well plates were treated with either increasing con-
centrations of the different stimuli, as indicated, for 3 days or
with increasing concentrations of inhibitors for 20 min fol-
lowed by a 3-day treatment with a single concentration of NGF
or dbcAMP. After fixing the cells with 3.7% formaldehyde and
staining with HitKit"™™ according to the manufacturer’s
instructions, NOG was visualized by the Cellomics Array Scan
HCS system using a 5X objective. Images acquired were ana-
lyzed using the NOG BioApplication algorithm and quantified
with the automated imaging instrumentation from Cellomics.
NOG index represents the percentage of neurons for which the
summed length of all neurites is higher than 20 um.

Quantitative  Reverse-transcriptase  Polymerase  Chain
Reactions—Total RNA extraction and DNase digestion were
performed according to manufacturer’s instructions. Nucleic
acid concentrations of the samples were determined using a
NanoDrop spectrophotometer. Equal amounts of total RNA
were used for cDNA synthesis, and qPCR reactions were per-
formed in triplicate using 2.5 ng of the total cDNA. Values
obtained were normalized against those for actin performed in
parallel in the same samples.

GeneChip Hybridization—NS]1 cells were treated with NGF
(50 ng/ml), bFGF (10 pg/ml), IL-6 (5 pg/ml), dbcAMP (500
um), forskolin (25 um), or PACAP38 (5 wg/ml) for 3,24, or 72 h.
Total RNA was extracted as described above, and contaminat-
ing DNA was removed according to the manufacturer’s in-
structions. Sample concentration and quality were confirmed
by Bioanalyzer 2100 (Agilent Technologies) before hybridiza-
tion. 5 ug of total RNA was used for target synthesis according
to the one-cycle target labeling protocol. cRNAs were quanti-
fied and qualitatively checked, as described above, before, and
after fragmentation. 15 ug of fragmented cRNA was used for
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GeneChip hybridization (16 h, 45 °C). Chips were washed and
labeled in the fluidics station using the protocol EuKGE-
WS2v_450. After scanning, CEL files were analyzed using
GCOS software to check poly(A) and hybridization controls.

Microarray Analysis—Analysis of microarray data were car-
ried out using R/Bioconductor. Quality control was performed
using the Simpleaffy package and principal component analysis
(PCA). One outlier was identified and excluded from the rest of
the analysis. Normalization was carried out with the gcrma
algorithm. Differentially expressed genes for each treatment
and time point versus the respective time-matched untreated
samples were detected using a modified ¢ test (eBayes method
of the Bioconductor Limma package) followed by Benjamini-
Hochberg false discovery rate (FDR) correction. For each time
point and treatment, gene selection was performed using a FDR
cut-off of 0.05 and absolute -fold change larger than 2, except
for bFGF, for which a lower -fold change threshold (1.7) was
chosen. The final list was obtained by selecting the genes that
changed applying the above-mentioned criteria for at least one
time point for each extracellular stimulus. Hierarchical cluster
analyses were carried out with the SpotFire software using aver-
age linkage (UPGMA) with correlation distance.

RESULTS

Systems Biology Approach to Identify Genes and Pathways
Essential to Neuronal Differentiation—Based on published
works on PC12 cells, we selected NGF (3, 4, 6), bFGF (11, 29,
30), IL-6 (9, 10), dbcAMP (12, 31), forskolin (14, 32), and
PACAP38 (13, 15, 18, 33) as different extracellular stimuli to
induce NS1 cell differentiation. Thereafter, we pursued a com-
prehensive systems biology approach by which we analyzed the
process of neuronal differentiation in NS1 cells from several
different aspects to shed light on this complex process. The
systems biology approach included, first, a characterization of
the neuritogenic capacities of six different stimuli, second, a
genome-wide microarray study aimed at the identification of
sets of genes relevant to neuronal differentiation, third, the
pharmacological treatment with several inhibitors of known
targets to dissect the signaling pathways involved in the proc-
ess, and finally, gene silencing studies to validate some of the
genes identified by the microarray analysis. The scheme of this
systems biology multiparty approach is shown in Fig. 1.

We experimentally determined EC,, concentrations for each
stimulus to induce differentiation of NS1 cells by performing
concentration curves for each of them. We assessed differenti-
ation by morphological evaluation under light microscopy and
quantification of NOG as described under “Experimental Pro-
cedures.” All the stimuli selected were capable of inducing neu-
ronal differentiation although to a different extent, with NGF
and dbcAMP the most potent inducers. Except for bEFGF, all the
stimuli induced NS1 cell neurite extension in a concentration-
dependent manner, as shown in supplemental Fig. 1a. bFGF,
although clearly inducing NS1 cells to extend neurites (supple-
mental Fig. 1a, right panel, d'), did not show concentration
dependence when NOG was quantified (data not shown).
Remarkably, the shape of the cell bodies and neurites was
clearly different in cells treated with the different stimuli.
Indeed, differentiation mediated by dbcAMP, forskolin, and
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SYSTEMS BIOLOGY APPROACH APPLIED TO THE STUDY OF
NEURONAL DIFFERENTIATION

Undifferentiated
NS1 cells

NGF, bFGF, IL-6, dbcAMP, forskolin, PACAP38

Neuronally differentiated target-specific

selected SIRNAs =3 NS1 cells \ inhibitors
WHOLE-GENOME ARRAY ASSESSMENT OF NEURONAL SIGNAL TRANSDUCTION
ANALYSIS DIFFERENTIATION STUDIES

« Bioinformatics analyses

« Selection of genes regulated
in common by all stimuli

* Morphology
« Neurite outgrowth
« Markers of differentiation

» Pathway activation analysis
* Neurite outgrowth
*» Markers of differentiation

terin (36, 44), sodium channel type
II subunit (37), urokinase plasmin-
ogen-activating receptor (38, 45),
and growth-associated protein 43
(39, 46) are truly markers for dif-
ferentiation rather than NGF-as-
sociated markers. In addition
these markers were regulated by
NGF also in SCG primary neurons
(data not shown). Interestingly,
the degree of gene expression reg-
ulation of these differentiation
markers correlated well with the
degree of NOG induction, as NGF
and dbcAMP were also the strong-

v

GENES/PATHWAYS ESSENTIAL FOR NEURONAL DIFFERENTIATION

FIGURE 1. Scheme of the systems biology approach used for the identification of genes and pathways
essential to neuronal differentiation. Undifferentiated NS1 cells were induced to differentiate by treatment
with several neuritogenic stimuli as indicated for 3, 24, and 72 h. Whole-genome array hybridizations were
performed after extraction of total RNA from differentiated cells. Neuronal differentiation and involvement of
several signal transduction pathways were assessed as described under “Experimental Procedures” by quan-
tifying neurite outgrowth and expression of markers for differentiation and by Western blot with specific
phospho-antibodies during neuronal differentiation with the stimuli shown in the figure in the absence and
presence of specific small molecule inhibitors of known targets. To validate the role of candidate genes iden-
tified in the process, specific siRNAs were transfected into NS1 cells, which were then induced to differentiate.
The integration of the results obtained from the different approaches described allowed the identification of
Plk2 and PVR as essential players for NGF-induced differentiation and regulation of the negative player Cryab
and in addition allowed to demonstrate the requirement for JAK kinase activation in addition to the MAPK

activation.

PACAP38 was characterized by round-shaped larger cell bod-
ies and shorter and thinner neurites (supplemental Fig. 1a, right
panel, e'-g') when compared with the morphology acquired
upon differentiation with NGF, bFGF and IL-6 (supplemental
Fig. 1a, right panel, b'-d’). Indeed, NGF-, bFGF-, and IL-6-
treated cells showed angular-shaped cell bodies and longer and
thicker neurites characteristic of NGF-driven differentiation (3,
4, 6, 11, 29, 30). These observations suggested that pathways
and/or genes used by NGF, bFGF, and IL-6 to induce neuronal
differentiation may diverge from those used by dbcAMP, for-
skolin, and PACAP38. To confirm that the morphological
changes observed were indeed associated to neuronal differen-
tiation, we performed qPCR analysis to assess the regulation of
known markers of NGF-driven differentiation (34—39).
Although the vast majority of markers investigated showed up-
or down-regulation induced by NGF, as expected, eight among
them were regulated also upon treatment with each of the other
stimuli (supplemental Fig. 15). These results further confirmed
that the phenotypic changes induced by the treatments under
study were effectively associated to neuronal differentiation of
NSI1 cells. Moreover, our results suggested that markers such as
microtubule-associated protein 1b (34, 40), ribosomal protein
L19 (35), cyclin D1 (41), acetylcholine receptor 2 (42, 43), clus-
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I I est inducers of marker gene
CANDIDATE GENES CANDIDATE PATHWAYS expression (data not shown). Mark-
| L ers such as acetylcholine receptor 2,

cyclin D1, microtubule-associated
protein 1b, and ribosomal protein
L19 showed higher up-regulation
upon dbcAMP, forskolin, and
PACAP38 treatment as compared
with NGF, bFGF, and IL-6 treat-
ments (data not shown). These
results further reinforce our
hypothesis of these stimuli belong-
ing to two separate categories.

Microarray Gene Expression Study;
Experimental Design and Bioinfor-
matics Analyses—After characteriza-
tion of the differentiating stimuli in
NS1 cells and to facilitate the dis-
covery of unique genetic markers
that accompany neuronal differen-
tiation, we performed a comprehensive and systematic whole-
genome microarray experiment. Total RNA samples were col-
lected upon treatments with NGF, bFGF, IL-6, dbcAMP,
forskolin, and PACAP38 for different time lengths. To obtain
statistical significance, three biological replicates were pre-
pared for each treatment and time point.

PCA confirmed the coherence of the overall microarray
experiment, allowing the identification of one outlier, which
was excluded from subsequent analyses. PCA revealed the
presence of two principal clusters of treatments. On one
side, dbcAMP, forskolin, and PAPAP38 treatments clustered
together and clearly separated from untreated samples.
On the other side, NGF, bFGF, and IL-6 treatments clustered
together and separated from untreated controls and from
the first cluster (Fig. 2a). In addition and despite the pres-
ence of some outliers, each group of stimuli clustered by time
point rather than by treatment when PCA was evaluated
with this parameter (Fig. 2b). These results further con-
firmed the initial suggestion of two major categories of stim-
uli based on morphological observations, with NGF, IL-6,
and bFGF constituting one category and dbcAMP, forskolin,
and PACAP38 composing the other. Hierarchical cluster
analysis, which allows the clustering of stimuli based on their
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FIGURE 2. Microarray experiment; principal component analysis. PCA confirmed the overall coherence of the microarray experiment. PCA showed the
expected clustering of untreated control samples versus samples of cells treated with the different stimuli (see “Results”). The figure shows PCA three-
dimensional representation where colors represent either different treatments (a) or different time points (b).

similarities, clearly confirmed these results (supplemental
Fig. 2).

Identification of Genes Regulated by All the Stimuli Leading
to Neuronal Differentiation—With the aim of investigating
transcriptional changes relevant to neuronal differentiation
rather than associated to a particular stimulus and/or corre-
sponding signaling pathway, we searched for genes regulated in
common by all the stimuli. We selected genes up- or down-
regulated by each stimulus at least at one time point with an
absolute -fold change greater than 2 and FDR lower than 0.05.
Because bFGF displayed weaker NOG and gene regulation for
this treatment we considered a -fold change of 1.7 as the thresh-
old. Using these criteria, we identified 34 genes whose expres-
sion was regulated upon each of the treatments examined
(Table 1). qPCR analysis, performed with specific primers in the
same samples, confirmed the differential expression of 31 of
these genes (in bold in Table 1). -Fold change and FDR values
for this group of 34 genes as well as for all the additional genes
regulated by all members of each of the two categories of neu-
ritogenic stimuli are shown in supplemental Table 1.

Given the controversial role of the small heat shock protein
Cryab in the pathology of MS (22-26) and despite the fact that
its corresponding gene was not revealed in the present microar-
ray study, we performed qPCR analysis using specific primers
for Cryab in the same samples used for the microarray study.
Interestingly, Cryab was down-regulated by all the stimuli
investigated (Fig. 3). We, therefore, added this gene to the list of
the 31 selected genes and decided to investigate its potential
role in the process.
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Effect of Several Target-specific Inhibitors on NGF- and
dbcAMP-induced Neuronal Differentiation—The analyses of
the microarray study together with the morphological and bio-
chemical observations suggested a clustering of the neurito-
genic stimuli into two categories, most likely because of the
usage of different pathways and/or set of genes to induce differ-
entiation. To shed light on the potential signaling pathways
involved, we investigated the effect of several small molecule,
target-specific inhibitors on neurite outgrowth induced by
NGF and dbcAMP as representative of the two groups of stim-
uli. Among more than 20 small molecule inhibitors tested, only
six affected NGF- or dbcAMP-induced neurite outgrowth in a
concentration-dependent manner and accordingly to their
potency for their respective targets. As expected, inhibition of
the MAPK kinase MEK1/2 by the specific inhibitor AS-702789,
recently developed by Merck Serono (supplemental Fig. 3),
resulted in complete inhibition of both NGF-and dbcAMP-
triggered neurite outgrowth, showing IC, values of 17.13 and
101 nMm for dbcAMP- and NGF-induced differentiation, respec-
tively (Fig. 4a, a'). These values are in perfect correlation with
the in vitro potency of this inhibitor against MEK1/2 and to its
potency in MEK-dependent cellular readouts (supplemental
Fig. 3, a and b—d). These results clearly confirmed that, as in
PC12 cells (47, 48), also in NS1 cells, both NGF- and dbcAMP-
activated pathways converge at least at the level of MAPK acti-
vation to induce neuronal differentiation. In agreement with
these results, AS-702789 also inhibited both NGF- and
dbcAMP-induced ERK phosphorylation, as assessed by West-
ern blot (data not shown).
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TABLE 1
Genes differentially regulated by each extracellular stimulus

The table lists the genes identified by microarray analysis to be up- or down-regulated by all stimuli in at least one time point with an absolute -fold change >2 and an FDR
value <0.05. Those genes whose stimulus-induced regulation was not confirmed by qPCR are in gray. For genes in which regulation was observed with two or more
probesets, only one probeset is listed. BMP, bone morphogenic protein; EGL, egg-laying protein; ErbB, erythroblastic leukemia viral oncogene homolog; and Eph, ephrin.

ProbesetCode  [RefSeq |Gene Acronym |Gene Description
1387219_at NM_012715.1 Adm adrenomedullin
1372736_at XM_001073642.1 Agl_predicted amylo-1,6-glucosidase, 4-alpha-glucanotransferase
1370902_at NM_173136.1 Akr1b8 aldo-keto reductase family 1, member B8
1387184_at NM_024355.1 Axin2 axin2
1391791_at NM_001107943.1 Asah3l_predicted N-acylsphingosine amidohydrolase 3-like
1370823_at NM_139082.2 Bambi BMP and activin membrane-bound inhibitor, homolog (Xenopus laevis)
1378045_at XM_001081530.1 C1qgl1_predicted complement component 1, q subcomponent-like 1
1377064 _at NM_053883.2 Dusp6 dual specificity phos phatase 6
1368174_at NM_019371.1 Egln3 E GL nine homolog 3 (C. elegans)
1368321_at NM_012551.1 Egr1 early growth response 1
1389975_at NM_001077651.1 Elavi4 embryonic lethal, abnormal vision, Drosophila-like 4
1373093_at NM_001014071.1 Errfil ERBB receptor feedback inhibitor 1
1375729_at XM_244186.4 E pha4 E ph receptor A4
1380168_at XM_001081496.1 Etv4_predicted ets variant gene 4
1368092_at NM_017181.2 Fah fumarylacetoacetate hydrolase
1368489_at NM_012953.1 Fosl1 fos-like antigen 1
1368503_at NM_024356.1 Gch GTP cyclohydrolase 1
1368451_at NM_053506.1 Hrh3 his tamine receptor H3
1369428_a_at NM_024394.2 Htr3a 5-hydroxytryptamine (serotonin) receptor 3a
1387144_at NM_030994.2 Itgal integrin alpha 1
1369643 _a_at NM_134408.1 Lphn2 latrophilin 2
1372158 _at NM_139337.1 Lrp16 MACRO domain containing 1
1371883_at NM_001007673.1 Mmd monocyte to macrophage differentiation-ass ociated
1376648_at NM_001013096.1 Mycn v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (avian)
1370408_at NM_173126.2 Nid67 putative s mall membrane protein NID67
1389112_at XM_001066780.1 Nkd1_predicted naked cuticle 1 homolog (Drosophila)
1368106_at NM_031821.1 Plk2 polo-like kinase 2 (Dros ophila)
1370177_at NM_017076.1 PVR poliovirus receptor
1370989_at NM_012643.1 Ret ret proto-oncogene
1378160_at XM_001073918.1 Sdfr2 ferric-chelate reductase 1
1389353_at XM_001077367.1 Sema6d_predicted  sema domain, transmembrane domain (TM), and cytoplasmic domain, (semaphorin) 6D
1379805_at XM_001079703.1 Slc41a2_predicted solute carrier family 41, member 2
1373590_at NM_001037583.1 Stom stomatin
1368641_at NM_053402.1 Wnt4 wingless-related MMTYV integration site 4
2_
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FIGURE 3. Regulation of Cryab gene expression during differentiation.
NS1 cells were left untreated or treated with NGF (50 ng/ml), bFGF (10 ng/ml),
IL-6 (5 wg/ml), dbcAMP (500 um), forskolin (25 um), or PACAP38 (5 wg/ml) for
3 h (empty bars), 24 h (black bars), or 72 h (crossed bars) as indicated. Cryab
gene expression is shown as -fold change over untreated samples.

Inhibition of JAK kinases with the specific, non-isoform-se-
lective, JAK kinase inhibitor, JAK inhibitor I, completely
blocked NGF-induced differentiation and slightly hampered
dbcAMP-induced differentiation (Fig. 4a, b"). This indicates
that NGF and, to alesser extend, dbcAMP use JAK activation to
achieve neuronal differentiation. Once again, these results cor-
relate with a clear inhibition of NGF-induced compared with
the lack of effect on dbcAMP-induced ERK phosphorylation
exerted by this inhibitor (data not shown). It has to be noted
that similar to NGF, complete inhibition of IL-6-induced NOG
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was observed upon both MEK and JAK inhibition under the
same conditions, showing IC, values of 6.6 and 47 nMm, respec-
tively (data not shown).

Staurosporine, a non-selective serine/threonine pan pro-
tein kinase inhibitor, completely abrogated NGF-driven dif-
ferentiation, in agreement with previously published data
(49, 50). Surprisingly, however, this inhibitor clearly enhanced
dbcAMP-induced neurite outgrowth (Fig. 44, ¢'). This is in
good correlation with an increase in dbcAMP-induced ERK
phosphorylation exerted by staurosporine, in contrast to its
inhibition of NGF-induced ERK phosphorylation (data not
shown). Nevertheless, given the non-selective nature of stauro-
sporine, it is difficult to conclude on the mechanism(s) poten-
tially involved in this activation.

Blockade of protein kinase A with the specific inhibitor H89
inhibited dbcAMP-induced differentiation as predicted (47, 51)
but clearly and concentration dependently enhanced NGF-in-
duced differentiation (Fig. 4a, d'). These results point to a neg-
ative feedback exerted by dbcAMP-activated signaling path-
ways on the NGF-activated pathways leading to neuronal
differentiation. Moreover, inhibition of PI3K« and one of its
downstream effectors, mTOR, by AS-702630 (52) and rapamy-
cin, respectively, had the same consequences as protein kinase
A inhibition, as they blocked dbcAMP-induced differentiation
while enhancing NGF-induced differentiation in the same
concentration-dependent manner (Fig. 44, e’ and f). This
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FIGURE 4. Effect of distinct target-specific, small molecule inhibitors on neuronal differentiation. g, effect on neurite outgrowth induced by NGF or
dbcAMP.NST1 cells were pretreated for 20 min with DMSO or specific inhibitors of known targets as indicated. After pretreatment with inhibitors, 50 ng/ml NGF
(full symbols) or 500 um dbcAMP (empty symbols) were added for 72 h. Afterimmunofluorescence staining, NOG index was quantified using Cellomics software,
as described under “Experimental Procedures.” AS-702789, MEK1/2-specific inhibitor; JAK inhibitor I, pan-JAK1/2/3-specific inhibitor; H89, protein kinase
A-specific inhibitor; AS-702630, PI3Ka-specific inhibitor. b, effect on differential gene expression induced by NGF and dbcAMP. NS1 cells were pretreated with
DMSO or AS-702789 (10 um), JAK inhibitor | (10 um), H89 (10 um), AS-702630 (10 um), rapamycin (1 um), or staurosporine (10 nm) before the treatment with NGF
or dbcAMP as described in a. Total RNA was extracted after 3, 24,and 72 h, and gPCR analysis of the 31 selected genes as well as for Cryab, was performed using
specific primers. Heatmap shows hierarchical cluster analysis of -fold changes in expression (log2 scale). Red, green, and black represent up-, down-, and
no-regulation, respectively, in the presence of NGF or dbcAMP and inhibitor compared with NGF or docAMP in the absence of inhibitor. Bold lines on the left
indicate the two clusters of genes down- or up-regulated by treatments inhibiting differentiation. ND, not determined.
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effect was specific to the PI3K« isoform, as inhibitors spe-
cific against PI3KB, PI3Ky, or PI3Ké did not affect either
NGF- nor dbcAMP-induced neuronal differentiation (data
not shown). Moreover, inhibition of the dbcAMP-induced
neuronal differentiation with H89, AS-702630, and rapamy-
cin correlated well with their inhibition of dbcAMP-induced
ERK1/2 phosphorylation, whereas, in contrast, they did not

(fold-change over untreated)

NGF-induced gene expression changes
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NGF-induced gene expression changes
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affect ERK phosphorylation induced by NGF (data not
shown). In the same experiments, AS-702630 showed inhi-
bition of both NGF- and dbcAMP-induced Akt phosphoryl-
ation, confirming its expected on-target effect, namely inhi-
bition of PI3K.

These results suggest the existence of a negative feedback
exerted on NGF-induced pathways by a cAMP-activated path-
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way(s) which might involve at least protein kinase A, PI3Kq,
and its downstream effector mTOR. Given the fact that protein
kinase A, PI3Ka, and mTOR inhibition did not affect NGEF-
induced ERK phosphorylation, we propose that their negative
feedback on NGF-activated pathways leading to differentiation
might take place downstream of ERK.

Effect of Several Target-specific Inhibitors on NGF- and
dbcAMP-induced Differential Gene Expression—We next
investigated the effect of the small molecule, target-specific
inhibitors found to affect neuronal differentiation on the regu-
lation of NGF- and dbcAMP-regulated expression of the genes
shown in Table 1 and of Cryab. We performed qPCR analysis
on total RNA extracted from cells treated with NGF or
dbcAMP for 3, 24, and 72 h in the absence or in the presence of
inhibitors and analyzed changes in gene expression induced by
these inhibitors during NGF or dbcAMP stimulation. Treat-
ment of cells with these inhibitors affected gene expression reg-
ulation induced by NGF and dbcAMP for all the genes shown in
Table 1, including Cryab. Moreover, hierarchical cluster anal-
ysis demonstrated the clustering of treatments such as the
blockade of NGF-induced differentiation with staurosporine,
MEK, and JAK inhibition and blockade of dbcAMP-induced
differentiation by MEK inhibition. Furthermore, clustering of
these treatments allowed us to identify two main groups of
genes, one composed of 14 genes up-regulated upon inhibitory
treatment and a second composed of 9 genes showing down-
regulation upon inhibitory treatment (Fig. 45). In addition, it is
important to note that NGF- or dcbAMP-induced gene regula-
tion of most of the genes within these two groups was reversed
in the presence of the inhibitors mentioned. These findings are
in good correlation to our initial hypothesis sustaining that
genes regulated in common by all stimuli are likely to be funda-
mentally relevant to the process of neuronal differentiation
rather than specifically associated to NGF- or dbcAMP-acti-
vated pathways. Indeed, when the process is blocked, the
expression of these genes is reversed regardless the presence of
the stimuli triggering the differentiation. Association of these
two sets of genes as a whole with additional treatments that
enhanced NGF- or dbcAMP-induced differentiation was less
evident (Fig. 40).

Role of Plk2, PVR, and Cryab on NGF-induced Neuronal
Differentiation—W e next investigated the role on neuronal dif-
ferentiation played by Plk2 and PVR, two genes found up-reg-
ulated by each differentiating stimulus, and by Cryab, which
was found instead down-regulated by all of them. NS1 cells
transfected with Plk2-, PVR-, or Cryab-specific siRNAs were
induced to differentiate in the presence of NGF, as described
under “Experimental Procedures.” Silencing of Cryab clearly
enhanced NGF-induced neuronal differentiation, as shown in
Fig. 5a. In contrast, silencing of either PIk2 or PVR strongly
inhibited neurite outgrowth induced by NGF (Fig. 5a). The effects
on neurite outgrowth were mainly observed in the length rather
than in the number of neurites per cell or in the degree of neurite
ramification. Interestingly, silencing of Cryab enhanced NGE-
induced up-regulation of the differentiation markers clusterin,
sodium channel type II subunit, and urokinase plasminogen-
activating receptor, whose expression was not affected by
silencing of PIk2 and PVR. In contrast, silencing of the latter two
genes decreased the NGF-induced down-regulation of a differ-
ent set of differentiation markers, namely, cyclin D1 and
growth-associated protein 43 (Fig. 5b). These results further
confirmed the opposite and crucial roles on neuronal differen-
tiation played by Plk2 and PVR on one side and by Cryab on the
other. Given that the expression of PIk2 and PVR is regulated
during differentiation in an opposite way than that of Cryab and
that silencing their respective expressions clearly affected this
process in opposite ways, we subsequently investigated
whether silencing of PIk2 and/or PVR affected the expression of
Cryab or vice versa in the attempt to confirm or rule out their
involvement in a unique pathway leading to neuronal differen-
tiation. Interestingly, whereas silencing of Cryab did not signif-
icantly affect the expression of either Plk2 or PVR but affected
the regulated expression of most of the other genes shown in
Table 1 (data not shown), silencing of both P/k2 and PVR sig-
nificantly decreased NGF-induced Cryab down-regulation
(Fig. 5¢). In contrast, silencing of Plk2 or PVR did not signifi-
cantly affect their respective NGF-regulated expressions (data
not shown). These results suggest that Cryab is regulated by
and, thus, located downstream of P/k2 and PVR in a single path-
way or in converging pathways mediating NGF-induced differ-
entiation. Moreover, inhibition of NGF-induced differentiation

FIGURE 5. Cryab, PIk2, and PVR are critical for neuronal differentiation and NGF-induced gene regulation. NS1 cells were transfected with either a control
siRNA targeting an mRNA not present in rat cells, or with siRNAs-specific against Cryab, Plk2, or PVR. 72 h after transfection, cells were re-transfected with the
same siRNAs for a second time and induced to differentiate with 100 ng/ml NGF for an additional 72 h. g, effect of silencing Cryab, PIk2, and PVR on neurite
outgrowth. Left, phase-contrast photomicrographs from representative cultures of NGF-treated cells transfected with control (a’), Cryab (b"), PIk2 (c'), or PVR
(d") siRNAs. The graph shows the quantification of the effect of siRNA on neurite outgrowth, expressed as the average of neurite length (um) per cell and
quantified as described under “Experimental Procedures” for the experiment exemplified in the photomicrographs shown on the left. This experiment is
representative of at least three other experiments with identical results. Per each condition, neurites were measured from =100 cells spread in to 3 different
optic fields chosen randomly, as described under “Experimental Procedures” (p < 0.05, as calculated by unpaired t test). The scale bar represents 100 um. The
table shows the percentage of residual mRNA expression for each gene after its silencing with the specific siRNA, as quantified by qPCR in the experiment
shown in the graph. b, effect of Cryab, Plk2, and PVR silencing on NGF-induced regulation of the expression of differentiation markers. Expression of eight
differentiation markers (supplemental Fig. 1b) was determined by qPCR with specific primers on total RNA samples from cells treated with siRNA and induced
to differentiate. The upper panel shows the effect of Cryab silencing on the NGF-induced regulation of the expression of clusterin (CLU), sodium channel type
Il subunit (Scn2a), and urokinase plasminogen-activating receptor (PLAUR) (full bars) as compared with transfection with a control siRNA (empty bars) (p < 0.05
as calculated by unpaired t test). The lower panel shows the effects of Plk2 (hashed bars) or PVR (crossed bars) silencing on NGF-induced regulation of
growth-associated protein 43 (GAP43) and cyclin D1 as compared with control siRNA (empty bars) (p < 0.05 as calculated by unpaired t test). The experiment
shown is representative of at least three experiments with identical results. ¢, effect of PIk2 and PVR silencing on the regulation of Cryab induced by NGF.
Silencing of both Plk2 (hashed bar) and PVR (crossed bar) significantly decreased the down-regulation of Cryab gene expression exerted by NGF as compared
with control cells transfected with a control siRNA (empty bar) and induced to differentiate with NGF as described for a and b and determined by qPCR. ctrl,
control.
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FIGURE 6. Effect of the inhibition of JAK, MEK, and PI3Ka on Cryab, Plk2, and PVR gene expression. NS1 cells were pretreated with 10 um concentrations
of either AS-702789, JAK inhibitor |, AS-702630, or DMSO for 20 min before the addition of NGF (50 ng/ml) for 3, 24, and 72 h. Expression levels of Cryab, PIk2,
and PVR were quantified by qPCR and are expressed as the -fold change relative to untreated cells. Empty and full bars represent expression levels in the
absence and presence of inhibitors, respectively. g, b, and ¢, treatment with JAK inhibitor [; d, e, and f, treatment with AS-702789; g, h, and i, treatments with
AS-702630. Cryab gene expression (a, d, and g), PIk2 gene expression (b, e, and h), and PVR gene expression (¢, f, and i) is shown.

by inhibiting MEK and JAK kinases resulted in a dramatic
decrease or even reversion of the up-regulation of both Plk2 and
PVR triggered during differentiation (Fig. 6, b, ¢, e, and f). Con-
versely, enhanced NGF-driven differentiation upon inhibition
of PI3Ka resulted in the increase of NGF-induced up-regula-
tion of these two genes (Fig. 6, & and i). In contrast, NGF-in-
duced down-regulation of Cryab was significantly decreased
upon JAK and MEK inhibition (Fig. 6, a and d). These results
are in agreement with a role of Cryab as a negative regulator of
neuronal differentiation whose expression is modulated by P1k2
and PVR, which are indeed required for this process and are
regulated downstream of MEK and JAK in response to NGF.
The relevance of these novel findings is reinforced by the fact
that NGF-induced up-regulation of Plk2 and PVR as well as the
NGF-induced down-regulation of Cryab were also confirmed
in primary SCG neurons isolated from rat newborns (Fig. 7).

DISCUSSION

In the present study we have applied a systems biology
approach by combining biochemical, whole-genome array,
bioinformatics, and gene silencing as well as pharmacological
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FIGURE 7. Regulation of the expression of Cryab, Plk2, and PVR by NGF in
rat superior cervical ganglia primary neurons. After dissection, SCG neu-
rons were left untreated or treated with 50 ng/ml NGF for 72 h. NGF-regulated
expression of Plk2, PVR, and Cryab is shown as -fold change over untreated
samples, as indicated.

studies to provide compelling evidence of the requirement of
several signaling pathways leading to the global gene regulation
associated to neuronal differentiation. In addition to the recog-
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FIGURE 8. Scheme of a model outlining the proposed relationship between the newly revealed genes Plk2, PVR, and Cryab during the NGF differen-
tiation program. Blue arrows indicate activation of known NGF-driven pathways. Red arrows represent the genes/pathways discovered in the present study.
NGF leads to the activation of the Ras-Braf-MAPK and Rap1-Braf-MAPK pathways, which result in ERK1/2 activation and gene transcription. In addition,
stimulation of NS1 cells by NGF triggers the activation of PI3Ka and its consequent Akt phosphorylation. Akt phosphorylation is in turn negatively regulated by
MEK in a NGF-induced negative feedback loop. By an as yet unknown mechanism, NGF-driven ERK activation results in the expression of Plk2 and PVR. PIk2
(cytosolic) and PVR (transmembrane) proteins lead to the down-regulation of Cryab, which functions as a downstream suppressor of NGF-induced neurite

outgrowth.

nized MEK activation, our results suggest the involvement of
other transduction pathways such as JAK, PI3Ka, mTOR, and
protein kinase A. Analysis of gene expression changes during
differentiation of NS1 cells with NGF, bFGF, IL-6, dbcAMP,
forskolin, and PACAP38 has led to the identification of 31
genes showing regulated expression by each of the stimuli. The
presence of genes such as Egr1, Fosl1, and Dusp6, found in sev-
eral other studies during NGF-induced neuronal differentia-
tion (3, 53, 54), further confirmed the good quality of the exper-
imental design and of the overall whole-genome array study.
Hierarchical cluster and principal component analyses
revealed the existence of two main categories of stimuli com-
prising NGF, bFGF, and IL-6 on one hand and dbcAMP, for-
skolin, and PACAP38 on the other. Indeed, gene expression
changes induced by stimuli belonging to one or the other cate-
gories clustered together and separated from each other and
from untreated samples. Thus, suggesting that each category of
stimuli uses divergent sets of genes and/or pathways to induce
neuronal differentiation. This is further supported by our find-

NOVEMBER 13, 2009+VOLUME 284+-NUMBER 46

ings showing both dissimilar differentiation-associated cell
morphologies and regulation of differentiation markers, in-
duced by these two categories of stimuli. Using selective inhib-
itors during differentiation of NS1 cells with NGF or dbcAMP
as representative of the two categories of stimuli, we demon-
strated that the expression of the 31 genes identified as regu-
lated by all stimuli and of Cryab is consistently deregulated
upon inhibition or enhancement of neuronal differentiation,
hence further validating the critical involvement of these genes
in the process of neuronal differentiation.

Among these genes, we identified P1k2 and PVR as strongly
up-regulated by each stimulus. These two genes have been
found also in recent microarray studies performed on NGF-
treated PC12 cells (3, 55). P1k2 is a member of the highly con-
served Polo-like kinase family (56), playing a role on cell cycle
progression (57). However, P1k2 is not expressed in proliferat-
ing tissues such as thymus, liver, or intestine but is expressed in
brain, although its function is not fully understood (58). PVR/
CD155is an adhesion molecule acting as a virus receptor for the
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central nervous system. Although PVR has been suggested to
play a role during cellular migration (59, 60), its cellular func-
tions have not been clearly established.

On the other hand, the small heat shock protein Cryab,
although not present in the microarray results, was down-reg-
ulated during differentiation by each of the stimuli investigated,
when the samples were analyzed by qPCR. This down-regula-
tion has never been reported before despite the increasing
attention recently paid to this protein because of its controver-
sial contribution to the pathogenesis of MS. Indeed, Cryab,
which is a component of brain myelin, was found as the most
abundant unique transcript in MS plaques. Furthermore, it has
been shown that peripheral blood mononuclear cells from MS
patients contain large amounts of Cryab specific auto-reactive
T cells (22-25). Recently, however, a protective role of Cryab
during experimental autoimmune encephalomyelitis, the ani-
mal model mirroring MS, has been published (26). In addition,
B- and 7y-crystallin family members, have been suggested to
play a role during axonal regeneration (27, 28).

Using specific siRNAs to silence Plk2, PVR, and Cryab, we
prove their critical and opposing roles on neuronal differentia-
tion. On one hand we show that P/k2 and PVR are essential for
NGF-induced differentiation, which does not take place in the
absence of their expression. On the other hand, we demonstrate
that Cryab plays a negative role in this process, as its silencing
enhances NGF-induced differentiation. In addition, we show
that inhibition of MEK and JAK kinases not only blocks NGF-
and dbcAMP-induced differentiation but also results in the
down-regulation of P/k2 and PVR and in the concomitant up-
regulation of Cryab. Moreover, silencing of P/k2 and PVR inhib-
its neuronal differentiation while inducing the up-regulation of
Cryab.

Furthermore, we demonstrate for the first time the negative
role exerted by PI3Ka on NGF-induced differentiation, show-
ing that its inhibition clearly enhances NGF-induced neurite
outgrowth. Our results also suggest that, in order for differen-
tiation to take place, activation of MEK upon treatment with
NGF leads to partial inhibition of PI3K« activity. Indeed, block-
ade of NGF-induced differentiation by inhibition of MEK
resulted in enhanced Akt phosphorylation, and inhibition of
PI3Ka led to enhanced NGF-induced differentiation. Although
the prevailing view considers ERK and PI3K as involved in two
distinct pathways, their cross-talk has already been proposed
previously (61, 62).

Our results, schematized in Fig. 8, provide evidence that
NGF-induced neuronal differentiation requires, in addition to
ERK, activation of one or more isoforms of JAK kinase and a
parallel inhibition of the negative player PI3Ka. Finally, NGF
stimulation results in the up-regulation of Plk2 and PVR, two
genes identified in the present study as essentially required for
neuronal differentiation, and in the down-regulation of the
downstream negative effector of differentiation, Cryab (Fig. 8).
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