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Abstract

Initial PACAP-regulated transcriptomes of PACAP-treated cultured chromaffin cells, and the adrenal
gland of wild-type versus PACAP-deficient mice, have been assembled using microarray analysis.
These were compared to previously acquired PACAP-regulated transcriptome sets from PC12 cells
and mouse central nervous system, using the same microarray platform. The Ingenuity Pathways
Knowledge Base was then employed to group regulated transcripts into common first and second
messenger regulatory clusters. The purpose of our meta-analysis was to identify sets of genes
regulated distinctly or in common by the neurotransmitter/neurotrophin PACAP in specific
physiological contexts. Results suggest that PACAP participates in both the basal differentiated
expression, and the induction upon physiological stimulation, of distinct sets of transcripts in
neuronal and endocrine cells. PACAP in both developmental and acute regulatory paradigms acts
on target genes regulated by either TNFa or TGFp, two first messengers acting on transcription
mainly through NF«B and Smads, respectively.
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1. Introduction

Pituitary adenylate cyclase activating polypeptide (PACAP) is involved in neuroprotection,
neurotransmission, glucohomeostasis, circadian rhythmicity, neuronal development, and cell
proliferation and transformation [3,4,9,16,39,48,58]. To perform these roles, PACAP must
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influence the expression of multiple cohorts of genes. The concept of PACAP-dependent gene
expression underlies previous work demonstrating a link between PACAP and glutamate-
induced brain-derived neurotrophic factor (BDNF) expression [24,52,61], a role for PACAP
in effects of lithium on cortical neurons [10], PACAP-dependent gene expression in response
to cerebral ischemia [15], and impaired basal expression of specific genes in PACAP-deficient
mice [14]. Some of these transcripts may be regulated not only by PACAP but by other agents
and transmitters that elevate intracellular cAMP, a major downstream pathway for PACAP
[13,33,38,49]. PACAP is also a strong activator of ERK [7,26,34,57], and some PACAP-
dependent genes such as BDNF may be activated by other stimulators of this MAPK pathway,
including therapeutic agents such as lithium [25]. Calcium elevation is a third known major
mode of signaling to the nucleus through which PACAP, via the PACL1 receptor, might activate
gene expression [6,8,29,37,40,42,53,60,62]. PACAP-specific regulation of particular target
genes, including those encoding neuropeptides, may be due to the unique combinatorial
elevation of cAMP, calcium and MAPK by PACAP [30].

PACAP-dependent genes may be either down-regulated or up-regulated directly in response
to increased neuronal PACAP release during physiological or pathophysiological events.
PACAP-dependent genes may also be regulated in less obvious ways, for example via the
action of PACAP as a neurotrophin in development, or through basal rather than stimulated
secretion of PACAP in vivo. Thus, strategies for identifying PACAP-dependent transcripts, or
‘PACAP target genes’ have involved microarray analysis in PACAP knock-out mice, in wild-
type mice treated with PACAP [15], and in cultured neuroendocrine cells exposed to PACAP
[28,45,57]. Meta-analysis of transcriptome profiles in these different conditions may help to
identify “intrinsically’ PACAP-responsive genes. This type of analysis entails certain caveats,
however. One is that exogenous PACAP may interact with receptors (VPAC1, VPAC?2) for
which vasoactive intestinal polypeptide (VIP) rather than PACAP is the endogenous ligand.
For this reason, pharmacological treatment with PACAP will not always represent the mirror
image of PACAP deficiency, with respect to transcriptome analysis. Data acquisition using
different transcriptomic platforms, differences in the times of exposure and treatment, and
differences in cell types within a tissue may also mask PACAP-dependent transcriptional
regulation. Comparison of differentially complex systems, for example the adrenomedullary
synapse at which PACAP is the only known neuropeptide slow transmitter, and the brain which
contains many overlapping and redundant ones, is an additional factor. Despite these concerns,
analysis of multiple transcriptome data sets relevant to PACAP’s role in gene regulation (meta-
analysis) has the potential to reveal genes uniquely regulated by PACAP, and thus PACAP’s
underlying physiological function. Conversely, meta-analysis can potentially reveal genes
commonly regulated by PACAP in neuronal cells and by other signaling molecules in other
cellular contexts, providing insight into potential common signal transduction pathways
employed by PACAP and cytokines, growth factors, and other neurotransmitters.

Here, we created a data manifold to reveal patterns of PACAP-dependent gene transcription.
Data were collated from the literature to create an “anchor set’ of PACAP-responsive genes.
This was augmented from specific data sets obtained for this purpose from wild-type versus
PACAP-deficient mouse endocrine tissue, and PACAP-treated versus untreated bovine
chromaffin cells, reported herein. Filtering of these additional data sets through the anchor set
revealed a set of PACAP-dependent genes as a basis for drug discovery, regulatory network
hierarchical arrangement, and identification of new regulatory functions for known genes.

2. Materials and Methods

2.1. Sources of data for meta-analysis

Six data sets were compared in this analysis. The first two are reported here for the first time.
The first set consists in acomparison of the adrenal gland transcriptome differentially expressed
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in wild-type compared to PACAP knock-out mice. Briefly, RNA was extracted from both
adrenal glands of individual mice, and cDNA synthesized and used for hybridization to the
NIMH 36K microarray all as previously described [15]. The second set consists in acomparison
of the bovine chromaffin cell (BCC) transcriptome differentially expressed in untreated
cultured chromaffin cells and those treated for six hours with 100 nM PACAP-27. Briefly,
BCCs were cultured in T150 flasks (~50 million cells/flask) following differential plating in
T150 flasks for 24 hours following isolation, as described [30]. PACAP or vehicle was
introduced into each flask from a 100x concentrated stock solution in complete medium the
day following re-plating. Cells were harvested 6 hours later by scraping into medium, collected
by centrifugation at 1000 rpm in Eppendorf 5810 centrifuge for five minutes, washed with PBS
by re-suspension and re-centrifugation, and RNA was extracted. cDNA was synthesized and
labeled, and hybridization to the NIMH 36K microarray was carried out, all as previously
described [15]. The third through fifth data sets were extracted from the literature for the
PACAP transcriptome of PC12 cells. These data sets represented i) the differential
transcriptome derived from PACAP treatment of PC12 cells for six hours in the presence of
cycloheximide to detect transcripts up-regulated by PACAP from 0-6 h and whose expression
returns to baseline by 6 h [45]; ii) the differential transcriptome derived from PACAP treatment
of PC12 cells for six hours (the minimal time of exposure to PACAP leading to full
differentiation 48 hours later [57]); and iii) transcripts up-regulated by PACAP after PC12 cell
treatment for the full 48 hours leading to a full PACAP-induced neuritogenic response [28].
The sixth and final data set is a composite of transcripts regulated by middle cerebral artery
occlusion (MCAO) in the mouse at 1 and 24 hours post-MCAO, in both wild-type and PACAP
knock-out mice as originally described by Chen et al. [15]. The NIA15K mouse embryo-
derived clone set ([54], and see http://lgsun.grc.nia.nih.gov/cDNA/15k.html) was used for
PC12 cell microarray experiments [45,57]. The NIMH 36K cDNA microarray containing
NIA15K, and BMAP1 and BMAP2 brain-specific clone sets [59] was used for the mouse
adrenal gland (MAG) and bovine chromaffin cell (BCC) microarray hybridization experiments
reported here, as well as the MCAO data of Chen et al., [15], analyzed here. See also
http://Igsun.grc.nia.nih.gov/cDNA/15k.html,
http://clones.invitrogen.com/cloneinfo.php?clone=est, and
http://genome.uiowa.edu/projects/BMAP/ for additional information on the clone sets
comprising the NIMH 36K cDNA microarray.

Raw data from the BCC and MAG microarray experiments have been submitted to the GEO
(gene expression omnibus) database and can be accessed using the GS series designations
GSE7405 and GSE7406.

2.2. Extraction of data from published literature

In order to extract the data from the published literature for further analysis, tables containing
the data in a given publication were saved in a PDF format using cutePDF
(http://www.cutepdf.com/Products/CutePDF/writer.asp) and subsequently converted to an
Excel table using PDF to Excel Converter (http://www.bluelabelsoft.de/index.htm). The
GenBank accession numbers in each table were converted to Entrez GenelD (formerly known
as LocusLink ID and gene symbols) using the SOURCE
(http://genome-wwwb5.stanford.edu/cgi-bin/source/sourceSearch) website. A few remaining
unannotated expressed sequence tags (EST) were eliminated from further consideration in this
report. The dataset extracted from each publication was then exported to Microsoft ACCESS
for cross comparison using gene symbol as the common element. For comparison, the genes
listed in multiple tables within each publication were combined to create a unique gene set for
that condition (PC12 0-6 h, PC12 6 h, PC12 48 h, etc). The IMAGE and SSH (suppression
subtractive hybridization) clones reported by Grumolato et al. [28] were also annotated in a
similar manner. Data from Chen et al (2006) [15] were extracted using the same tools but
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without need for ID conversion, as GenelDs and gene symbols were provided in the
publication.

2.3. Acquisition of data from mAdb

The microarray data sets (adrenal gland wild-type vs. PACAP knock-out and the bovine
chromaffin cells treated with PACAP) were analyzed as follows:

2.3.1. Creation of dataset—For the analysis of unpublished data (i.e. MAG and BCC),
simple data extraction was done in the NIH Center for Information Technology’s mAdb, and
data sets were stored as permanent files in mAdb for further analysis.

2.3.2. Group analysis for missing values—Genes with low quality values in more than
60% of the arrays per group were removed from analysis using the missing value filter tool in
mAdb. The remaining genes were used for group statistical analysis as well as for SAM
(Significance Analysis of Microarrays) [56].

2.3.3. SAM analysis—SAM was carried out using the resident SAM [56] tool in mAdb,
setting the number of permutations to 1000, and the false discovery rate (FDR) to 10% or less,
depending on whether input hybridization cDNA was obtained from mouse tissue or bovine
cells (see Table 1).

2.4. Cross comparison of different data sets

SAM-significant transcripts along with their values and gene annotation were exported from
mAdb into an Excel format and then to Microsoft ACCESS. Only the clone IDs of the genes
along with the fold change expression value were exported to eliminate the discrepancy in the
gene annotation between different datasets. The latest clone annotation for the entire array set
was then obtained from its mAdb GIPO file as a comprehensive report used to annotate the
clones represented in both MAG and BCC microarrays. SAM-significant values were
converted to linear scale and expressed in the form of fold change (see Section 2.7, below).
Only the clone IDs of the genes along with the fold change expression value were exported to
eliminate the discrepancy in the gene annotation between different datasets. The latest clone
annotation for the entire array set was then obtained from its mAdb GIPO file as a
comprehensive report used to annotate the clones represented in both MAG and BCC
microarrays.

2.5. Resolution of data obtained from multiple clones for the same gene

In a few cases there were multiple clones (microarray hybridization targets) with the same
GenelD but with divergent (conflicting) values. To authenticate each target, the available
GenBank sequences of the clones were compared to the gene RefSeq sequence
(http://www.ncbi.nlm.nih.gov/blast/bl2seg/wblast2.cgi). If the clone sequences on both the 5’
and 3’ ends matched to the RefSeq sequence, the target was deemed authentic. If there was a
match only with the sequence on one side of the clone but not on the other side, it was considered
a mixed clone and was rejected. Likewise, clones having sequence for only one end available
were rejected, if in conflict, in favor of clones with both ends sequenced

2.6. Definitions and ontological values of terms used to cross-reference gene sets

The following terms and designations for cDNA clones on microarrays, and links to curated
information about their gene loci, actual and hypothetical translation products, and relationship
to other cDNA clones, are defined in detail at the following URL:
http://atlasgeneticsoncology.org/extdef.html.
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2.6.1 Clone ID—This designates a GIPO file accession number, and is the name given to a
specific clone regardless of the gene content when it was cloned into a vector and then deposited
in the GenBank database.

2.6.2. UniGene cluster ID—UniGene is an experimental system for automatically
partitioning GenBank sequences into a non-redundant set of gene-oriented clusters. Each
UniGene cluster contains sequences that represent a unique gene, as well as related information
such as the tissue types in which the gene is expressed and map location.

2.6.3. Gene name—The Human Gene Nomenclature Database (HUGO) provides currently
approved human gene symbols or names as maintained by the HUGO gene nomenclature
committee.

2.6.4. GenBank accession number—GenBank is the NIH database of all deposited
nucleotide and protein sequences. Each deposit gets a unique ID.

2.6.5. LocusLink/GenelD—Entrez_Gene is the primary identification for the genes in
Entrez database and links to other databases such as RefSeq, maps, OMIM (Online Mendelian
Inheritance in Man), UniGene and PubMed.

2.7. Network analysis of individual and composite data sets

Interaction networks for gene symbol lists of the up-regulated transcripts for BCC (188
transcripts), PC12 composite (168 transcripts), MCAO-1h (76 transcripts), MCAO-24 h (74
transcripts), and final composite (26 transcripts) were obtained employing the Ingenuity
Pathways Knowledge Base (http://www.ingenuity.com/; see also [11]). A total of 29 networks
were obtained [nine for BCC, ten for PC12 composite, four each for MCAO-1 and MCAO-24,
and two for the final composite], using a threshold of at least eight focus genes (i.e. input genes,
or genes up-regulated by PACAP or PACAP-dependent within the given set) per network
assembled. Three networks were filtered out, based on a) reliance of entire network on a single
reference (network 1, PC12 composite), b) containing a major component known not to be
expressed in cells of interest (network 4, BCC, features CAMKIV not expressed in BCCs),
and c¢) dominance by direct interactions (protein-protein interactions) dependent on post-
translational modifications for which evidence was lacking in these studies (network 2, BCC,
featuring multiple JAK-STAT protein-protein interactions not involving changes in mMRNA
levels for either encoded protein). All 23 remaining networks were considered in meta-analysis.
For purposes of illustration, only the highest-ranked networks in each remaining set are shown
as figures.

3. Results and Discussion

3.1. PACAP-responsive transcripts of mouse adrenal gland and bovine chromaffin cells

PACAP regulation of transcripts at six hours following treatment of primary post-mitotic
bovine chromaffin cells in culture with 100 nM PACAP-27, and of mouse adrenal gland in
wild-type compared to PACAP-deficient mice without additional treatment, was determined
as summarized in Table 1. Different false discovery rates were applied to obtain the significant
genes from SAM analysis (Table 1). For MAG, the FDR was set low while for BCC, it was
set high to take into account the potential loss of signal due to cross-species hybridization. As
a two-fold cut off was used to obtain the data in the published literature, a similar cut off was
used for both of these data sets after SAM analysis.

First, transcripts were determined to be up-regulated by PACAP (down-regulated transcripts
were not considered in this analysis) if their abundance was i) significantly higher by SAM in
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wild-type compared to PACAP-deficient adrenal gland or in PACAP-treated compared to non-
treated bovine chromaffin cells, and ii) the difference between the two conditions was at least
two-fold, based on the SAM-derived mean values of the ratio between the two respective sets
of conditions. The number of transcripts regulated by this criterion was 228 in the MAG
microarray data set, and these transcripts are listed in Supplementary Table S1. Some of the
transcripts reported to be regulated in the rodent adrenal gland upon
splanchnicoadrenomedullary synaptic activation were down-regulated by lack of PACAP
expression (i.e. in PACAP-deficient mice) under quiescent conditions. Prominent among these
was the neuropeptide precursor secretogranin I, which generates the neuroactive peptide
secretoneurin, and is not regulated by splanchnic nerve activity at the protein level [21].
Transcripts for other characteristic products of the adrenal medulla including chromogranin
A, chromogranin B, and tyrosine hydroxylase (TH) were not significantly decreased by the
absence of PACAP, consistent with the apparent lack of effect of PACAP deficiency on
adrenomedullary chromogranin A, TH, and phenylethanolamine N-methyltransferase (PNMT)
at the protein level as previously reported [31]. Secretogranin 11l mMRNA levels were also
significantly decreased in the PACAP-deficient adrenal gland, while mRNA encoding
neuropeptides known to be regulated by stimuli that release PACAP and ACh at the
splanchnicoadrenomedullary synapse, including neuropeptide Y (NPY), neurotensin and
substance P, were not altered in the basal state. This suggests either that the fast and slow co-
transmitters ACh and PACAP may separately regulate the abundance of different classes of
secretory products in the adrenal gland. Alternatively, regulation by PACAP for some
neuropeptide-encoding genes may occur only under conditions in which stimulus-secretion-
synthesis coupling is engaged by prolonged PACAP release, for example following splanchnic
nerve stimulation by insulin, reserpine, or physiological stress. Among transcripts likely to be
developmentally important, and likely to be expressed in the adrenal medulla as well as or in
addition to adrenal cortex, Scmhl, Btg2, Jarid1c and BMPR2 were at least two-fold less
abundant in PACAP-deficient compared to normal mouse adrenal.

In contrast, transcripts regulated in fully differentiated, mature chromaffin cells in culture by
treatment with PACAP included substance P, enkephalin, and secretogranin Il as reported
previously in either PACAP-treated BCC [5,29] or rodent adrenal in vivo after stimulation
withinsulin [2,20,22,23]. In total, 187 transcripts were found to be PACAP-regulated in bovine
chromaffin cells (Table S2). Ingenuity analysis was used to determine if the core set of genes
regulated by PACAP are regulated by other signal transduction components, thus providing
some clues to novel signaling pathways used by PACAP. Transcripts encoding YWHAZ
(14-3-3-zeta) and several proteins interacting with it, are up-regulated by PACAP, suggesting
that a 14-3-3 network may be fundamentally modulated by PACAP as part of its slow
transmitter function at the adrenomedullary synapse (Figure 1a). Increased expression of
YWHAZ activation may provide a molecular mechanism, in addition to direct phosphorylation
of TH by adenylate cyclase, for the long-term PACAP-dependent activation of
adrenomedullary TH in vivo subserving glucohomeostasis during metabolic stress [31].
Strikingly, as shown in Figures 1b and 1c, several PACAP target genes are also targets of
TGFB and TNFa in other cellular contexts, implicating Smads [19], and NF«B [27],
respectively, in PACAP signaling in neuroendocrine cells.

3.2. Meta-analysis of transcripts regulated by PACAP in PC12 cells

Transcriptome changes in PC12 cells treated with PACAP presumably represent both
regulation at the level of differentiation from a dividing cell to a growth-arrested one and
stimulus-secretion-synthesis coupling during physiological activation of the adrenomedullary
synapse under conditions of metabolic, psychogenic, or thermoregulatory stress.
Consequently, we derived a composite set of regulated transcripts representing the “transitional
transcriptomes’ for both development and mature functioning of the adrenal gland, by
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combining immediate-early response, differentiation response, and differentiated response
periods of PACAP exposure (0-6, 6 and >24 hours of exposure) for comparison to the MAG
and BCC data sets. Using our previous comprehensive analysis at these time points (for 0-6
h, a ‘“CHX superinduction’ paradigm was used) yielded the data shown in Table S3. Ingenuity
analysis suggests that TNFa- (Figure 2a) and TGFp-like (Figure 2b) patterns of gene induction
were also noted for the PACAP transcriptome of PC12 cells, linking the transcript set regulated
by PACAP in fully differentiated chromaffin cells to a set of genes regulated by PACAP in
PC12 cells (Figure 2).

3.3. Meta-analysis of transcripts regulated by PACAP following middle cerebral artery

occlusion

PACAP is neuroprotective in stroke [46,47], and the pathogenic and neurological sequelae of
stroke are exacerbated in PACAP-deficient mice [14,15,41]. PACAP-dependent CNS genes
defined in the context of response to ischemic injury (MCAO) were reported previously [15],
and were re-analyzed here (Table S4) using Ingenuity (Figure 3). In CNS, PACAP-responsive
transcripts appear to link PACAP signaling to both the immediate-early transcription factor
Jun, and to the GSK-regulated signal transduction factor for transcription, beta-catenin.

3.4. Composite transcriptome changes in MAG, BCC, PC12, and MCAO paradigms of PACAP
gene regulation

A final analysis of common PACAP-responsive genes in MAG, BCC, PC12 cells, and the
MCAO model yielded 26 transcripts regulated in the PC12 anchor set and at least one other
(MAG, BCC, MCAO) (Table 2). Ingenuity analysis of this set (Figure 4) reveals a high density
of PACAP-regulated genes that are also targets of TNFa and TGF(, supporting the suggestion
that PACAP may use NFxB and Smad pathways, in addition to its established signaling through
cAMP, calcium and phospholipase C, in a wide variety of physiological responses and during
development.

Meta-analysis, whose final results are shown in Table 2 and Figure 4, has revealed several key
points about PACAP-responsive genes mobilized for adrenomedullary function in peripheral
nervous system (PNS) and for neuroprotection in central nervous system (CNS). First, there
appears to be three distinct types of gene regulation of PACAP-responsive transcripts in PC12
cells that correspond most closely to developmental (wild-type versus PACAP-deficient
MAG), physiological (PACAP-stimulated chromaffin cells) and pathophysiological (mouse
MCAO) roles for PACAP. Of immediate interest is the finding that of the 26 PACAP-regulated
transcripts that span these arenas of PACAP action, at least four encode translational regulators,
and these fall into two categories. Cpeb4 expression in quiescent MAG appears to require
PACAP, i.e. is related to ‘basal’ or developmental actions of PACAP. Eif2c2, Eif4e and Eprs
expression are enhanced by PACAP in mature BCCs, and might therefore be regulatory loci
for slow transmitter function related to cell plasticity. Transcripts up-regulated by PACAP in
PC12 cells are largely those that require endogenous PACAP for full expression in adrenal
gland invivo or are induced by PACAP in bovine chromaffin cells. The lack of overlap between
PC12 composite transcripts which are also decreased in PACAP-deficient MAG, and up-
regulated by PACAP in BCCs suggests that the neurotrophic and neurotransmitter roles of
PACAP are largely distinct. Genes regulated pathophysiologically, e.g. in MCAO, appear to
be a third category of PACAP-responsive genes also up-regulated by PACAP in PC12 cells.
The abundance of the previously reported PACAP-responsive transcript ler3 (a.k.a. PACAP-
regulated gene-1, or PRG-1) [51] is increased in both PC12 cells upon PACAP exposure
[57], and in a PACAP-dependent manner after MCAO [15], but is not dependent on PACAP
in the unstimulated MAG, or in BCCs treated with PACAP (Table 2). It will be of interest to
determine if other adrenomedullary stimuli, such as metabolic or psychogenic stress, elicit a
PACAP-dependent activation of ler3 or related immediate-early genes as occurs in

Peptides. Author manuscript; available in PMC 2009 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samal et al.

Page 8

pathophysiological conditions, such as ischemia, in the brain. Anxa2 was the single transcript
found up-regulated by PACAP in all paradigms examined here. Anxa2 is required for
generation of plasmin during NGF-initiated neuritogenesis in PC12 cells [32]. The role of the
plasminogen activator system in both catecholamine secretion [50] and ischemia [35] may link
PACAP function to this transcriptional target in these diverse physiological contexts.

Second, overlap of transcriptional targets of TNFa and TGFp, and PACAP, suggests alternative
modes of transcriptional signaling for PACAP in addition to cAMP, i.e. NFkB and Smad.
TGFB-like signaling initiated by PACAP, i.e. proceeding through Smad transactivation, has
not been explored. However, the VIP gene, a major target of PACAP signaling in vivo and in
BCCs and neuroblastoma cells, contains responsive elements for Smads and is stimulated by
TGFp in NBFL neuroblastoma cells [44]. With respect to TNFa-like signaling by PACAP, it
is clear that TNFo. itself can activate several genes in common with PACAP in chromaffin cells
via activation of the TNFa type 2 receptor, including secretogranin Il and galanin [1]. It will
be worthwhile to explore whether this signaling also proceeds through NF«B following
elevation in intracellular calcium, as suggested for cerebellar neurons [36].

Third, we have noticed that at least four of the 26 PACAP-dependent transcripts listed in Table
2 are also known to be targets for the transcription factor C/EBP in various cell types including
PC12 cells. These include Btg2, involved in PC12 cell differentiation by NGF; ler3, a regulator
of apoptosis whose human homolog is called Dif-2; Rgs2, which is highly up-regulated by
PACAP in PC12 cells; and APC, like Btg2 important in PC12 cell differentiation by NGF
[12,17,18,43,55]. Thus C/EBP, in addition to CREB, may be a trans-activator for PACAP
signaling in neuroendocrine cells.

In summary, meta-analysis suggests that PACAP might share signaling pathways with
TNFa and TGFB. In addition, it may utilize a converging trans-activator, C/EBP in addition
to its known activation of MAP kinases, PKA, calcineurin, PKA, and CREB, to exert its
pleiotropic effects on neuronal differentiation and slow transmission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

ACh

acetylcholine
BCC

bovine chromaffin cells
BDNF

brain-derived neurotrophic factor
BMAP1/2

Brain Molecular Anatomy Project clone sets 1 and 2
BMPR2

bone morphogenic protein receptor, type Il (serine/threonine kinase)
Btg2

B-cell translocation gene 2, anti-proliferative
cAMP

3'-5'-cyclic adenosine monophosphate
cDNA

complementary DNA (deoxyribonucleic acid)
CHX

cycloheximide
CNS

central nervous system
DNA
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ERK
Extracellular signal-regulated protein kinase
EST
expressed sequence tag
FDR
false discovery rate
GIPO
gene in position order
GSK
glycogen synthase kinase
HUGO
Human Genome Organisation
Jaridlc
jumoniji, AT rich interactive domain 1C
mAdb
microArray database
MAG
mouse adrenal gland
MAPK
Mitogen-activated protein kinase
MCAO
middle cerebral artery occlusion
MmRNA
messenger ribonucleic acid
NFxB
nuclear factor of kappa light chain gene enhancer in B-cells 1, p105
NHGRI
National Human Genome Research Insitute
NIA
National Institute on Aging
NIH
National Institutes of Health
NIMH
National Institute of Mental Health
NINDS
National Institute of Neurological Disorders and Stroke
NPY

neuropeptide tyrosine
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PACAP

PBS

PC12

pdf

PNMT

PNS

RNA

SAM

SCMH1

Smad

SSH

STAT

TFGB

TH

TNFa

VIP

YWHAZ

Online Mendelian Inheritance in Man

pituitary adenylate cyclase-activating polypeptide

phosphate-buffered saline

rat pheochromocytoma cells

portable document format

phenylethanolamine N-methyltransferase

peripheral nervous system

ribonucleic acid

Significance Analysis of Microarrays

sex comb on midleg homolog 1

MAD homolog 1

suppression subtractive hybridization

signal transducer and activator of transcription

transforming growth factor, beta 1

tyrosine hydroxylase

tumor necrosis factor, alpha

vasoactive intestinal polypeptide

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,

zeta polypeptide
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Figure 1a BCC
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Figure 1b BCC

©2000-2007 Ingenuity Systems, Inc. All rights reserved.
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Figure 1c BCC

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 1. Regulatory networks for PACAP-dependent transcripts in BCC (bovine chromaffin cells)
Transcripts with an abundance of two-fold or greater in PACAP-treated (6 h) compared to
vehicle-treated bovine chromaffin cells by two-color microarray analysis (187 transcripts; see
Supplementary Table S2) were used as the input for analysis of potential networks using the
signal transduction knowledge environment of Ingenuity (http://www.ingenuity.com). a.
Network solely involving 35 PACAP-regulated transcripts. b. Network involving 16 PACAP-
regulated transcripts and 12 additional components with Ingenuity-confirmed direct or indirect
links to them. c. Network involving 12 PACAP-regulated transcripts and 8 additional
components with Ingenuity-confirmed direct or indirect links to them. PACAP-regulated
transcripts are depicted in gray and linked components in white. Circular lines above symbols
indicate auto-regulation; connecting lines without arrows indicate direct protein interaction
deduced from either yeast two-hybrid, enzymatic, or immunoprecipitation assays; dashed and
solid arrows indicate indirect (e.g. regulation of mMRNA levels) and direct (e.g. enzymatic)
activation, and lines ending in orthogonal dash indicate inhibition. Symbols and notations used
by the Ingenuity Pathway Assistant in assembling of the networks shown in this and subsequent
figures are as follows. The node shapes denote enzymes ( ©) , phosphatases ( ) , kinases
(=), peptidases (=), G-protein coupled receptor () , transmembrane receptor ( ') , cytokines
(=9), growth factor (- ), ion channel ( ) , transporter ( =), translation factor ( =) , nuclear
receptor ( —) , transcription factor (<), and other ( ©).The edge labels (when included) are
represented as follows: A, activation, deactivation; B, binding; E, expression; I, inhibition; L,
proteolysis; M, biochemical modification; O, other; P, phosphorylation, dephosphorylation;
T, transcription. Edge types include solid lines, direct interactions; dotted lines, indirect
interactions; lines without arrows, binding only; arrows, factor acting upon factor nearest to
arrowhead; lines terminating in short orthogonal line, inhibition of factor closest to orthogonal
line; lines terminating in a combination of the last two edge types, both action upon and
inhibition of factor closest to arrowhead. All gene products are defined in the glossary in
Supplementary Table S5, which includes active links to Entrez Gene for each component.
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Figure 2a PC12

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 2b PC12

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 2. Regulatory networks for PACAP-dependent transcripts in PC12 cells

Transcripts with an abundance two-fold or greater in PACAP-treated PC12 cellsat 0to 6 h
(deduced from cycloheximide superinduction at 6 h), 6 h, or 48 h (168 transcripts; see
Supplementary Table S3 and references [28, 45, 57] respectively) were used as the input for
analysis of regulatory networks using Ingenuity as described in Figure 1. a. Network involving
15 PACAP-regulated transcripts and 5 additional components with Ingenuity-confirmed direct
or indirect links. b. Network involving 14 PACAP-regulated transcripts and 11 additional
components with Ingenuity-confirmed direct or indirect links. Symbols and abbreviations are
as described in Figure 1 and Supplementary Table S5.
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Figure 3a MCAO 1 hr

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 3b MCAO 24hr

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 3. Regulatory networks for PACAP-dependent transcripts in middle cerebral artery
occlusion (MCAO)

Up-regulated transcripts in wild-type compared to PACAP-deficient micea. 1 hand b. 24 h
after MCAO. 64 and 74 transcripts respectively (see Supplementary Table S4 and reference
[15]) were used as the input for analysis of regulatory networks using Ingenuity as described
in Figure 1. a. Network involving 15 PACAP-regulated transcripts and 17 additional
components with Ingenuity-confirmed direct or indirect links. b. Network involving 15
PACAP-regulated transcripts and 20 additional components with Ingenuity-confirmed direct
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or indirect links. Symbols and abbreviations are as described in Figure 1 and Supplementary
Table S5.
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Figure 4a Composite

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 4b Composite

©2000-2007 Ingenuity Systems, Inc. All rights reserved.

Figure 4. Regulatory networks for PACAP-dependent transcripts in PC12 cells and MAG, BCC
or MCAO

PACAP-regulated transcripts common to PC12 cells and either MAG, BCC or cerebral cortex
in MCAO as listed in Table 2 were used as input for analysis of regulatory networks using
Ingenuity as described in Figure 1. a. Network involving 13 PACAP-regulated transcripts and
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5 additional components with Ingenuity-confirmed direct or indirect links. b. Network
involving 8 PACAP-regulated transcripts and 17 additional components with Ingenuity-
confirmed direct or indirect links. Symbols and abbreviations are as described in Figure 1 and
Supplementary Table S5.
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Table 2

PACAP-dependent Transcripts in PC12 Cells and MAG, BCC or MCAO.

GenelD Gene Name Gene Symbol
12306 Annexin A2 Anxa2
71994 Calponin 3, acidic Cnn3
13205 DEAD/H (Asp-Glu-Ala-Asp/His) box Ddx3x
polypeptide 3, X-linked
11789 Adenomatosis polyposis coli Apc
12227 B-cell translocation gene 2, anti- Btg2
proliferative
67579 Cytoplasmic polyadenylation element Cpeb4
binding protein 4
20321 Ferric-chelate reductase 1 Frrsl
52118 Poliovirus receptor Pvr
83486 RNA binding motif protein 5 Rbm5
19735 Regulator of G-protein signaling 2 Rgs2
29871 Sex comb on midleg homolog 1 Scmhl
11843 ADP-ribosylation factor 4 Arf4
54375 Antizyme inhibitor 1 Azinl
12653 Chromogranin B Chgb
239528 Eukaryotic translation initiation factor Eif2c2
2C, 2
13684 Ell;karyotic translation initiation factor Eifde
107508 Glutamyl-prolyl-tRNA synthetase Eprs
319448 gibronectin type Il domain containing Fndc3a
a
18148 Nucleophosmin 1 Npm1
20848 Signal transducer and activator of Stat3
transcription 3
326618 Tropomyosin 4 Tpm4
50770 ATPase, class VI, type 11A Atplla
12512 Cd63 antigen Cd63
14284 Fos-like antigen 2 Fosl2
15937 Immediate early response 3 ler3
75909 Transmembrane protein 49 Tmem49

PACAP-responsive transcripts identified in the six data sets described in Table 1 and Tables S1-S4 and regulated in both the anchor set (PC12 cells; Table
S4) and at least one other (mouse adrenal gland, MAG; bovine chromaffin cells, BCC; mouse middle cerebral artery occlusion model, MCAOQ) are depicted .
Filled square, transcript elevated at least 2-fold; empty square, transcript not significantly elevated.
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