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Pituitary adenylate cyclase-activating polypeptide (PACAP)
exerts trophic effects on several neuronal, neuroendocrine,
and endocrine cells. To gain insight into the pattern of the
transcriptional modifications induced by PACAP during cell
differentiation, we studied the effects of this neuropeptide on
rat pheochromocytoma PC12 cells. We first analyzed the tran-
scriptome of PC12 cells in comparison to that of terminally
differentiated rat adrenomedullary chromaffin cells, using a
high-density microarray, to identify genes associated with the
proliferative phenotype that are possible targets of PACAP
during differentiation of sympathoadrenal normal and tu-
moral cells. We then studied global gene expression in PC12
cells after 48 h of exposure to PACAP, using both cDNA mi-
croarray and suppression subtractive hybridization technol-
ogies. These complementary approaches resulted in the iden-

tification of 75 up-regulated and 70 down-regulated genes in
PACAP-treated PC12 cells. Among the genes whose expres-
sion is modified in differentiated cells, a vast majority are
involved in cell proliferation, survival, and adhesion/motility.
Expression changes of most of these genes have been associ-
ated with progression of several neoplasms. A kinetic study of
the effects of PACAP on some of the identified genes showed
that the neuropeptide likely exerts early as well as late actions
to achieve the gene expression program necessary for cell
differentiation. In conclusion, the results of the present study
underscore the pleiotropic role of PACAP in cell differentia-
tion and provide important information on novel targets that
could mediate the effects of this neuropeptide in normal and
tumoral neuroendocrine cells. (Endocrinology 144: 2368–2379,
2003)

DIFFERENTIATION IS A FUNDAMENTAL process
necessary for the specification of the various cell phe-

notypes during development and is a key step of cell growth
that allows the transition from proliferating progenitor cells
to specialized, functionally oriented cells. Understanding the
molecular mechanisms underlying the numerous facets of
cell differentiation for a given phenotype can be of utility for
the study of not only developmental aspects but also tumor-
igenic events.

Elucidation of the genetic program that governs differen-

tiation of a cell type can be approached by using in vitro
models to gain insight into the molecular events occurring in
vivo. The pheochromocytoma PC12 cell line, which originates
from a tumor of rat adrenochromaffin cells, has been widely
used to decipher the mechanisms of neuroendocrine and
neuronal cell differentiation (1, 2). Adrenochromaffin cells
are terminally differentiated neuroendocrine cells that derive
from neural crest progenitors that also give rise to the sym-
pathetic neurons. Differentiation of PC12 cells can be in-
duced by different trophic factors, including nerve growth
factor and glucocorticoids, toward sympathetic and chro-
maffin-like phenotypes (3, 4).

Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a 38-amino acid, �-amidated peptide that reg-
ulates multiple functions in the central nervous system and
in peripheral tissues via two types of G protein-coupled
receptors: a PACAP selective receptor, PAC1-R, and two
PACAP/vasoactive intestinal polypeptide mutual receptors,
VPAC1-R and VPAC2-R (5–7). These receptors have been
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shown to activate different signal transduction pathways
that recruit several protein kinases, such as protein kinase A
and the MAPK ERK 1/2, which in turn induce or repress
transcription of genes associated with homeostasis, growth,
and differentiation in various cell types (6, 8–10). PACAP has
been shown to induce growth arrest and to promote neuritic
extension in PC12 cells (8, 11, 12), thus offering an oppor-
tunity to study the differentiation mechanisms induced by a
ligand of G protein-coupled receptors in neuroendocrine
cells.

In the adrenal medulla, PACAP has been shown to func-
tion as a neurotransmitter to regulate catecholamine, as well
as neuropeptide biosynthesis and release in vitro and in vivo,
through activation of PAC1-R and downstream signaling
cascades in physiological and pathophysiological conditions
(13–18). The presence of PAC1-R has also been demonstrated
in pheochromocytomas by receptor autoradiography (19),
indicating that PACAP may act on these tumors to influence
catecholamine release in vivo, a life-threatening process in
patients with pheochromocytoma. In fact, PACAP-like im-
munoreactivity has also been observed in pheochromocyto-
mas (20), suggesting that an autocrine loop involving
PACAP and its receptor may be responsible for a chronic
effect of the neuropeptide in this type of tumor. In addition,
PACAP may exert trophic and antiapoptotic effects that
could influence the progression and differentiation of neo-
plastic cells, as has been reported in various neuroendocrine
tumors (21–23).

In a recent study aimed at characterizing the phenotype of
PACAP-differentiated PC12 cells, we have shown that the
neuropeptide elicits a dual neuronal and neuroendocrine
differentiation, suggesting that PACAP may represent a tro-
phic factor for sympathoadrenal cells (24). PACAP altered
the electrical properties and the expression of genes encoding
noradrenergic-determining transcription factors as well as
components of the secretory machinery in differentiated
cells, indicating that the neuropeptide triggers the transcrip-
tion of a wide variety of genes to induce cell differentiation.
In the present study, we report on the global gene expression
changes occurring in PC12 cells that have been differentiated
for 48 h by PACAP, using both high-density microarray and
suppression subtractive hybridization (SSH) technologies. In
addition, validation of PACAP-regulated genes has been
performed with a homemade macroarray and by Northern
blot and quantitative RT-PCR analyses. These efforts have
resulted in the identification of genes and gene families that
are candidates for early and late molecular mechanisms un-
derlying cell differentiation induced by PACAP that could
occur in normal and tumoral conditions.

Materials and Methods
Animals and cell culture

Male Wistar rats (Centre d’Elevage Depré, Saint Doulchard, France)
weighing 250–350 g were maintained under controlled conditions of
temperature (22 C) under an established photoperiod (lights on from
0700 –1900 h). Rats had free access to laboratory chow (UAR, Epinay-
sur-Orge, France) and water. All manipulations were performed ac-
cording to the recommendations of the French ethical committee and
under the supervision of authorized investigators. PACAP38 was syn-
thesized by the solid phase methodology and purified by HPLC as
previously described (25). The identity of the peptide was verified by

mass spectrometry. Rat pheochromocytoma PC12 cells were purchased
from the European Collection of Cell Culture (Salisbury, Wiltshire, UK).
PC12 cells were originally derived from the New England Deaconess
Hospital strain of Wistar rats that exhibited a markedly increased in-
cidence of spontaneous pheochromocytoma (1, 26, 27). These cells were
maintained in DMEM (Sigma-Aldrich Corp., Saint-Quentin Fallavier,
France) supplemented with 10% horse serum (Invitrogen, Cergy Pon-
toise, France), 5% fetal bovine serum (BioWhittaker Europe, Verviers,
Belgium), 2 mm l-glutamine (Invitrogen), 100 U/ml penicillin, and 100
�g/ml streptomycin (Sigma-Aldrich Corp.) at 37 C in 5% CO2. The
medium was renewed every 2–3 d. Twenty-four hours after plating,
differentiation of PC12 cells was initiated by adding 100 nm PACAP38.

DNA microarrays, hybridization, and data analysis

A glass microarray containing over 15,000 mouse embryonic/
placental cDNA probes (28) obtained from the National Institute on
Aging (NIA) Mouse 15K cDNA library and corresponding to 15,264
Unigene clusters (for details, see http://lgsun.grc.nia.nih.gov/cDNA/
15k.html) was used in this study. Targets were prepared from total RNA
that was isolated from rat adrenal medulla or PC12 cells by the method
of Chomczynski and Sacchi (29) using the Tri-Reagent (Sigma-Aldrich
Corp.). The RNA samples were subsequently purified on RNeasy Mini
Spin Columns (QIAGEN, Courtaboeuf, France) and quantified by spec-
trophotometry. Quality of the RNA was checked by ethidium bromide-
staining of the 28S and 18S ribosomal RNA on a formaldehyde-agarose
gel. Labeling and hybridization were performed according to standard
National Human Genome Research Institute protocols (http://www.
nhgri.nih.gov/UACORE/protocols.html). Briefly, 50–100 �g of purified
RNA was reverse transcribed with Superscript II reverse transcriptase
Rnase H� (Life Technologies, Inc., Gaithersburg, MD) in the presence of
either Cy5- or Cy3-deoxyuridine triphosphate (Amersham Pharmacia
Biotech, Piscataway, NJ) and oligo(deoxythymidine)12–18 as previously
described (30). Microarrays were hybridized with combined Cy5- and
Cy3-labeled targets at 65 C overnight in a mix containing 2� Denhardt’s
solution, 3.2� saline sodium citrate (SSC), and 0.5% sodium dodecyl
sulfate (SDS). The slides were washed at room temperature in 0.5� SSC,
0.1% SDS for 2 min; 0.5� SSC, 0.01% SDS for 2 min; and 0.06� SSC
solution for 2 min. The arrays were then scanned (Agilent Technologies,
Foster City, CA), and the measured intensities of the red and green
fluorescent signals were normalized and filtered through quality control
parameters and used to calculate gene expression ratios between the two
targets using the IPLab software (Scanalytics, Fairfax, VA). Three inde-
pendent experiments were performed for each comparative hybridiza-
tion, and mean values were calculated. PACAP-regulated genes were
resequenced, and the identity of the clones was confirmed and updated
through comparison with sequences in National Center for Biotechnol-
ogy Information (NCBI) databases using the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/).

Rat Genefilter microarrays GF300 and GF301 (Invitrogen) containing
more than 10,000 sequence-verified rat cDNA probes obtained from the
IMAGE Consortium (Laboratory Integrated Molecular Analysis of Ge-
nomes and their Expression, Lawrence Livermore National Laboratory,
Livermore, CA) were also used in this study. Target cDNAs from un-
treated or PACAP-treated PC12 cells were prepared from total RNA
after RT as described above, in the presence of [�-33P]dCTP (Perkin-
Elmer Corp., Courtaboeuf, France). The Genefilters were hybridized at
42 C with the 33P-labeled targets in the MicroHyb solution (Invitrogen)
supplemented with 1 �g/ml mouse Cot-1 DNA (Invitrogen), 1 �g/ml
poly dA (Invitrogen), and 50 �g/ml yeast tRNA (Sigma-Aldrich Corp.).
The membranes were washed four times in 2� SSC, 0.1% SDS at room
temperature, and twice in 0.1� SSC, 0.1% SDS for 15 min at 50 C. Target
cDNAs from each cell condition were simultaneously hybridized to two
different Genefilters of the same type, and each Genefilter was then
stripped and rehybridized with the opposite target cDNAs to avoid
system variability that may be associated with the use of different filters.
Images of hybridized Genefilters were obtained using a STORM phos-
phor imager (Amersham Pharmacia Biotech). The signal intensities of
the hybridized probes in a Genefilter were normalized to those of 384
control probes (actin and genomic DNA) that are printed at various areas
of the filter, and the consistency of the standardized values in the
different hybridizations was assessed by the Pathways 4 software (In-
vitrogen) before the calculation of gene expression ratios.
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Total RNA was extracted from undifferentiated and PACAP-differ-
entiated PC12 cells as described above, and poly(A)� RNA was isolated
with the PolyATtract mRNA Isolation System (Promega Corp., Char-
bonnières, France). cDNAs were synthesized from 2 �g of poly(A)�

RNA, and subtractive hybridization was performed using the PCR-
Select cDNA subtraction kit (BD Biosciences, Saint-Quentin en Yvelines,
France). To isolate PACAP-induced transcripts, cDNAs from PACAP-
treated cells were ligated to oligonucleotide linkers and hybridized with
excess cDNAs from untreated cells. After hybridization, differentially
expressed transcripts were selectively amplified by suppression PCR
(31). Amplified cDNAs were introduced into the pCR4-TOPO vector
(Invitrogen) and electroporated into DH10B cells to generate a subtrac-
tive library. This library was plated, and the plasmids of bacterial lifts
were screened to eliminate false positive clones. Briefly, RNA derived
from undifferentiated and PACAP-differentiated PC12 cells was reverse
transcribed, as described above, in the presence of [�-32P]dCTP (Am-
ersham Pharmacia Biotech) and used to sequentially hybridize the bac-
terial lifts at 42 C in a solution containing 50% formamide, 5� SSC, 5�
Denhardt’s, 200 �g/ml salmon sperm DNA, 50 �g/ml yeast tRNA, 0.1%
SDS, and 50 mm phosphate buffer (pH 6.5). The membranes were
washed four times in 2� SSC, 0.1% SDS at room temperature, and twice
in 0.1� SSC, 0.1% SDS for 15 min at 50 C. Filters were analyzed using
the STORM phosphor imager system, and the images corresponding to
hybridization with differentiated or undifferentiated PC12 targets were
compared using the Z3 software (Compugen, Jamesburg, NJ) to identify
PACAP-regulated clones. Positive clones were identified through se-
quencing and comparison with sequences in NCBI databases using the
BLAST software.

Macroarray preparation and hybridization

Clones identified by microarray and subtractive hybridization anal-
yses were amplified with universal primers and the DyNAzyme EXT
DNA polymerase, following the instructions of the manufacturer
(Ozyme, Saint-Quentin en Yvelines, France), in a PCRexpress thermal
cycler (Hybaid, Paris, France) and used as probes to make a macroarray.
The quality of the amplified DNA was checked by migration on a 1%
agarose gel. The PCR products contained in a 384-well plate were di-
rectly printed on Hybond NX membranes (Amersham Pharmacia Bio-
tech) using a ChipWriter system (Virtek, Waterloo, Canada). These
filters were denatured with a 0.4 m NaOH, 0.1 m NaCl solution for 5 min
and neutralized with a 40 mm Na2HPO4/NaH2PO4 solution (pH 7.2) for
5 min. The macroarrays were hybridized with target cDNAs derived
from untreated or PACAP-treated PC12 cells as described above for the
Genefilters. Images of the hybridized macroarrays obtained from the
phosphor imager were quantified with the XDotsReader software (Cose,
Dugny, France). Hybridization signals were normalized to those of a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe that was
printed at several locations of the macroarray.

Northern blot analysis

Total RNA was prepared as described above, dissolved in denaturing
buffer, heated at 65 C for 15 min, and fractionated on formaldehyde-
agarose gels. After staining with ethidium bromide, gels were blotted on
Hybond NX membranes (Amersham Pharmacia Biotech) and fixed by
UV irradiation. The filters were subsequently hybridized at 42 C with
32P-labeled random primed (Prime-a-Gene Labeling System, Promega
Corp.) fragments of inhibitor of DNA binding 3 (Id3), mesoderm specific
transcript (Mest), melanoma cell adhesion molecule (Mcam), growth
arrest specific 1 (Gas1), chromogranin B (CgB), and brain abundant,
membrane-attached signal protein 1 (Basp1) cDNAs in a solution con-
taining 40–50% formamide, 5� SSC, 5� Denhardt’s, 200 �g/ml salmon
sperm DNA, 0.1% SDS, 50 mm phosphate buffer (pH 6.5). The mem-
branes were washed as described above for the Genefilters or the mac-
roarrays. Filters were analyzed by using the STORM phosphor imager
and the ImageQuant 5.1 software (Amersham Pharmacia Biotech). RNA
loading variations were corrected by scanning the ethidium bromide-
stained ribosomal RNA using the DensyLab 2.0.5 software (Bioprobe
Systems, Montreuil, France).

Quantitative RT-PCR (Q-RT-PCR)

Approximately 1 �g of total RNA extracted as described above was
submitted to DNase I (Rnase-free; Promega Corp.) digestion and reverse
transcribed using random hexamers pdN6 (Amersham Pharmacia Bio-
tech) and SuperScript II RNase H� reverse transcriptase (Invitrogen).
Gene-specific forward and reverse primers were chosen using the
Primer Express 2 software (PE Applied Biosystems, Courtaboeuf,
France) as follows: 5�-AACTCCCTCAAGATTGTCAGCAA-3� and 5�-
GTGGTCATGAGCCCTTCCA-3� for GAPDH; 5�-GCGACACATCGG-
GAAAGG-3� and 5�-TCGACTCTGCACGAAGATGCT-3� for mothers
against decapentaplegic homolog 1 (Madh1); 5�-CAGTTGAAAGAA-
GAAGGAGTCGTAGA-3� and 5�-AATTCATACTGCTCACTGGTTT-
GGA-3� for protein tyrosine phosphatase receptor type R (Ptprr). Real-
time PCR (Q-RT-PCR) was performed in a premade reaction mix (PE
Applied Biosystems) in the presence of the transcribed cDNA and 300
nm of specific primers, using the SYBR green chemistry and an ABI
Prism 7000 (PE Applied Biosystems). Relative amounts of Madh1 and
Ptprr mRNAs were determined from a standard curve generated using
different dilutions of the cDNA and by normalizing against a non-
variable control gene, GAPDH, that was analyzed in parallel on the
same RT.

Results and Discussion
Global analysis revealed differentially expressed genes
associated with proliferating pheochromocytoma cells

Because the rat pheochromocytoma PC12 cell line has been
originally derived from adrenomedullary chromaffin cells (1,
26), we first compared the transcriptomes of PC12 cells and
rat adrenomedullary cells to better understand the effect of
PACAP on tumoral cell proliferation and differentiation. We
predicted that several genes important for cell growth, sur-
vival, and adhesion/motility in this lineage would be iden-
tified that could be regulated by trophic factors during dif-
ferentiation of sympathoadrenal-derived normal or tumoral
cells. Gene expression changes between PC12 cells and chro-
maffin cells were assessed by using a microarray derived
from the NIA 15K mouse embryonic cDNA library (28). A
mouse microarray was used in this study because a similar
rat developmental array was not available. We anticipated
that the mouse array made from an embryonic cDNA library
could be very useful to identify genes that would be regu-
lated by trophic factors during cell differentiation. Of the
15,264 genes analyzed, 1,048 were differentially expressed by
at least 2-fold between the tumoral and normal adrenomed-
ullary chromaffin cells in three independent experiments,
using three different RNA preparations from different ani-
mals or cell cultures, and three separate hybridizations. The
majority of these genes (71.4%) were more highly expressed
in PC12 cells compared with adrenomedullary cells, and
about 50% were unnamed genes. Because of space limitation,
we have arbitrarily chosen to present in this report only
named genes that showed a fold change of 2.5 or more
(Tables 1 and 2). These genes were classified in functional
categories using the Onto-Express V.2 software (32) based on
the LocusLink database in NCBI.

Not surprisingly, a vast majority of the named genes that
were found to be differentially expressed between PC12 and
rat adrenochromaffin cells are associated with proliferation
and DNA replication (Tables 1 and 2). In particular, numer-
ous regulators of cell cycle progression were highly ex-
pressed in PC12 cells. These include several members of
the hexameric mini chromosome maintenance deficient
MCM2–7 complex that is required for the onset of the S phase
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TABLE 1. Named genes overexpressed in PC12 cells vs. rat adrenomedullary cells

The GenBank accession no. (Acc.) and the Unigene cluster for each gene are indicated. The ratios � SEM were determined from three different
experiments.
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and DNA replication, as well as different cyclins and asso-
ciated proteins. Of note is the lower expression of cyclin D2
in PC12 compared with adrenomedullary chromaffin cells, in
accordance with reports showing an increased expression of
this cyclin in certain growth-arrest conditions (33). Several
other proteins that interact with components of the cell cycle,
including pituitary tumor-transforming 1, prothymosin �,
and thymopoietin, which are implicated in the proliferation
of different tumoral cell types (34–36), also exhibited a higher
expression in PC12 cells compared with nontumoral chro-
maffin cells.

The mRNA of various signaling proteins, e.g. GTPases and
related proteins, were present at higher levels in PC12 cells,
whereas those of hormonal receptors, e.g. prolactin or mela-
nocortin receptors, were found at higher levels in adreno-
chromaffin cells. In addition, the expression of several tran-
scription regulators involved in proliferation/differentiation
mechanisms, such as members of the high-mobility group
protein family, butyrate response factors or GATA-binding
proteins, was also altered.

A large group of genes encoding protein processing and
apoptosis factors showed a marked expression difference
between proliferating PC12 cells and differentiated adreno-
chromaffin cells (Tables 1 and 2). In this group, several genes
encoding ubiquitination and proteasomal factors were more
intensely expressed in PC12 cells, reflecting a higher rate of
protein degradation in the tumoral cells. On the contrary,

genes implicated in protection from oxidative stress, such as
glutathione peroxidases, were more highly expressed in
chromaffin cells. It should be noted that genes encoding ion
transporters like the potassium intermediate/small conduc-
tance calcium-activated channel or the selenoprotein P,
which were differentially expressed between PC12 and ad-
renochromaffin cells, may also play a role in cell survival and
protection of these cells.

Cytoskeleton and cell matrix/adhesion proteins are in-
volved in a variety of biological responses including remod-
eling of cell morphology, cell-cell interactions, and cell mo-
tility. In this respect, the marked difference in mRNA levels
of thymosin-� 4, an actin-modulating cytoskeletal protein
whose expression is related to cell differentiation (37), is
especially interesting. Important changes in the expression of
numerous matrix and adhesion proteins including galectins,
syndecan 1, and embigin, which are implicated in develop-
ment, cell growth, apoptosis, and differentiation, were ob-
served between PC12 and adrenochromaffin cells. Variations
in the expression of these proteins are known to be associated
with the aggressiveness and invasiveness of different types
of tumors (38–40).

Although not exhaustive, this comparison of the transcrip-
tomes of PC12 and adrenochromaffin cells provides insights
into the genes and gene families whose expression is spe-
cifically altered in pheochromocytoma cells, many of which
have not previously been described in these cells. The genes

TABLE 2. Named genes less expressed in PC12 cells vs. rat adrenomedullary cells

The GenBank accession no. (Acc.) and the Unigene cluster for each gene are indicated. The ratios � SEM were determined from three different
experiments.
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identified could represent molecular targets for trophic fac-
tors like PACAP to regulate different aspects of growth,
survival, and adhesion/motility in physiological and patho-
physiological conditions.

Analysis of PACAP-regulated genes in PC12 cells

Treatment of PC12 cells with 10�7 m PACAP for 48 h
induced a profound morphological transformation with the
appearance of numerous neuritic extensions (Fig. 1). Previ-
ous studies using similar conditions have shown that
PACAP completely suppresses PC12 cell proliferation (41),
suggesting that prolonged treatment with PACAP causes
growth cessation of the majority of proliferating PC12 cells.
We have previously shown that PACAP (10�7 m, 72 h) elicits
a dual neuronal and neuroendocrine phenotype as assessed
by the effect of the neuropeptide on noradrenergic-specify-
ing transcription factors, cell excitability, and neurotrans-
mitter storage and release machinery in PC12 cells (24). Such
actions imply the regulation of a complex program of gene
expression during differentiation of PC12 cells.

To determine the molecular events associated with the
effect of PACAP on PC12 cells, we compared the transcrip-
tome of cells treated with the neuropeptide for 48 h with that
of untreated cells. We hypothesized that, after 2 d, it would
be possible to detect changes in the expression of early as well
as late genes that could be involved in PC12 cell differenti-
ation under PACAP treatment. To obtain an overall view of
the actions of PACAP on PC12 cell gene expression, we used
the complementary approaches of high-density microarrays
and SSH. We performed microarray gene analysis on the
NIA 15K mouse embryonic cDNA library that was used to
compare PC12 and chromaffin cell transcriptomes and also
on rat random cDNAs from the IMAGE collection that
should basically broaden our analysis. We also performed a
direct comparison of PC12 cell mRNA populations in
PACAP-treated (48 h) and untreated cells using the SSH
technique. The rat microarray and SSH should also help to
identify PACAP-regulated genes that may fail to hybridize
with mouse clones of the NIA library for lack of sufficient
sequence homology.

Microarray data analyses were performed by using an
average fold change, derived from two independent exper-
iments, of 1.5 or greater and excluding clones that exhibited
an incoherent value in any of the different experiments. The
ratio limit of 1.5 was used because gene expression changes
in this range could be validated in this study by homemade
macroarray, Northern blot, and Q-RT-PCR analyses (Fig. 2).

Indeed, we have performed a macroarray validation of the
complete set of cDNAs selected from the NIA microarray and
the SSH analysis. Quantification of the hybridization signals
confirmed the differential expression of numerous clones
between control and PACAP-treated cells (Fig. 2A and Ta-
bles 3 and 4). As a final verification step, the effect of PACAP
on the expression of eight selected genes that represent a
range of fold changes was studied individually by using
Northern blot and Q-RT-PCR (Fig. 2, B and C). In this anal-

FIG. 1. Effect of PACAP on PC12 cells. Cells were plated at a density
of 5 � 105 cells/ml and cultured for 1 d before treatment. The cells were
left untreated (Control) or were treated with PACAP (100 nM, 48 h).
Scale bar, 50 �m.

FIG. 2. Macroarray, Northern blot, and Q-RT-PCR analyses of
PACAP-regulated genes in differentiated PC12 cells. A, RNA from
untreated (Control) and PACAP-treated (100 nM, 48 h) PC12 cells was
reverse transcribed in the presence of 33P-dCTP and used to hybridize
macroarrays containing cDNA probes derived from the NIA microar-
ray and SSH-based library. B, Twenty �g of total RNA from control
and PACAP-differentiated (100 nM, 48 h) PC12 cells was analyzed by
Northern blot using specific 32P-labeled cDNA probes for Id3, Gas1,
CgB, Mcam, Mest, and Basp1. C, Q-RT-PCR analysis of Madh1 and
Ptprr gene expression in PC12 cells that were left untreated (Control)
or were treated with PACAP (100 nM, 48 h). The corresponding am-
plicons were electrophoresed at the end of PCR on 3% agarose gel to
assess the amplification of a single DNA band. Statistical analysis
was performed using the Student’s t test. **, P � 0.01.
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ysis, clones originally identified from mouse and rat mi-
croarrays as well as from SSH screening were examined
using specific probes and oligonucleotides. Northern blot
analysis confirmed that PACAP up-regulates the expression
of the genes encoding the transcription modulator Id3, the
cell cycle regulator Gas1, the vesicular protein CgB, and the
cell adhesion molecule Mcam, and down-regulates the ex-
pression of those encoding Mest and Basp1 with unknown
function in PC12 cells (Fig. 2B). Using Q-RT-PCR, we con-
firmed that PACAP significantly stimulates the expression of
the transcription factor Madh1 and inhibits that of the sig-
naling protein Ptprr in PC12 cells (Fig. 2C). It appears there-
fore that the regulation by PACAP of the genes characterized
in this study, using microarray/SSH and subsequent mac-
roarray analyses, can be confirmed by independent tech-
niques. These results show that the data that are compiled in
Tables 3 and 4 corresponding to up- and down-regulated
genes by PACAP in PC12 cells, respectively, are reliable.

We identified 75 genes whose expression was increased
and 70 genes whose expression was decreased in PC12 cells
after a 48-h exposure to PACAP. A large majority of the genes
identified have not been previously described as PACAP-

responsive. Of these, 53 were identified from the mouse
microarray, 59 were identified from the rat microarray, and
37 were isolated by SSH. Surprisingly, only four of these
genes were commonly identified by more than one technique
(Tables 3 and 4). This finding could be attributable to several
reasons. First, the genes contained in the two types of mi-
croarrays used originate from two quite different sources.
The NIA microarray is developmentally oriented because the
cDNAs printed were derived from a mouse embryonic li-
brary, and we were more successful with this microarray to
isolate PACAP-regulated genes involved in proliferation,
transcription, and cell signaling. The IMAGE (Invitrogen)
microarrays contain random clones, mostly expressed se-
quence tags (ESTs) that represent more than 80% of the
cDNAs printed on these membranes. In fact, most of the
PACAP-regulated genes identified from the IMAGE mi-
croarrays fall in the unknown category in Tables 3 and 4.
These rat ESTs represent 3�-noncoding sequences that are
probably more difficult to annotate and to match with other
genomes including the mouse genome from which the NIA
microarray is derived. The characterization of these ESTs will
undoubtedly benefit from the advancement of genomic in-

TABLE 3. Genes up-regulated by PACAP in PC12 cells

The “Source” column indicates the technique used to identify each gene (NIA, microarray containing cDNAs from the NIA 15k mouse
embryonic library; SSH, suppression subtractive hybridization; IMAGE, microarray containing rat cDNAs from the IMAGE collection). The
ratios and the range variations were determined from two different experiments. Two additional hybridizations were performed on a homemade
macroarray to confirm gene expression changes of SSH and NIA clones. Acc., GenBank accession no.
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formation. Nevertheless, these latter arrays were used as a
complementary material to the NIA microarray to identify
additional genes regulated by PACAP. Second, the technol-
ogies used for these two kinds of arrays (glass vs. nylon,
fluorescence vs. radioactivity, etc.) have quite different sen-
sitivities, and therefore common genes regulated by PACAP
should be expressed in the cells at a sufficient level to be
detected by both methodologies. Third, the NIA microarray
is made of mouse clones, some of which are probably not
recognized by targets from rat PC12 cells.

SSH is a different technique that allows a very partial view
of the transcriptome compared with microarrays. This ap-
proach is interesting, although time-consuming, in that it
permits the direct analysis of the transcriptome of the cell
model studied and thus the identification of regulated genes
that may not be present on defined arrays. Analysis of the 37
genes identified by SSH showed that about half of these (23
genes) are present in the NIA and/or IMAGE (Invitrogen)
microarrays used in the present study. Among the latter
genes, only four were also found to be changed on the mi-
croarrays. These are the genes described above as those that
were found changed by more than one technique. This ob-
servation implies that microarray analysis probably failed to
identify all PACAP-regulated genes, at least in a reproduc-
ible manner, although the genes were present on the mi-
croarray. For instance, CgB and Madh1, which could not be

identified as PACAP-regulated using the NIA or IMAGE
microarrays where they are present, respectively, were
found changed by SSH, and their variation was confirmed by
Northern blot or Q-RT-PCR (Fig. 2). Overall, our results
underscore the complementarity of these different tech-
niques and the necessity to use various approaches to study
global gene expression changes.

PACAP regulates genes controlling cell growth
and differentiation

Among the genes found differentially expressed by mi-
croarray or SSH analyses in the presence of PACAP, approx-
imately 40% were unnamed genes, and 55% were genes with
a known function that can be classified in various categories
(Tables 3 and 4). In PC12 cells, PACAP modified the expres-
sion of several genes that are known to be implicated in the
regulation of cell growth during development or tumorigen-
esis in various cell types (Table 3 and 4). PACAP is likely to
induce PC12 cell growth arrest by inhibiting the expression
of cell cycle regulators, including an MCM protein, the cyclin
A2, and thymopoietin, as well as transcription effectors such
as high-mobility group and GATA proteins. Interestingly,
the levels of these mRNAs were higher in PC12 cells than in
nonproliferating chromaffin cells (Table 1). In addition, three
of the four genes up-regulated by PACAP and associated

TABLE 4. Genes down-regulated by PACAP in PC12 cells

For details, see Table 3.
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with proliferation (Table 3), namely immediate early re-
sponse 3, Gas1, and B-cell translocation gene 2, are direct
targets of the tumor suppressor p53 (42–44), indicating that
PACAP-regulated pathways may be directly involved in the
mechanisms of tumorigenesis.

PACAP may influence PC12 cell differentiation by mod-
ulating the biosynthesis of signaling factors that are known
to control development of a wide variety of tissues. Indeed,
we found that PACAP inhibits TGF�2 and increases bone
morphogenetic protein 6 mRNA levels, two members of the
TGF� family of growth factors that exert pleiotropic effects
in nearly all organs, including many roles in neurogenesis
(45). Of note is the up-regulation by PACAP of the tran-
scription factors TGF�1-induced transcript 4 (also known as
TSC-22) and Madh1 (also known as Smad1), which are im-
portant targets of TGF family members. Collectively, these
observations indicate that PACAP may recruit the TGF fam-
ily signaling pathways to induce cell differentiation and ho-
meostasis. It has been shown that PACAP inhibits TGF�1-
induced apoptosis in a human pituitary adenoma cell line
(46), further supporting the notion that PACAP can modulate
the effects of this family of growth factors. It is interesting to
note that a recent study that analyzed the short-term effects
of PACAP (6 h of treatment) on the transcriptome of PC12
cells has revealed the regulation of various early signaling
factors that are probably required to initiate differentiation
(47).

The effect of PACAP on PC12 cell differentiation is char-
acterized by the sprouting of neuritic extensions. Three pro-
teins up-regulated by PACAP in these cells, ephrin A2, S-100-
related protein, and a serine protease inhibitor (Table 3), may
be implicated in neurite outgrowth. The expression of the
calcium binding S-100 protein is also induced by nerve
growth factor in PC12 cells, and transfection of its cDNA has
been shown to be able to promote process formation in these
cells (48). The receptor tyrosine kinase ephrin A2 is involved
in axon guidance and cell migration during embryonic de-
velopment (49), and the overexpression of this protein is
associated with malignancy of some tumors (50). Finally, the
effect of serine protease inhibitors on neurite outgrowth has
been previously reported in neuroendocrine cells (51).
PACAP also regulated the expression of several cytoskeleton
proteins that are important effectors of cell morphology re-
modeling. Most of the PACAP-regulated cytoskeleton pro-
teins were actin-binding proteins that are associated with
either polymerization, e.g. calponin (52), or depolymeriza-
tion, e.g. cofilin (53) and thymosin � 10 (54), of the actin
network. Actin-based motility is critical for both cell migra-
tion and extension of neurites (55). In this respect, it is in-
teresting to note that PACAP also stimulated the expression
of ras-related homolog (rhoB), a GTPase that regulates actin
dynamics to drive neurite extension (55).

PACAP regulates genes controlling cell adhesion

PACAP affected the expression of several genes impli-
cated in cell adhesion and cell-cell contact, which are often
altered in tumors. PACAP increased the mRNA levels of
laminin receptor 1, which has been shown to be highly ex-
pressed in colon carcinoma tissue and lung cancer cells com-

pared with the nontumoral cell counterparts (56, 57). A cor-
relation between the up-regulation of this receptor and the
invasive and metastatic phenotype of cancer cells has also
been reported (58). The expression of numerous transmem-
brane glycoproteins including Mcam, attractin, and embigin
was increased by PACAP. The expression of Mcam correlates
with tumor thickness and metastatic potential of human
melanoma cells in nude mice (59). Embigin was found to be
more highly expressed in PC12 cells than in adrenochromaf-
fin cells (Table 1). Concurrently, PACAP down-regulated the
expression of the extracellular matrix proteins glypican 3 and
SPARC, which have been recently associated with tumor
progression (60, 61). PACAP also decreased the mRNA levels
of an ortholog of the mouse claudin 18, a protein of tight
junctions (62), implying that the neuropeptide may inhibit
cell-cell contacts in differentiating PC12 cells. Altogether,
these data show that PACAP controls the expression of genes
that play important roles in cell adhesion and motility, sug-
gesting that the neuropeptide may influence these events in
physiological and pathophysiological conditions.

PACAP regulates genes controlling cell survival

In accordance with the known antiapoptotic effect of
PACAP in different cell types (6, 63), the present study re-
vealed that the neuropeptide regulates several proteins in-
volved in cell death or survival. Thus, PACAP increased the
expression of factors that inhibit protein degradation, such as
Bcl2-associated athanogene 3 and the low-density lipopro-
tein receptor-related protein associated protein 1, as well as
detoxifying factors that participate in protection against ox-
idative stress, e.g. peroxiredoxin 5 and thioredoxin reductase
(Table 3). It is noteworthy that the expression of antioxidant
proteins was higher in adrenomedullary cells than in PC12
cells (Table 2), suggesting that increased expression of these
genes is part of the mechanisms underlying the maintenance
and survival of differentiated cells, a process in which
PACAP may play a physiological function. Moreover,
PACAP down-regulated the expression of a novel apoptosis-
inducing protein, named Amida, which has been shown to
modulate cell death in the brain (64), as well as a component
of the proteasome, the subunit � type 7. PACAP also de-
creased the expression of a calcium-activated potassium
channel (Table 4), which could play an important role in cell
shrinkage associated with loss of ions that accompanies ap-
optosis in many cell types (65).

Different kinetics of the effect of PACAP on PC12 cell
gene expression

In the present study, we hypothesized that treatment of
PC12 cells for 48 h by PACAP would allow the uncovering
of early as well as late effects of the neuropeptide during cell
differentiation. To assess the validity of this hypothesis, we
have examined post hoc the kinetics of the action of PACAP
in PC12 cells on different genes with various functions (Fig.
3). We found that PACAP rapidly increases (approximately
5-fold at 6 h of treatment) the gene expression of Gas1, a
protein involved in growth arrest, and Id3, a transcription
regulator (Fig. 3, A and B). The induction of Gas1 was re-
duced by about 2-fold after 12 h, whereas that of Id3 re-
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mained at approximately the same level up to 24 h. These
data show that PACAP rapidly induces the expression of
genes implicated in cell growth arrest, in line with the results
of the study of Vaudry et al. (47). Both Gas1 and Id3 genes
were still elevated at 48 h, thus confirming our hypothesis,
although we may have missed other early genes that had
probably returned to baseline within 48 h. The effect of
PACAP on the gene encoding the secretory granule protein
CgB exhibited a different pattern because the mRNA levels
of this protein gradually increased to reach 6-fold at 72 h of
PACAP treatment (Fig. 3C). The expression of Basp1, a pro-
tein with no known function, also displayed a distinct profile
of regulation on PACAP treatment because its mRNA levels
were unchanged at 6 h, decreased only at 12 h, and remained
inhibited up to 72 h under PACAP exposure (Fig. 3D).
Altogether, these data show that PACAP likely modifies
the expression of various genes with different kinetics to
achieve the gene expression program necessary for cell
differentiation.

Comparison of the genes regulated by PACAP with those
differentially expressed between PC12 and
adrenochromaffin cells

To uncover potential genes whose expression may repre-
sent targets of PACAP during sympathoadrenal differenti-
ation, we performed a clustering of genes regulated by the
neuropeptide, as identified on the mouse 15K NIA microar-

ray, with those that are differentially expressed between
PC12 and fully differentiated adrenochromaffin cells iden-
tified on the same array (Table 5). A large proportion of
clustered genes belongs to the proliferation and DNA syn-
thesis category, suggesting that the corresponding proteins
could represent physiological targets for growth arrest in-
ductive molecules such as PACAP in proliferating sympa-
thoadrenal progenitors. Likewise, the clustering of the tran-
scription regulators Id3 and a LIM only homolog, as well as
proteins associated with apoptosis such as the calcium-ac-
tivated potassium channel and Bcl2-associated athanogene 3,
indicates that these factors may also play a role in the dif-
ferentiation and survival of sympathoadrenal cells. The other
clustered genes were mainly those encoding cytoskeleton
and cell matrix/adhesion molecules, which are also impor-
tant effectors of cell differentiation. This comparison shows
that several genes regulated by PACAP are also differentially
expressed between undifferentiated tumoral chromaffin
cells and differentiated adrenomedullary cells, thus arguing
for a role of the neuropeptide in the control of cell differen-
tiation in the sympathoadrenal lineage.

In conclusion, we have made use of two types of microar-
rays representing a total of 25,000 genes and performed a
direct differential screening of PC12 mRNAs by SSH to pro-
vide insights into the molecular events orchestrated by
PACAP to regulate neuronal and neuroendocrine cell dif-
ferentiation. The majority of the genes regulated by PACAP

FIG. 3. Kinetics of the effects of PACAP on the expression of four representative genes in PC12 cells. Northern blot analysis of 20 �g of total
RNA extracted from control cells or cells treated with 100 nM PACAP for the indicated times was performed to assess the mRNA levels of Id3
(A), Gas1 (B), CgB (C), and Basp1 (D). Data are the mean � SEM of at least three determinations and are expressed relative to control values.
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in PC12 cells are involved in cell growth, survival, and ad-
hesion, and many of them have been associated with the
progression of various tumors. Moreover, several PACAP-
regulated genes are differentially expressed between PC12
cells and adrenomedullary chromaffin cells, further support-
ing the implication of the encoded proteins in the differen-
tiation events that occur in tumoral and nontumoral cells of
this lineage. Additional studies are required to demonstrate
the occurrence of these mRNAs and the changes in their
expression in sympathoadrenal progenitors as well as in
human pheochromocytomas or other neuroendocrine tu-
mors. The present study has also revealed the regulation by
PACAP of numerous unnamed genes whose characteriza-
tion will undoubtedly provide novel information on the ef-
fects of this important neuropeptide in the nervous and en-
docrine systems.
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