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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-

Abbreviations: Baspl, brain abundant, membrane attached signal
protein 1; CgB, chromogranin B; EST, expressed sequence tag; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; Gasl, growth arrest spe-
cific 1; I1d3, inhibitor of DNA binding 3; Madh1, mothers against deca-
pentaplegic homolog; Mcam, melanoma cell adhesion molecule; Mest,
mesoderm specific transcript; PACAP, pituitary adenylate cyclase-
activating polypeptide; Ptprr, protein tyrosine phosphatase receptor
type R; Q-RT-PCR, quantitative RT-PCR; SDS, sodium dodecyl sulfate;
SSC, saline sodium citrate; SSH, suppression subtractive hybridization.

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, a-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,
VPACI-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
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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
ung/ml streptomycin (Sigma-Aldrich Corp.) at 37 C in 5% CO,. 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 285 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 ug 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),, ;4 as previously
described (30). Microarrays were hybridized with combined Cy5- and
Cy3-labeled targets at 65 C overnight in a mix containing 2X Denhardt’s
solution, 3.2X saline sodium citrate (S5C), and 0.5% sodium dodecyl
sulfate (SDS). The slides were washed at room temperature in 0.5X SSC,
0.1% SDS for 2 min; 0.5X SSC, 0.01% SDS for 2 min; and 0.06X 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.ncbinlm.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 [a-**P]JdCTP (Perkin-
Elmer Corp., Courtaboeuf, France). The Genefilters were hybridized at
42 C with the **P-labeled targets in the MicroHyb solution (Invitrogen)
supplemented with 1 ug/ml mouse Cot-1 DNA (Invitrogen), 1 ug/ml
poly dA (Invitrogen), and 50 ug/ml yeast tRNA (Sigma-Aldrich Corp.).
The membranes were washed four times in 2X SSC, 0.1% SDS at room
temperature, and twice in 0.1X 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-
bonnieres, France). cDNAs were synthesized from 2 pg 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 [a-**P]dCTP (Am-
ersham Pharmacia Biotech) and used to sequentially hybridize the bac-
terial lifts at 42 C in a solution containing 50% formamide, 5X SSC, 5X
Denhardt’s, 200 pg/ml salmon sperm DNA, 50 ug/ml yeast tRNA, 0.1%
SDS, and 50 mm phosphate buffer (pH 6.5). The membranes were
washed four times in 2X SSC, 0.1% SDS at room temperature, and twice
in 0.1X 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 Na,HPO,/NaH,PO, 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 (Gasl), chromogranin B (CgB), and brain abundant,
membrane-attached signal protein 1 (Baspl) cDNAs in a solution con-
taining 40-50% formamide, 5X SSC, 5X Denhardt’s, 200 ug/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).
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Quantitative RT-PCR (Q-RT-PCR)

Approximately 1 pug of total RNA extracted as described above was
submitted to DNase I (Rnase-free; Promega Corp.) digestion and reverse
transcribed using random hexamers pdN, (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 (Madhl); 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 Madhl 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 NCBIL

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

Gene Ratio Acc. Unigene Gene Ratio Acc. Unigene
Proliferation/DNA synthesis Signaling
Wiew chromosome mamtenance dercient 5 19.7 T 133 AWS%2/3 Wmsoes Rac GTPase-achivating protein 1 TETE IT AUGE2EIS WM 27141
Cell division cycie 2 homolog A 118 £ 5.2 AWS36234 Mm.4T61 i i gene in 1) 6.6 £ 1.3 AWS49685 Mm.28479
Polymyositi i 1 8.7 £ 45 AUCI4747 MmA16T11 Calcium binding protein, 39 kDa €2 £ 51 Awss51261 Mm21684
Mini i deficient & 3.1 £ 3.2 AWSS5913 Mm.4933 Shc SH2-domain binding protein 1 4.8 t 0.7 c87245  Mm37BO1
Cyclin A2 73 £ 3.8 AU020259 Mm.4189 interleukin enhancer binding factor 3 48 2 2.2 AwS36403 Mm20835
Cyclin B2 56 £ 2.0 AUOMSIEZ Mm.22592 Serinefthreonine kinase § 46 £ 1.3 AA410160 Mm.3488
Nuclear protein 95 4.8 + 2.3 AWS36640 Mm.42196 RAN binding protein 1 42 £ 03 AA0TY MMITS2
Calcium binding protein A6 (calcyctin) 46 t 1.1 AUOI6154 Mm.100144 RAN GTPase activating protein 1 4.1 0.6 AWS3I6168 Mm.3833
Calcyclin binding protein 46 £ 0.3 Av020S39 Mm.10702 Homer, neuronat immediate early gene, 2 41 1 1.0 AA407944. Mm228
DNA primase, p49 subunit 4.4 % 0.7 AwSS2518 Mm.2903 Trk-fused gene 4.1 £ 0.3 AWSS58695 Mm.41374
Nucleophosmin 1 4.3 £ 03 AwSs3526 Mm6343 Mitogen activated protein kinase kinase 2 38 £ 25 78431  Mm.196584
Mini 4.2 £ 21 AWS36712 Mm.4502 Regulator of G-protein signaling 17 35 £ 0.9 AUDMETY Mm.44606
Cyclin E2 4.2 £ 0.8 AWS4T92 Mm.3IS86T Macrophage migration inhibitory factor 34 £ 1.0 AWSHSAT Mm2326
Microspherule protein 1 39 & 1.4 AuOGTOZ Mm3716 Phospholipase ¢ neighboring 31 £ 0.3  Coe208 Mm.i40
Pituitary tumor-transforming 1 3.8 £ 14 AWSSS095 Mm.6a56 Guanine nucleotide binding protein, gamma 3 subunit 29 t 1.0 carsio  Mm27307
Mini chrormosome maintenance deficient 2 3.7 £ 0.9 Aawss3939 Mm.16711 Matemal embryonic leucine zipper kinase 29 £ 05 AWS3I7858 Mm.4674
Casein kinase 1, epsilon 35 £ 07 cBr29 MmN1W early resp rythropaietin 4 2.8 t 0.2 AWSITI02 Mm.27804
Ligase 1, DNA, ATP-dependent 34 £ 02 crres Mmio13 Intedeukin enhancer binding factor 27 £ 03 AWS3IT207 Mm21534
RAN, member RAS oncogene family 3.4 £ 03 AWSSTTST Mm.T521 Cyclic AMP phosphoprotein, 18kD 27 £ 05 AUOI9ISI MmNT2B
Polymerase, gamma 3.2 £ 0.4 AWS36165 Mm.I6I6 Calumenin 26 £ 0.8 AWS58008 Mm.7515
H1 histone family, member 0 3.2 £ 0.6 Mm24350 AUDSTIS Signal recognition particle receptor, B subunit 28 £ 0.1 AWS36301 Mm.7588
H2A histone family, member Z 32 £ 0.0 Mm3IET05 AWS30814
Prothymosin alpha 3.2 £ 0.8 AWS548086 Mm.19187 Cytoskeleton
Thymopoietin 3.1 £ 0.9 AWS50700 Mm.124 “Reratin compiex 2. Basic, gene 8 TZX T U AWSA2440  Mm.6e00
Checkpoint kinase 1 homolog 3.1 £ 08 crever  Mm1E7TS3 Tuba4 Tubuilin, alpha 4 75 £ 1.5 AA%0E725 Mm1155
Mini chromosome maintenance deficient 7 3.1 £ 0.2 AWSSA120 Mm 18923 Tubulin, beta 5 74 £ 1.3 AWS42954 MmMIT03
Growth associated protein 43 3.0 £ 1.1 AWS58609 Mm.1222 Kinesin-like 5 42 £ 05 AUOZSS3  Mm.28388
F (DNA dit . defta 2, y subunit (50 kDa) 3.0 £ 0.1 AWS37005 Mm.35788 Keratin complex 1, acidic, gene 18 38 £ 0.4 AWSIB107 Mm22479
DNA methyltransferase 3A 3.0 £ 1.4 AWS49977  Mn.S001 Lamin A 38 £ 6.3 AwWSea095 Mm.3438
Cycli kinase 2- protein 1 29 £ 0.3 AWS47I6 Mm.196624 Transgelin 2 35 1 0.6 AWS44177 Mm2262
Cyclin B1, related sequence 1 29 £ 0.2 AU0MS643 Mm.22569 Septin 8 31 % 0.5 AWSe7S63 Mm.44604
Cyclin-dependent kinase 2 28 £ 0.1 AWS47935 Mm.118 Lamin B1 31 % 1.4 AWS42456 Mm.4846
Ribonucleotide reductase M1 2.8 £ 0.7 AWS36068 MmGS6 Alpha actinin 4 27 £ 0.5 AwWSS52078 Mm.143830
Nucleosome assembly protein 1-like 1 28 £ 1.2 Mm377T  AUOIBUIE
Wee 1 homaiog 2.8 £ 0.3 AWS50064 MmB108 Cell matrix/adhesion
Translin 28 £ 0.6 Mm.14634  AWS45280 TGakedin-3 TX I UK AWSA60 Mm.2970
Thymidine kinase 1 27 £ 0.3 AWS533 Mm.2661 Syndecan 1 42 £ 25 AWS40939 Mm2580
Casein kinase |1, aipha 2, polypeptide 2.7 £ 04 AUCIS47E6 Mm. 28681 Galectin-1 441 £ 0.8  AA410090 Mm.43831
Inosine 5-phosphate dehydrogenase 2 2.7 £ 0.1 AWS48016 Mm.6065 Embigin 38 £ 07 AWs628 Mm891Z3
Topoisomerase (DNA) 1l alpha 28 £ 0.5 mma2y? 1 27 1.3 AWs37038 Mm.20832
Proliferation-associated protein 1 26 £ 0.4 AWSIEIBY Mm.eT42 Claudin 3 2.7 £ 0.3 AUGA223 Mm.2882%
B-cell transiocation gene 2 26 £ 0.1 careee  Mmos
SET translocation 25 % 0.2 AWS37968 Mm.28805 lon pumpsitransporters
“Monocarboxylate Tansporier & 78 I 28 AWS3%253 Mm 28632
Transcription factors and regulators Proteofipid protein 2 43 £ 0.9 AWS38t41 Mm.18565
“High Thobility group box 2. TOU X 28 AW546306 Mm.1683 Potassium interm./small conduct. ca-activated channel, subf. N, 4 4.2 + 0.6  C56468 Mm9911
High mobility group box 1 7.3 £ 3.8 AWSI6656 Mm.16421 ATPase, H+ transporting, lysosomal, beta 56/58 kDa, isoform 2 38 £ 0.6 Aws39631 Mm.10727
Y box protein 3 40 £ 02 77087 Mm.193526 Calcium channel beta 2 subunit 3.0 £ 0.5 AWS47609 Mm.3S4d
Cold shock domain protein A 3.8 £ 0.3 AWS52638 Mm.141567 Flavin containing monooxygenase § 27 £ 0.3 AwWs47363 Mm.1668
Hypoxia inducible factor 1, aipha subunit 3.6 £ 0.9 AWS543477 Mm.3879 Solute carrier famity 2 (facilitated glucose transporter), member 1 26 £ 0.5 AWS4423 Mm.21002
Embryonic lethal, abnormal vision-like 2 (Hu antigen B) 3.5 t 1.3 AU016075 Mm.3823 Heme oxygenase (decycling) 1 26 £ 0.4 AWS4501 Mm.17980
Butyrate response factor 2 3.2 £ 1.0 Aws43115 Mm.28161
Histone acetyltransferase 30 £ 1.1 cesoss  Mm.30996 Vesicle/protein trafficking
Melanoma antigen, family D, 1 3.0 £ 1.2 AWS52736 Mm.27578 “Karyophenn (importn) apha 2 TE X US  cro1ed wWmimm
Runt related transcription factor 2 29 £ 0.3  casa31  Mm.4SO9 importin beta 3.7 £ 1.3 AUO20S44 Mm.16710
Ewing sarcoma homolog 27 £ 0.8 AWSS6031 Mm.142822 RAS-like, family 2, locus 9 37 £ 0.2 AUO44042 Mm.103632
Zinc finger protein 207 26 t 0.3 AWSS6214 Mm.12236 Vertebrate homolog of C. elegans Lin-7 type 3 32 £ 1.7 85192  Mm218ES4
GATA-binding protein 2 26 £ 0.2 AWS3ES47 Mm.1291 Karyopherdin (importin) alpha 3 25 £ 0.4 AUO23086 MmM.25548
Transcription factor E2a 25 £ 0.5 AWSS3936 Mm.3406
Metabolism
RNA processing aclate defhiydrogenase 1. ain BT TX AWSE162 Mm.141443
kg T T UL ACG418 Mm 2655 Asparagine synthetase 485 £ 0.3 AwsS7839 Mm2942
NS1t-associated protein 1 35 £ 1.0 AWSME0S Mm 27972 Phosphofructokinase, liver, B-type 4.0 £ 0.4 AWSIG420 Mm.1166
L auclear ri in A1 3.4 £ 0.4 AWS4S008 Mm.27927 3 37 £ 08 C7os97  Mm.16898
RNA and export factor binding protein 1 3.1 0.3 Awssia1s Mm.1886 Pyruvate kinase 3 33 £ 04 AWSI7401 Mm263S
Polypyrimidine tract binding protein 3.1 £ 0.7 aws3ee2s Mm19117 F i Py 1 33 £ 0.2 AWS43634 Mm 27454
RNA binding motif protein 3 28 £ 0.1 AWSIE776 Mm2591 Uridine-cytidine kinase 2 3.2 £ 0.8 AWS43081 Mm.25309
US small nuclear ribonucleoprotein 116 kDa 27 £ 0.7 AWS47534 MmETI Glucose phosphate isomerase 1 complex 3.2 £ 0.3 Awss0689 MmSe9
Ribonucleic acid binding protein $1 26 £ 0.2 AWS4S558 Mm.1951 Omithine decarboxytase antizyme inhibitor 3.2 £ 0.8 AwsS8?7S1 Mm677S
Non-POU-di i i ot binding protein 25 £ 0.6 AwsSE707 Mm21559 Enoiase 1, alpha non-neuron 3.2 £ 0.2 aAwWS38817 Mm.90587
Fatty acid synthase 2.7 t 0.4 AWSSZTTTT Mm3760
Protein processing/apoptosis Thymidine kinase § 27 £ 0.3 AWSHS33  Mm.2661
protein, 25 KDa 335 ¥ UJ  AUGZI5T9 Mm. 13649 Citrate synthase 25 £ 0.7 AUD24674 Mm.&3B2
Ubiquitination factor E4B 42 £ 14 C85947 Mm21634
Crystallin, alpha C 36 £ 06 AUDIBIY Mm.21549 Miscellaneous
Peroxiredoxin 4 35 £ 0.6 AWSSSTH4 Mm.191Z7 Wesodenn Specimic Uranscapt TSI X Z5 AWSS3/63 Wmi088
DnaJ (Hsp40) homolog, subfamity B, member & 35 £ 14 Anq08610 Mm2701 Brain abundant, membrane attached signal protein 1 8.t £ 1.0 AA%8949 Mm20588
Nucleoredoxin 3.3 £ 02 AU04190 Mm27915 Reduced expression 3 4.4 £ 0.3 AwWS36404 Mm 14768
Ubiquitin specific protease 14 3.3 £ 0.5 AUC20664 Mm.25149 () in related ER lized protein 39 + 1.2 AWSE326 Mm.43278
285 i padt 3.2 £ 0.1 AWS538982 Mm.27933 Quaking 3.8 : 0.6 AUCIHE  Mm.2655
E£GL. nine homalog 1 3.1 £ 0.1 AWSS5687 Mm.140619 CD24a antigen 3.0 ¥ 0.3 Auoa2170 MmGa7
G elongation factor 31 £ 02 c76703 wMm27288 Serologically defined colon cancer antigen 33 29 £ 0.5 AUCZI008 Mm 102138
F {p 3 in) 26S subunit, ATPase 3 2.8 £ 0.1 An409481 Mm.20946 Timeless homoiog 28 £ 0.8 AWSSAIT MmesSs
Chaperonin subunit 3 (gamma) 28 t 0.0 AwSS6780 Mm.3576 Membrane bound C2 domain containing protein 27 £ 01 AWS4S598 Mm.29010
Heat shock protein, 84 kDa 1 28 + 8.4 AWS56206 Mm 2180 Selectin, endotheiiat celf, ligand 27 £ 0.7 AWS52445 Mm.4s8
Eukaryotic translation initiation factor 3, subunit 8 (110 kDa) 2.7 £ 0.7 AWSS2427 Mm.22776 ¥ ical and i XpH 1 26 £ 0.3 AWSSS884 Mm.1775
P {p pain) 26S subunit, non-ATPase, 13 26 £ 0.2 AWS36390 Mm.29760 Sebd-like 26 £ 0.1 AUDM3434 Mm3865
BClL E1B 19 kDa-i protein 1, NiP3 2.6 £ 0.4 AWS53554 Mm.2159 Feminization 1 b homolog 28 + 0.8 AU0IEISE Mm.24069
Protease (prosome, macropain) 26S subunit, ATPase 5 26 + 0.2 76006 MmesS
‘Chaperonin subunit 4 (defta) 25 £ 0.1 AWS36843 Mm.6a2t
Eukaryotic transiation initiation factor 4, gamma 2 25 + 0.6 AWS36743 MmSZS

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

Gene Ratio Acc. Unigene
ProliferatiornVDNA synthesis
Cysteme nch mestnal &) UIT £ U2 "AUGAZ0%  Wm 22048
Thymidylate synthase 0.28 + 0.13 AWS46108 Mm.S879
Cyclin D2 0.26 £ 0.06 AWSS706 Mm.3141

Cycdlin-dependent kinase inhibitor 1C (P57) 0.20 £ 0.04 AuO40767 Mm.168789
Transcription factors and regulators

“E26 avian feukenia oncogene Z, 3 domam U35 X U.T0 AAA07887 MmIes
Myeloid ecotropic viral integration site-related gene 1 0.29 £ 0.06 AWSS3445 Mm.31436
Nuclear receptor subfamily 5, group A, member 1 0.20 £ 0.06 Ce55%8  Mm31367
Ets variant gene 6 (TEL oncogene) 0.15 £ 0.01 Awsdee5 Mm2017

Butyrate response factor 1 0.0 £ 0.04 AWSS51822 Mm.18571
RNA processing

“Spiicng Tacior, argimne/senne-ich 5 UIT T UL AWSASI60 Mm a3t
t nuclear i in C 0.2% £ 0.04 81083  Mm25074
Protein processing/apoptosis

“Prolease (prosome, macropamny 28 subunit, aipna VIS T VUL AW=E1192 Mmsx

Serine (or cysteine) proteinase inhibitor, clade H (hsp 47), member 0.37 £ 0.1 AwSs50653 Mm.22708
Glutathione peroxidase 4 0.35 £ 0.02 Aws46504 Mm.2400
Proprotei subtilisi 0.33 £ 0.07 Avon8S7 Mm.3401
Glutathione peroxidase 1 0.33 + 0.02 AWS36643 Mm.t090
Heat shock 10 kDa protein 1 (chaperonin 10) 0.31 £ 0.83 AA400440 Mm.12970

in type §

Glutathione peroxidase 3 0.19 £ 0.09 AWS50656 Mm.7i56
F C-proteil protein 0.19 £ 0.01 AWS54530 Mm.18808
Peroxiredoxin 3 0.17 £ 0.01 AWS54565 Mm23821
Scavenger receptor class Bt 0.13 £ 0.02 Aws39410 Mm.4603
Signaling

UIS T U AWss6803 Mm 788
0.38 £ 0.01 AWS46472 MmM.1565
0.37 £ 0.09 AUOIB948 Mm2752
0.35 £ 8.09 AUOKMS21 Mm.18635
0.29 £ 0.02 AA407811 Mm.157068
0.28 £ 0.03 AUGKMOM MM.I0126

“Tymphocyle anligen 5 CoMpIex, 10Cus £
Transmembyrane 7 superfamity member 1
Prolactin receptor

of G-protein signalling 10

Delta-like homolog 1

Membrane interacting protein of RGS16

Pleiotrophin 0.25 £ 0.03 Aws50271 Mm.3063
Regulator of G-protein signaling 2 0.25 £ 0.04 AUGD1E9 Mm28262
Eph receptor B6 0.22 £ 0.05 AUD41627 Mm.1480
Melanccortin 2 receptor 0.13 £ 0.00 AWS48422 Mm.41498

i receptor, 0.10 £ 0.02 AA408183 Mm.1508
Cytoskeieton
“Synapsm | U.35 T O.0F AWs36982 Mm.196611

Gene Ratio Acc. Unigene
Cytoskeleton {continued)
Four and @ halt LI domants 1 UIX T U.IF AWSSASTS Mmaiss
Myosin Vb 0.17 £ 0.083 AWS4633t Mm. 3536
Th in, beta 4, X 0.08 £ 0.02 AWSS5204 Mm.142729
Cell matrix/adhesion
“Bighycan VAT TUOS AWS5i658 Mmo08
Col3a1 Procoltagen, type I, alpha 1 0.39 £ 0.06 AUGI7S02 MmM.147387
CD9 antigen 0.33 £ 0.04 AWS54302 Mm 2956

0.28 £ 0.0 AWS53505 Mm.7386
0.25 £ 0.05 AWS51325 Mm.1451
0.25 & 0.06 AwWs53158 Mm.738

Microfibrillar-asseciated protein 2
Milk fat globule-EGF factor 8 protein
Procollagen, type 1V, alpha 1

Decorin 0.11 £ 8.05 Awssewrz Mmm.1967
Tissue inhibitor of metalloproteinase 3 011 £ 0.04 AUGMZ4 Mm.d8T1
Secreted phosphoprotein 1 0.06 £ 0.0f AuG1S5t Mm.21

lon pumpsftransporters

“Tyiochome b-561 UITE V.07 AWSIE506 Mem. 159456
FXYD d i ining ion ] 3 933 £ 062 cCcsss07 Mmi662
Cytochrome P450, 101, benz[alanthracene inducibie 0.32 £ 0.14  Ccsso08  Mm.44dd

Selenoprotein P, plasma, 1
Hemoglobin, beta adut major chain
Hemoglobin atpha, adult chain 1
Ferredoxin reductase

0.27 £ 0.12 AWS57404 Mm.22699
0.19 £ 0.02 AWS49342 Mm.142368
0.18 £ 0.09 Aws49905 Mm.196110
0.09 £ 0.02 AWS56320 Mm. 4719

Cytochrome P450, 11a, cholesterol side chain cleavage 0.04 £ 0.01 AUQIB0S4 Mm.100678

Metabolism

TYIGSONC CysteIne dioxygenase 1 VI X VUE AUOz1866 Mm.29996
chain ? y E1, alpha polyp 0.34 £ 0.03 Aws53527 Mm.25848

Aminolevufinic acid synthase 1
Retinal short-chain dehydrogenase/reductase 1
Sterol O-acyltransferase 1

0.32 £ 0.10  AUC42924 Mm.19143
0.31 £ 0.08 AWS45367 Mm.14063
0.27 £ 0.03 Aws5666% Mm.28099
0.16 £ 0.12 AWS46473 Mm.14309

4, defta<5>-3-beta

idine/sp Ni-acetyl 0.08 £ 0.02 Aws4s597 Mm2T34
Fibroblast growth factor regulated protein 0.06 £ 001 77965 MmsS37a
Tyrosine hydroxylase 0.06 £ 9.01 cssest  Mm.1292
Hydroxysteroid dehydrogenase-1, delta<$>-3-beta 0.05 £ 0.01 AuU024029 Mm.140811

Miscellaneous

Tipocata 7 V3T X UTU AWSS3813 Mm.15801
C 1,r 0.35 £ 0.17 AWSS3572 Mm.24278
Calmin 0.32 £ 0.04 AWS<9197 Mm.BISOT
[ p 1.9 beta p 0.24 £ 0.03 AWSSSTBI Mm.2570

Adipase differentiation related protein 0.15 £ 0.03 AwWS55596 Mm.381

The GenBank accession no. (Acc.) and the Unigene cluster for each gene are indicated. The ratios + SEM were determined from three different

experiments.

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-
malffin 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-
chromalffin 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-
chromalffin 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-B 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
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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 1077 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).

oL <f Y --SLAI

CONTROL PACAP
Fic. 1. Effect of PACAP on PC12 cells. Cells were plated at a density
of 5 X 10° 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 pm.
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CONTROL PACAP
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Id3 Gas1 CgB
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CONTROL PACAP CONTROL PACAP
Madh1 Ptprr
e E

F1c. 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 3*P-dCTP and used to hybridize
macroarrays containing cDNA probes derived from the NIA microar-
ray and SSH-based library. B, Twenty ug 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 I1d3, Gasl,
CgB, Mcam, Mest, and Baspl. 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 ¢ test. **, P < 0.01.

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-
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TABLE 3. Genes up-regulated by PACAP in PC12 cells
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Gene Ratic Source Acc. Unigene
Proliferation/DNA synthesis
Tmmediate early fesponse 3 ZX T U8 NA  Carted  Mm25e13
ESTs, Highly similar to 521976 RNA-directed DNA polymerase 1.8 £ 0.1 SSH Al044304 Rn79185
Growth arrest specific 1 1.7 £ 0.3 SSH/MA NM_008066 Rn.41383
lini i 3 i protein 17 £ 0.3 SSH  AJO0G590  Mm.30098
B-cell transtocation gene 2 16 2 00 N Cco7948 Mm.903
Ti ion factors and reg
T only ¥ ZI T UY WA AUGIS284  Mm.12607
Sex comb on midleg-like 1 21 £ 01 WNA  C868S5 Mm.18718
Inhibitor of DNA binding 3 18 £ 00 MA  AWSST873 Mm.110
MAD homolog 1 18 2 06 ssH ussars Rn.30635
Transforming growth factor beta 1 induced transcript 4 17 £ 01 NA  AUOZR4S  Mm.20927
RNA processing
ESTs, Highly sinilar 10 50082 nuclear cap binging protem . 1.7 X U.Z SSH  BiZ84dis  Rn.i13462
DEAQ RNA-dependent ATPase 16 £ 0.1 SSH  AF318278 WMm.140332
Protein processing/apoptosis
“Senne protease mnibior ZT T U3 WAGE AAB0I070 Rni28
Peroxiredoxin § 22 t 0.0 IMAGE AAB59664 Rn4a2
Thioredoxin reductase 18 £ 01  ssH  usae23 Rn.9474
Low density lipoprot. receptor-related prot. associated prot. 1 17 £ 00  ssH 211998 Rn.10293
Bci2-associated athanogene 3 16 £ 01  wNA  C79004 Mm 28373
Signaling
“Stiomal cell dernved Tacior receptor 2 28 I 08 NA  CB6591  Mm.18910
Bone morphogenetic protein 6 19 £ 01 wNA  C76305 Mm 214548
Delta-fike 3 1.8 £ 0.6 MAGE AASSSS549 Rn.23105
Mitogen-activated protein kinase 8 interacting protein 3 18 £ 0.0 NiA  AWSS7032 Mm.43081
ESTs, Highly similar to f i ia protein t 1.7 £ 0.2 ssH AWS9185680 Rn.15417
Aplysia ras-related homolog 8 1.7 £ 0.6 NA AWS38176 Mm.687
Eph receptor A2 16 2 0.0 NA AWS4S284 Mm.2581
S-100-related protein 1.6 £ 0.3  ssH  Jo3s7 Rn.4083
Cytoskeleton
“Thymosm, beta 10 TT I U.7 SSHNA ARISTI  Mm 3532
Keratin compiex 2, basic, gene 8 18 £ 0.3 NA AWS544332 Mm 6800
Caiponin 3, acidic 1.7 £ 0.2 SSHNIA NM_019359 Rn.871
Actinin, alpha 1 16 £ 0.1 NIA  AWS44340 Mm.23061
Cell matri/adhesion
“Reracm Z5 T U8 SSH NP_112641 Rn.53546
cell adhesi ' 24 £ 02 NA  AWSS5994 Mm.39103
Laminin receptor 1 2.3 £ 0.1 IMAGE A044452 Rn.999
Embigin 1.7 £ 0.2 NA AWSE238 Mm.89123
lon pumpsitransporters
P450 (cytochrome) oxidoreductase 28 £ 08 sSH P08 Rn11358

Gene Ratio Source Acc. Unigene
Vesicule/protein trafficking
“Thromogranm B IU X U SSH NM_OIBZ6 Rni1090
Secretory carrier membrane protein 3 24 £ 0.2 MAGE AAB18481 Rn9151
Rabin 3 19 £ 03 ssH u9ey Rn.31809

Golgi SNAP receptor complex member 1
‘Synaptosomal-associated protein (Snap25)

1.7 £ 00 ssH
16 £ 02 ssH

NM_053584 Rn.6390
AF245227 Rn.24412

Metabolism

rome , Subt. XD, polypep. [erons symhase) 2. 5 WAGE AAG24Z24  Rn.9959
‘Omithine decarboxylase antizyme inhibitor 2.2 £ 0.2 SSHNW AUOIS852 Mm.6775

< beta 1,4 plide 3 2t £ 0.1 NA AWSS5479 Mm6S28

Methylacyi-CoA racemase alpha 1.9 £ 0.2 (MAGE AAS1811S Rn2590
NAD(P) steroid dehy ik 1.9 £ 0.1  sSH BCOISMMS Mm.38792
f ide N i 7 17 £ 0.2  SSH BCOO7484 Rn48729
Glutamate-cysteine ligase, modifier subunit 16 2 0.2  SSH NM_017305 Rn.2460
Phosphodiesterase 10A 18 £ 01 SSH ABO271S6 Rn.44869
Miscellaneous
“Ring Tmger protem 3% SU ¥ U1 SSH  NM_030564 Mm.7780
ESTs, Hightly similar to hypoth. prot. DKFZp434C1415.1 15 £ 8.2 sSH AW4IS023 Rn100
Unknown
=Te I8 ¥ TU AGE AABIS148 Ro2o803
ESTs 24 £ 01 NA  AWSIT002 Mm268026
ESTs 22 £ 0.3  SSH BCO3092Y  Re21415
ESTs 20 % 0.1  SSH  AASOOET3  Rn.4202
ESTs, Wealkly similar to 153063 testic. tumor overexpressed prot. 2.6 £ 0.1  NA  AWS3I460 Mm.45132
ESTs 2.0 £ 0.7 SSH AOTI857 Rn22015
ESTs 19 £ 0.3 SSH BFS63306 Rn47731
ESTs 1.8 £ 0.1 MAGE AAS49I0 Rne510
ESTs 18 £ 0.1 MAGE AAGSE728 Rn.16888
ESTs, Moderately simitar to DJAT_MOUSE DnaJ homolog 1.8 £ 0.2  SSH NM_021422 Rn.44879
ESsT 1.8 £ 0.3 NA  8M250174
RIKEN clone:4921528E07, Adult male testis cDNA 1.7 £ 00 NA  AUOISSIT  Mm.24760
ESTs, similar to i H-selecti i 1.7 £ 0.0 MAGE AIG30022 Rn.17089
ESTs 17 £ 0.0 SSH BFS48584 Rn.73777
ESTs 1.7 £ 05 NA  AWSS8833 Mm.182896
ESTs 1.6 £ 0.1 IMAGE AAS2 Rn.25109
ESTs 16 £ 0.2 sSSH  BFS63306  Rn47731
ESTs 16 £ 04 SSH BG6T2299 Rn72610
ESTs, Weakly similar to Prostatic Acid Phosphatase (E.C.3.1.3.2 1.6 £ 0.2 ssH 8M386224 Rn.8329
ESTs 1.6 & 0.1 IMAGE AA964835 Rn.11938
ESTs, Moderately similar to hypoth. prot. FLJ23251 1.6 £ 0.2 ssH BQ2SZ0 Rn.18210
ESTs 16 £ 0.1 SSH AAGQO613 Rn.26979
ESTs 1.6 £ 0.1 IMAGE AA9S6522 Rn36792
EST 1.5 £ 0.1 IMAGE AA926253 Rn.15694
ESTs 1.5 £ 0.0 MAGE AAS24751 Rn.15382
ESTs, Weakly similar to RNA-binding protein 10 18 £ 0.2 sS4 BI282892 Rni7033

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.

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 1d3, the
cell cycle regulator Gasl, the vesicular protein CgB, and the
cell adhesion molecule Mcam, and down-regulates the ex-
pression of those encoding Mest and Baspl 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 Madhl 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
c¢DNAs 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
c¢DNAs 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-
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TABLE 4. Genes down-regulated by PACAP in PC12 cells
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Gene Ratio  Source Acc. Unigene
Proliferation/DNA synthesis
WA CRFORGS0mMe Maenance aenicient 2 UEr T UT0 WA AWSSI538 Wm.16711
Thymopoietin 0.65 £ 0.08 NA AWSS0700 Mm.124
H2A histone family, member Z 0.61 £ 0.01 N AWS36811 Mm916
Cyclin A2 0.57 £ 0.12 NA AUOZ0259 Mm.4189
DNA methyltransferase 3A 0.55 £ 0.14 WNIA AWS49S77 WMn.5001
RGC-32 protein 0.49 £ 0.10 IMAGE AAB56736 Rn.3504
T factors and

ONIC , abnormal vision-Tike 1 (Hu antgen
High mobility group nucleosomal binding domain 2
Transcription factor 4

High mobility group box 2

R A NIA C8013 Mm.119162
0.53 £ 0.00 wNA AWSI7B12 MmOt
0.53 £ 0.04 IMAGE AAS56941 Rn23354
048 £ 007 NA AWSIE306 Mm.1653

GATA-binding protein 3 0.47 £ 002 MA C81309  Mm60S
RNA processing

“ESTS, Highty Similar (0 polymyosiis/scleroderma autoantigen ¢ U.68 T U.UU WAGE AASSIIS RniBIT
ESTs, Highly similar to 60S ribosomal protein L7A 0.48 £ 0.17 MAGE AA90657 Rn.4192
Protein processing/apoptosis

TCF3I(EZA] Tusion pariner (Amida) UBE T U0Z MAGE AAS97953  Rni1292Z
Dorsai protein 1 061 £ 0.07 IMAGE AA924058 Rn.9964

F pain) subunit, beta type, 7 0.54 £ 0.16 IMAGE AA955256 Rn.3846
Signating

Transtomnng growtn tactor, bera 2
GTP-binding protein gamma subunit

USS T UUE WA CBal48  Mm.i8213
0.52 £'0.03 IMAGE AA899128 Rn.11233

Protein tyrosine phosphatase, receptor type, R 0.49 £ 0.15 MAGE AI072547 Rn6277
Cytoskeleton
Kinesi-TIke 5 UBE L W07 NA AW WmZE3%

Cofilin 1, non-muscle 0.62 £ 8.07 iMAGE AA64009 Rn.11675
Adducin 3 (gamma) 059 £ 0.20 MNA AWS4619 Mm.44106
Beta-tubulin T beta1s 0.59 £ 0.03 MAGE AABOS219 Rn.I7848
Cell matrix/adhesion

eran blood group (Auberger b antigen i A z AWS53617 Mm.29236
Col3at Procollagen, type 1ll, alpha 1 0.58 £ 011 NIA AWSS062S Mm.147387

ESTs, Highly simifar to CLAUDIN-18
Glypican 3

0.58 £ 0.04 MAGE AAS01238 Rn.4324
0.43 £ 0.02 MAGE AI045921  Ra9717

Secreted protein, acidic, cysteine-rich (osteonectin) 0.31 £ 0.03  NA  AWST245 Mm.35439
lon pumpsitransporters

SSIUM erm JSma Gcl. ca-acuvat.channel, subl. N, A NIA  C86468  MmaS11
Metabolism
Thymidine kinase 1 0.64 £ 0.07 NA AWS44533 Mm.2661

Ratio Source Acc. Unigene
Metabolism {continued)

Androsterone UDP-glucuronosylransierase
Isocitrate dehydtogenase 2 (NADP+)
Acetyl-Co A acetyltransferase 1

UST T UUT WAAGE ARBSEIS RnZ2t
0.61 £ 005 NA AUG22195 Mm.2966
0.58 £ 0.0 WAGE AAI2170 Rn.4054

Miscellaneous
“Reduced expression 3
Quaking

ESTs, Highty similar to T46344 hypoth. prot. DKFZp43411614.1
Serologically defined colon cancer-antigen 33

ESTs, Highly similar to T48390 hypoth. prot. DKFZp434C1920.1
Brain abundant, membrane attached signal protein 1

ESTs, Highly similar to hypoth. protein DKFZp762K1914.1

TEX X D05 WA AWS36404 Mni47ed
061 £ 006 NA AUOZ3418 Mm2ess
0.59 £ 0.07 WAGE AAJIEST Rn.11ETS
058 £ 0.16 NA  CBR310  Mm102136
0.55 2 0.07 MAGE AA98843 Rn.7108
055 2 0.01  NA  AWSeS587 Mm.29586
0.54 £ 0.11 MAGE AAS25260 Rn23118

Alpha-1-acid glycoprotein 0.51 £ 0.11 IMAGE AI020162  Rn.10295
Mesoderm specific transcript 038 £ 0.01  MA  AWSSI763 Mm.1089
Unknown

TSE UYL tan  AWb3so17 Wm.21167
ESTs 0.66 + 0.03 IMAGE AA997538 Rn.12736
ES8Ts 0.66 £ 0.00 IMAGE AAS66250 Rn.30i7
ESTs 0.66 £ 0.01 maGE AAS63844 Rn.8041
RIKEN cDNA 2410008H17 gene 064 £ 009 NA AWS3IB465 Mm.22583
ESTs 0.64 £ 0.00 MAGE AAS96455 Rn.23608
ESTs 0.64 £ 0.03 IMAGE AIGI0241  Rn.18728
ESTs 0.64 £ 0.04 IMAGE AASSE946 Rn.16928
ESTs 0.64 £ 0.0 IMAGE A30210  Rn.13113
EST 0.63 % 0.07 IMAGE AA9S6441 Rn.8984
ESTs 0.62 £ 0.04 MAGE AA92942 Rn.13966
RIKEN cDNA 5730407104 gene 0624 0.1 NA  AUO23009 Mm.102136
ESTs 0.62 £ 0.09 IMAGE AA997453 Rn.11S57
ESTs 0.62 £ 0.0 IMAGE AA64878 Rn.11842
ESTs 0.62 £ 0.05 IMAGE AA963S36 Ra.HI713
ESTs 0.61 £ 0.00 MAGE AAI2S5167 Rn.8672
ESTs 0.60 £ 0.02 WAGE AAJ96857 Rn.12436
ESTs 0.59 £ 0.01 MAGE AA818132 Rn.21871
ESTs 0.56 £ 0.04 IMAGE AA9I64895 Rn.33007
ESTs 0.55 £ 0.01 MAGE AID43804 Rn.21667
E£STs 0.54 £ 0.02 WAGE AH11919  Rn.8813
ESTs 0.54 £ 0.18 MAGE AN29088 Rn.18142
ESTs, Weakly similar to CREB-BINDING PROTEIN 0.54 2 0.0 MAGE AA96883 Rn.12447
ESTs 0.53 £ 0.01 MMAGE AA900756 Rn.24067
ESTs, Weakly similar to LEGS RAT GALECTIN-9 0.53 £ 0.06 IMAGE AK31038 Rn.19533
ESTs 0.51 £ 0.32 NA AWSATA? Mm.162614
ESTs, Weakly similar to OXYB_oxysterol-binding protein 0.51 £ 0.01 WMAGE AA%1035 Rn.15167
EST 0.46 £ 0.06 MAGE AA956227 Rn.32029

For details, see Table 3.

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
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with proliferation (Table 3), namely immediate early re-
sponse 3, Gasl, 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 TGFB2 and increases bone
morphogenetic protein 6 mRNA levels, two members of the
TGEFp 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 TGFB1-induced transcript 4 (also known as
TSC-22) and Madhl (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 TGFg1-
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 B 10 (54), of the actin
network. Actin-based muotility 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 (thoB), 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-

Grumolato et al. ® PACAP Actions in PC12 Cells

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 8 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 Gasl, a
protein involved in growth arrest, and 1d3, a transcription
regulator (Fig. 3, A and B). The induction of Gasl was re-
duced by about 2-fold after 12 h, whereas that of Id3 re-
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Fic. 3. Kinetics of the effects of PACAP on the expression of four representative genes in PC12 cells. Northern blot analysis of 20 ug 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 1d3
(A), Gasl (B), CgB (C), and Baspl (D). Data are the mean = SEM of at least three determinations and are expressed relative to control values.

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 Gasl 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 Baspl, 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 PCI12 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
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TABLE 5. Genes regulated by PACAP in PC12 cells, and differentially expressed between PC12 and adrenomedullary cells

Gene Ratio1 Ratio2 Acc. Unigene
Protiferation/DNA synthesis
“B-ceN translocanon gene 2 1% Z5  Carok Mmoo
Mini i ient 2 0.67 3.7 AWS53939 Mm.167t1
Thymopoietin 0.65 3.1 AWSS0700 Mm.124
H2A histone family, member Z 0.61 3.2 AWS3681t Mm.91E
Cyclin A2 0.57 7.3 AUG20259 Mm.d1sg
DNA methyftransferase 3A 055 3.0 AWS49977 Mn.S5001
Transcription factors and regulators
TmoTgene 23 23 AUOI5Z84  WAm.12607
Inhibitor of DNA binding 3 13 21 AWSS7873 Mm.110
High mobility group nucleosomal binding domain 2 0.53 2.1 AWSI7812 Mm.911
High mobility group box 2 0.48 100 AWS46308 Mm.1693
Protein processing/apoptosis
“BAXassaciated alhanogene 3 TS 277°¢ Wm. 26373
Cytoskeleton
“Keratin complex 2, basic, gene 8 TS TZX AW542449 MmE300
Kinesin-like 5 0.66 4.2 AUOZ593  Mm.26386

Gene Ratiot Ratio2 Acc. Unigena

Cell matrix/adhesion

Embign 7 Z®  AWSHZE MmSIIZs
Lutheran blood group (Auberger b antigen included) 0.62 23 AWSSI617 Mm29236
Colda1 Procollagen, type IIi, alpha 1 0.58 0.39 AWS50625 Mm.147387
fon pumpsitransporters

@ssium intenn./smal ca-actival Anel. subl. N, e 9911
Metabolism
Uinillune decarboxylase aniizyiie nnonor 77 IT AGOTE0E  MmeTTs
Thymidine kinase 1 0.64 27 AWS44533 Mm.2661
Miscellaneous
“Reduced expression 3 ~UBF XX AWSI0404 Mm.14768
Quaking 0.61 38  AU0Z3418  MIn2655
Serologically defined colon cancer antigen 33 0.58 29 26310 Mm.102136
Brain abundant, membrane attached signal protein 1 0.55 3.1 AWS45587 Mm.29586
Mesoderm specific transcript 0.38 15.3 AWS53763 Mm.1089
Unknown

‘eakly simnar 1o IC. TUMOr overexpre: B 451

Ratios 1 and 2 were obtained by comparing gene expression in PACAP-treated vs. untreated PC12 cells, and PC12 vs. adrenomedullary cells,
respectively. The fold change limits considered were 1.5 for ratio 1, and 2.0 for ratio 2.

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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