Chapter 47
PACAP and Cancer

Terry W. Moody and Robert T. Jensen

Abstract The ADCYAPI1 gene, which is expressed in certain cancer cells, encodes
for pituitary adenylate cyclase activating polypeptide (PACAP). The translated
protein products for the ADCYAP1 gene include prepro PACAP (176 amino acids)
as well as the biologically active PACAP-27 or PACAP-38. When secreted from
cancer cells, PACAP-27 or PACAP-38 binds with high affinity to VPAC1, VPAC2,
and PACI. The activated PACI1 elevates cAMP and causes phosphatidylinositol
turnover. PAC1 regulates the phosphorylation of numerous proteins in lung cancer
including protein kinase C, paxillin, focal adhesion kinase, Src, the epidermal
growth factor receptor, and extracellular signal-regulated kinase (ERK). The phos-
phorylated ERK enters the nucleus and increases the expression of the nuclear
oncogenes c-fos and c-jun. The c-fos and c-jun form heterodimers altering the
expression of growth factor genes. PACAP-27 or PACAP-38 stimulates the clonal
growth of cancer cells. A PAC1 antagonist is PACAP(6-38), which inhibits the ability
of PACAP-27 or PACAP-38 to increase protein phosphorylation, nuclear oncogene
expression, and the proliferation of cancer cells.
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EC Extracellular
EGFR  Epidermal growth factor receptor
ERK Extracellular signal-regulated kinase

FAK Focal adhesion kinase

GPCR G Protein coupled receptor

IC Intracellular

MEK Mitogen/extracellular signal-regulated kinase
MMP Matrix metalloprotease

NSE Neuron specific enolase

PACAP Pituitary adenylate cyclase activating polypeptide
PI Phosphatidyl inositol

PK Protein kinase

PL Phospholipase

PRP PACAP related peptide

PYK Proline-rich tyrosine kinase

SCLC Small cell lung cancer

SV Splice variant

TGF Transforming growth factor

TKI Tyrosine kinase inhibitor

™ Transmembrane

VEGF  Vascular endothelial growth factor
VIP Vasoactive intestinal peptide
Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP)-27 has sequence
homology (67 %) with vasoactive intestinal peptide (VIP) [1]. PACAP-27, PACAP
related peptide (PRP), and PACAP-38 are derived from a 176-amino acid precursor
protein preproPACAP [2]. PACAP-38 contains PACAP-27 plus an addition 11 amino
acids at the C-terminal [3, 4]. PACAP-38 and PACAP-27 were isolated from ovine
hypothalamus and elevate cCAMP in rat pituitary cells in culture. The PACAP-38
amino acid sequence is highly conserved and is identical in mammals [5]. In cellular
extracts approximately an order of magnitude more PACAP-38 is detected than PRP
or PACAP-27. PACAP-38 and PACAP-27 have approximately an order of magnitude
more biological activity than does PRP [5].

PACAP-27 and PACAP-38 bind with high affinity to G-protein coupled receptors
(GPCR; VPACI1, VPAC2, and PAC1) which are members of the class II or class B
secretin-like receptors [6]. The activated VPAC1, VPAC2, or PACI interact with a
stimulatory guanine nucleotide binding protein (Gs) increasing adenylylcyclase
activity resulting in elevated cellular cAMP [7]. The increased cAMP activates
protein kinase (PK) A causing phosphorylation of various proteins such as CREB
leading to altered gene expression [8]. In addition, PAC1 interacts with Gq causing
phospholipase (PL) C activation [9]. The PLC metabolizes phosphatidyl inositol
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(PI) 4,5 bisphosphate to inositol-1,4,5-trisphosphate and diacylglycerol which
increase cytosolic calcium and PKC activity, respectively. PACAP-27 addition to
cancer cells increases the phosphorylation of numerous proteins in lung cancer
including PKC, paxillin, focal adhesion kinase (FAK), Src, the epidermal growth
factor receptor (EGFR), and extracellular signal-regulated kinase (ERK) [10]. The
phosphorylated ERK enters the nucleus and increases the expression of the nuclear
oncogenes c-fos and c-jun [11, 12]. The c-fos and c-jun form heterodimers altering
the expression of growth factor genes. PACAP-27 or PACAP-38 stimulates the
growth of brain cancer [13], colon cancer [14], neuroendocrine tumors [15, 16],
pancreatic cancer [17] and SCLC [18]. A PACI1 antagonist, PACAP(6-38), inhibits
the growth of lung, breast and prostate cancer cells [19-22]. PACI has been detected
in a wide variety of tumors including brain, breast, colon, lung, neuroendocrine,
pancreatic, pituitary, and prostate cancer [23—25]. In this chapter, the role of PACAP
in cancer is presented.

Lung Cancer

PACAP-38 has been detected in tumors of the colon, lung, and prostate [8, 26, 27].
PACAP binds with high affinity to small cell lung cancer (SCLC) cell lines [18].
SCLC is a neuroendocrine tumor which kills approximately 25,000 United States
(US) citizens annually. Patients with SCLC are traditionally treated with chemother-
apy and/or radiation therapy. While the therapy is initially effective, relapse occurs
and the median survival time is less than 1 year [28]. SCLC contains high levels of
dopa decarboxylase (DDC), neuron specific enolase (NSE), and bombesin (BB)-like
peptides [29]. Specific binding of »I-PACAP-27 to NCI-H345 or NCI-N417 SCLC
cells was inhibited with high affinity by PACAP-27 or PACAP-38 and the ICs, values
were 5 and 10 nM respectively [18]. In contrast, PACAP(6-38), PACAPhybrid and
VIPbind to PAC1 with ICs, values of 1500, 750 and 500 nM, respectively (Table 47.1).
The results indicate that PACAP-27 binds to PAC1 with approximately 2-orders of
magnitude greater affinity than does VIP. PCR products for VIP, PACAP, VPACI, and
PACI1 were present in six of eight lung cancer cell lines tested, however, only two out
of eight cell lines had VPAC2 [30]. PACAP-38 immunoreactivity is higher in the
human lung cancer than normal lung biopsy specimens [27].

A general problem is that the VPAC1 density (100,000/cell) is much greater than
that of PAC1 (14,000/cell) in lung cancer and PACAP binds with high affinity to
PAC1, VPACI and VPAC2. The 61-amino acid maxadilan is selective for PACI;
however, it has little sequence homology to PACAP [31]. Recently 46 PACAP
analogs were synthesized and evaluated for selectivity for PACI relative to VPACI
and VPAC?2 [32]. Fifteen of the 46 analogs tested had selectivity for PAC]1 relative
to VPACI. (Iac!, Ala's!, DLys*)PACAP-38 bound with higher affinity to PACI
(IC5=0.3 nM) relative to VPAC1 (IC5,=23 nM) or VPAC2 (IC5,=3 nM). (Iac,
Ala'®’, DLys**)PACAP-38 [(IAAD)PACAP-38] was an agonist which was more
potent at elevating cAMP using cells containing PAC1 (EC5,=0.05 nM) relative to
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Table 47.1 Binding of Peptide ICso, M

PACAP analogs PACAP-27 541
PACAP-38 101
PACAP(6-38) 1500170
PACAPhybrid 750+90
VIP 500+60
PACAP(16-38) >10,000

The mean IC5,+S.D. of three determinations to inhibit
specific '*I-PACAP-27 binding to SCLC cell line NCI-N417
is indicated. The peptide structures are shown below.
Sequence homologies relative to PACAP-27 are in italics
PACAP-27: His-Ser-Asp-Gly-lle-Phe-Thr-Asp-Ser-Tyr-Ser--
Arg-Tyr-Arg-Lys-Gin-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-
Val-Leu-NH,

PACAP-38: His-Ser-Asp-Gly-1le-Phe-Thr-Asp-Ser-Tyr-Ser--
Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-
Ala-Val-Leu-Gly-Lys-Arg-Tyr-Lys-Gln-Arg-Val-Lys-Asn-
Lys-NH,

PACAP-hybrid: Lys-Pro-Arg-Arg-Pro-Tyr-Thr-Asp-Ser-Tyr-
Ser-Arg-Tyr-Thr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-
Leu-Ala-Ala-Val-Leu-Gly-Lys-Arg-Tyr-Lys-Gln-Arg-Val-
Lys-Asn-Lys-NH,

VIP:  His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-
Leu-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Ala-Leu-Asn-Ser-
Ile-Leu-Asn-NH,

VPACI1 (ECsy=1.5 nM) or VPAC2 (ECs,=2.5 nM). The results indicate that (IAAD)
PACAP-38 prefers PACI relative to VPACI1 by 50- to 80-fold and prefers PAC1
relative to VPAC2 by 10- to 50-fold. Previously it was found that PACAP-38 is
metabolized by dipeptidyl peptidase IV [33]. Acetyl-[Ala's, Ala?°]PACAP-38 pro-
pylamide and acetyl-PACAP-27-propylamide had improved biological activity and
metabolic stability relative to PACAP-27 or PACAP-38. The results indicate that
PACAP analogs are available which prefer PAC1 relative to VPAC1 or VPAC2.

PACAP-27 or PACAP-38 has a secondary structure in that it has a f-turn at
amino acids 9-12 followed by an a-helix at amino acids 12—14, 15-20, and 22-24
[34, 35]. Also, an a-helix forms at amino acids 28-38 of PACAP-38. Site-directed
mutagenesis studies indicate that several amino acids in the N-terminal of PAC1
such as Tyr'*® and Glu!*’ are essential for high affinity PACAP binding [35].
Mutation of Val'®, Tyr?2, Val?, or Leu?” in PACAP impaired high affinity binding to
PACI1. Modeling studies suggest that the C-terminal of PACAP binds to the
N-terminal of PAC1, whereas the N-terminal of PACAP binds to the PAC1 extracel-
lular (EC) loops and transmembrane (TM) domains [36].

PACI1 is a GPCR with 467 amino acids (null; [37]) which has seven TM domains.
Splice variants (SV) have been identified and PAC1 SV-1 or the hip receptor has an
additional 28-amino acid insert in intracellular loop (IC) 3 [38]. PAC1 SV-2 or the
hop receptor (HOP1) contains 495 amino acids and has a different 28-amino acid
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Table 47.2 PACAP elevates Addition c¢AMP, fmol

cAMP in lung cancer cells None 7021055
PACAP-27, 1 nM 40.1£6.0%*
PACAP-38, 1 nM 37.8+5.6%*
PACAP-27+1 pM PACAP(6-38) 14.5+2 5% %5k
PACAP-27+1 uM PACAPhybrid 10.5£2.7%%*
PACAP(16-38), 1 nM 6.8£0.9%%%*

The ability of peptides to alter cAMP was investigated in
SCLC cell line NCI-H345. The mean value+S.D. of three
determinations each performed in duplicate is shown;
*p<0.05; **p<0.01 relative to control; ***p<0.01 relative
to PACAP-27

insert in IC3. PAC1 SV-3 or the hip-hop receptor contains 523 amino acids and has
both 28-amino acid inserts in IC3. All PAC1SVs interact with Gs and stimulate ade-
nylyl cyclase. PAC1 SV-2 interacted strongly with Gq causing phosphatidylinositol
(PD) turnover whereas PAC1 null, PAC1 SV-1 or PAC1 SV-3 have a weaker response
[9]. C-Fos expression was strongly increased when PACAP-27 was added to
cells containing PAC1 SV-2 relative to PAC1 null, PAC1 SV-1, or PAC1 SV-3 [39].
The Ca* response was maximal when PACAP-27 was added to cells containing
PAC1 SV-2 relative to PAC1null, PAC1 SV-1 or PAC1 SV-3 [39] . The results indi-
cate that PAC1 null, PAC1 SV-1, PAC1 SV-2, or PAC1 SV-3 interact with Gs, how-
ever, PAC1 SV-2 interacts better than PAC1 null, PAC1 SV-1, or PAC1 SV-3 with Ggq.

When PAC1 activates Gs it stimulates adenylyl cyclase increasing the cAMP 5.5-
fold (Table 47.2). Both PACAP-27 and PACAP-38 (1 nM) increased significantly the
cAMP 5.5-fold after addition to lung cancer cells, however, PACAP(16-38) is inac-
tive (Table 47.2). The increase in cAMP caused by PACAP-27 was antagonized
significantly by 1 pM PACAPhybrid or PACAP(6-38) [20]. The results indicate
that nM concentrations of PACAP-27 are required to elevate cAMP and that
PACAP(6-38) or PACAPhybrid are PAC1 antagonists in cancer cells.

PACAP-27 or PACAP-38 (100 nM) increased the cytosolic Ca** in lung cancer
cells. The increase in cytosolic Ca** caused by PACAP-27 was antagonized by 1 pM
PACAPhybrid or PACAP(6-38) [20]. Figure 47.1 shows a dose-response curve for
(Tac!, Ala!*7, DLys*®)PACAP-38 to elevate cytosolic Ca**. (Iac!, Ala'%!7, DLys*)
PACAP-38 had little effect on NCI-H838 cytosolic Ca?* ata0.1 or 1 nM dose, however,
it moderately and strongly increased cytosolic Ca?* at a 10 or 100 nM concentration,
respectively. The results indicate that 10 nM doses of PACAP-27, PACAP-38, and
(Tac!, Ala'®!7, DLys*)PACAP-38 are needed to elevate the cytosolic Ca** in lung
cancer cells and whereas lower doses are needed to elevate cAMP [32].

PACAP has additional signal transduction mechanisms. Addition of 10 nM
PACAP-27 to non-SCLC (NSCLC) cell line NCI-H1299 cells increased ERK
tyrosine phosphorylation [12]. The increase in ERK tyrosine phosphorylation
caused by PACAP was reversed by PACAP(6-38) or PD98059, a MEK inhibitor.
Phosphorylated ERK can enter the nucleus and alter gene expression. PACAP-27 or
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Fig. 47.1 Cytosolic Ca*. The ability of 0.1 (a), 1 (b), 10 (¢), or 100 nM (d) (Tac', Ala'®!"- DLys?®)
PACAP-38 [(IAAD)PC-38] to elevate cytosolic Ca** in Fura-2AM loaded NCI-H838 cells was
investigated as a function of time. This experiment is representative of three others

PACAP-38 increased c-fos mRNA in NCI-N417 cells after 4 h [11]. The increase in
c-fos expression caused by PACAP was reversed by PACAP(6-38) or H7, a PKC
inhibitor. C-fos and c-jun can form heterodimers and increase expression of genes
with AP-1 sites. PACAP-27 (100 nM) addition to NCI-H1299 cells increased
expression of vascular endothelial growth factor (VEGF) after 8 h [12]. The increase
in VEGF mRNA caused by PACAP-27 was inhibited by PACAP(6-38) or PD98059.
VEGF is an angiogenic factor which increases the vascularization of tumors.

PACAP-27 (10 nM) stimulated the clonal growth of lung cancer cells signifi-
cantly to 178 % (Table 47.3). The increase in clonal growth stimulated by PACAP-27
was inhibited significantly by 1 pM PACAP(6-38). PACAP(6-38) reduced basal
colony number to 63 %. Injection of 0.4 mg/kg of PACAP(6-38) into nude mice
reduced NCI-H838 xenograft growth significantly to 67 %. The results suggest that
PACI1 regulates the growth of lung cancer cells [19].

PACAP addition to NSCLC cells causes phosphorylation of numerous proteins.
PACAP-27 addition to lung cancer cells causes tyrosine phosphorylation of focal
adhesion kinase (FAK) and paxillin [40]. Tyrosine phosphorylation of FAK and
paxillin are associated with reorganization of the actin cytoskeleton and assembly of
focal adhesion plaques [41]. The ability of PACAP to increase FAK phosphoryla-
tion was reversed by PP2 (Src inhibitor), U73122 (PLC inhibitor), or PACAP(6-38)
[40]. PACAP-27 addition to lung cancer cells caused tyrosine phosphorylation of
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Table 47.3 Effect of ligands on lung cancer proliferation

Relative % proliferation
Addition In vitro In vivo
None 100+ 13%%* 100+9
PACAP-27 178+£21% n.d.
PACAP(6-38) 63 44k 67 +5%
PACAP-27+PACAP(6-38) 113 £ 14%%% n.d.
Gefitinib 51+ 9k** n.d.
PACAP(6-38) + Gefitinib 18£3%%* n.d.

The mean in vitro value+S.D. of three determinations each repeated in triplicate is
shown; **p <0.01; *p <0.05 relative to control; ***p <0.01 relative to 10 nM PACAP-27.
NSCLC NCI-H838 cells were treated with 1 pM PACAP(6-38) and/or 1 pg/ml gefitinib.
The mean value+S.D. of six mice bearing NCI-H838 xenografts is indicated; *p <0.05
relative to control using 0.4 mg/kg PACAP(6-38) subcutaneously; n.d. not determined
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Fig. 47.2 EGFR transactivation. (Top) The ability of 1, 10, or 100 nM (IAAD)PC-38 to cause
EGFR tyrosine phosphorylation was investigated 2 min after the addition of ligand to NCI-H838
cells. (Bottom) (IAAD)PC38 had no effect on total EGFR. This experiment is representative of
two others

(IAAD)PC-38

proline-rich tyrosine kinase (PYK)2 [42]. PYK-2 interacts with paxillin which
coordinates Rho family GTPases regulating the actin skeleton [43]. The ability of
PACAP to increase PYK-2 phosphorylation was reversed by PP2, PACAP(6-38),
U73122 or BAPTA, a Ca?* chelator [42]. Finally PACAP-27 addition to lung cancer
cells caused tyrosine phosphorylation of the EGFR. The ability of PACAP to cause
EGFR transactivation was inhibited by PP2, PACAP(6-38) or gefitinib, an EGFR
tyrosine kinase inhibitor (TKI) [44].

(IAAD)PACAP-38 addition to NSCLC cells increased EGFR tyrosine phosphor-
ylation in a concentration-dependent manner (Fig. 47.2). Addition of 1, 10, or
100 nM (IAAD)PACAP-38 to NCI-H838 cells weakly, moderately and strongly,
respectively increased EGFR tyrosine phosphorylation (Fig. 47.2, top) whereas
total EGFR was unaffected (Fig. 47.2, bottom). The rapid transactivation of the
EGFR caused by PACAP addition to lung cancer cells is matrix metalloprotease
(MMP) dependent [10, 44]. Addition of the MMP inhibitor GM6001 to lung cancer
cells inhibited the PAC1 regulation of EGFR transactivation [44]. Also, PACAP
increased secretion of the EGFR ligand transforming growth factor (TGF) o from
lung cancer cells that was inhibited significantly by GM6001. MMP may metabolize
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inactive proTGFa in lung cancer cells to biologically active TGFa. The TGFa binds
with high affinity to the EGFR causing phosphorylated homodimers to form in lung
cancer cells [45]. The results suggest that PACAP may stimulate lung cancer growth
in an EGFR-dependent manner.

Gefitinib or erlotinib are EGFR TKI that are used to treat NSCLC patients which
have certain EGFR mutations [46, 47]. Approximately 13 % of the lung cancer
patients who respond to EGFR TKI have activating mutations. A goal is to increase
the sensitivity of gefitinib in patients with wild type EGFR. Table 47.3 shows that
gefitinib or PACAP(6-38) moderately inhibits the growth of NCI-H838 cells.
Addition of both PACAP(6-38) and gefitinib strongly inhibits lung cancer growth
suggesting that PACAP(6-38) is synergistic with gefitinib at inhibiting lung cancer
growth in vitro. It remains to be determined if PACAP(6-38) is synergistic with
gefitinib at inhibiting lung cancer growth in vivo.

Brain Tumors

Neuroblastoma cells have predominantly PAC1, some VPAC2 and little VPACL.
PAC1SVs are present in the N-terminal of PAC1 [48]. PAC1 has 18 exons and exons
1-6 encode for the N-terminal, whereas exons 7—17 encode for the seven TM
domains and exon 18 encodes for the C-terminal. Alternative splicing of exon 5,
exons 5, 6 or exons 46 result in deletions of 7, 21 (short) or 57 amino acids (very
short) in the N-terminal of PAC1 [49]. Addition of PACAP-38 to neuroblastoma cell
lines SH-SY5Y, SK-N-Be or NB100 increased the cAMP with ECs, values ranging
from 0.05 to 1 nM [48]. The PAC1SVs which predominated in SH-SYSY cells were
the 85,6null; 85,6hop; and 84,5,6null. Cells which expressed PAC 1null, PAC185null,
PAC185,6null but not PAC184,5,6null bound '*I-PACAP-27 with high affinity [50].
These results indicate that the very short PACI is missing essential amino acids from
the N-terminal of PAC1 that are critical to interact with the C-terminal of PACAP.

The ability of PAC1 SV to elevate cAMP and cause PI turnover was investigated.
PACAP-38 was more potent at elevating cAMP in cells containing PAC1null or
PAC1hop than PAC1hip. Similarly PACAP-38 was more potent at elevating cAMP
in PAC185null or PAC185hop than PAC185hip [51]. Also PACAP-38 was more
potent at elevating cAMP in cells containing PAC185,6null or PAC185,6hop than
PAC185,6hip. The results indicate that the PACISV1 does not stimulate adenylylcy-
clase as well as PACInull or PACISV2 regardless of whether the PAC185 or
PAC185,6 is present. Previously it was found that PAC1hop was better than PAC1null
or PAClhip at causing PI turnover [9]. PACAP-38 was more potent at causing PI
turnover in cells containing PAC185hop than PAC185null whereas PAC185hip was
ineffective. Also, PACAP-38 was more potent at causing PI turnover in cells contain-
ing PAC185,6hop than PAC1685,6null whereas PAC185,6hip was ineffective. The
results indicate that PAC1hop strongly activates PLCf, PACInull moderately acti-
vates PLCp whereas PAC1hip weakly activates PLCp regardless of whether PAC185
or PAC185,6 is present. The results indicate that PAC1 IC3 regulates adenylylcyclase
and/or PLC activity.
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The signal transduction mechanisms of PAC1 SV were investigated in NG108-15
cells (mouse neuroblastoma x rat glioma hybrid). PACAP-38, 1 nM, strongly
increased cAMP in cells transfected with PACInull, PAClhip, and PAClhop.
PACAP-38, 100 nM, strongly increased cytosolic Ca** in cells transfected with
PAC1hop and PAC1null but not PAC1hip [52]. Al PAC1SVs treated with PACAP-38
increased VIP gene expression and this expression was a function of cAMP/PKA
activation [53]. All PACISVs treated with PACAP-38 increased stanniocalcin
(STC1) expression which was dependent on ERK but not PKA activation [52].
The results indicate that the mechanism by which PACI alters gene expression is a
function of the gene product.

PACAP has a biphasic dose-response curve on neuroblastoma cells with stimu-
lation of proliferation at low nM concentrations and inhibition of proliferation at
high pM concentrations [54]. Stimulation of proliferation was mediated by the
MAP kinase pathway whereas inhibition of proliferation was mediated by
PKA. PAC1 and PACAP mRNA were detected in numerous neuroblastoma tumors
and cell lines [55]. PACAP inhibited cell growth and induced morphological
differentiation of neuroblastoma cells in a cAMP dependent manner [56, 57].
It remains to be determined if the ability of PACAP to alter cancer growth varies as
a function of PAC1SYV status.

PACI1 is present in numerous brain tumors including astrocytomas, ependymo-
mas, glioblastomas, and neuroblastomas [55, 58]. PAC1 mRNA is present in U87,
U138, and U373 human glioblastoma cell lines [59]. Specific '*I-PACAP-27 bind-
ing was inhibited with high affinity by PACAP-27 but not VIP (ICs, values of 10 and
1500 nM, respectively). Addition of 30 nM PACAP-27 to U87 cells elevated the
cAMP and cytosolic Ca*. Addition of 10 nM PACAP-27 stimulated the clonal
growth of human U87, U118, or U373 cells [59]. Also PACAP stimulated the
proliferation of rat C6 glioma cells [60]. PACAP bound with high affinity to 70 %
of the astroglial neoplasms, ependymomas, and oligodendroglioma membranes
examined [58] and elevated cAMP. When PACAP-27 or PACAP-38 is added to
human glioblastoma T98G cells, which have VPAC2, proliferation is reduced [61].
VPAC?2 regulates increases in cAMP but not cytosolic Ca*.

Disruption of a single copy of the PACAP gene increased medulloblastoma
incidence in ptc1 mutant mice 2.5-fold [62]. Ptcl is a sonic hedgehog receptor gene
which is overexpressed in humans and mice with medulloblastoma. PACAP reduced
glil gene expression and proliferation of primary medulloblastoma tumor spheres
in a PKA-dependent manner [63]. The results indicate that PAC1 is present in many
brain cancers.

Neuroendocrine Tumors

PACI1 is present on many neuroendocrine tumors (NETs) and regulates prominent
growth effects [15, 16, 64—-66]. In BON cells, PACI is present and its activation
increases cAMP, cytosolic Ca**, ERK tyrosine phosphorylation, EGFR tyrosine
phosphorylation, release of serotonin, and growth [64-66]. Gene expression



804 T.W. Moody and R.T. Jensen

profiling indicated that BON cells have numerous neuroendocrine markers including
NSE, DDC, substance P, somatostatin 2 receptors, and muscarinic acetylcholine
receptor [67]. PACAP plays a critical role in hypergastrinemia resulting in the
proliferation of enterochromaffin cells [15, 16]. PAC1 is important in regulating
the proliferation of NET cells especially those secreting insulin [68].

PACAP causes PC12 cells, a rat pheochromocytoma, to decrease proliferation,
increase survival, and induce neurite outgrowth [69, 70]. After activation, PACI is
translocated into caveolae and stimulates neuritogenesis through a cAMP-Rap-1
dependent pathway [71, 72]. PACAP causes PC12 cellular differentiation through
the ERK/MAPK cascade [73]. PACAP addition to PC12 adrenal pheochromocy-
toma cells increases the cAMP [74] and causes catecholamine secretion [75].
PAC1hop facilitated catecholamine secretion through 2-ABP-sensitive Ca** chan-
nels in PC12 cells [76].

PACAP addition to PC12 cells increases TrkA tyrosine phosphorylation [77, 78].
When PACAP was added to PC12 cells, Akt was phosphorylated in a TrkA-dependent
manner. The TrkA and Akt phosphorylation caused by PACAP was reversed by the
TKI K252a. Also, TrkA transactivation caused by PACAP was inhibited by PP1, an
inhibitor of Src. Neuronal differentiation was stimulated by PACAP which activated
Galpha/cAMP/exchange protein (Epac) in a cAMP-dependent manner utilizing Rit
guanine nucleotide exchange factor [79]. The PACAP-mediated Rit activation involves
the Src family kinase-dependent TrkA receptor transactivation. Addition of the Src
inhibitor PP1 inhibited the ability of PACAP to cause Rit activation in a TrkA-
dependent manner. The increase in TrkA and Akt tyrosine phosphorylation occurred
10 min after addition of PACAP-38 to PC12 cells. Further PACAP promotes survival
and neuritogenesis in PC12 cells through the NF-kB pathway [80]. The results
indicate that PAC1 regulation of Trk-A phosphorylation is essential for Epac to activate
Rit GTPase leading to neuronal differentiation.

Prostate Cancer

PACAP and PAC1 immunoreactivity are present in prostate tissue [81]. In prostate
cancer tissues anti-PAC1 antibody stained the apical portion of the prostate cancer
cells. By RT-PCR, PACInull mRNA was more abundant than PACISVI1 or
PAC1SV2. Addition of PACAP-27 of PACAP-38 to prostate cancer biopsy speci-
mens increased adenylyl cyclase activity [82]. PACAP-27, PACAP-38, and
PACAP(6-38) inhibited specific binding of '*I-PACAP-27 to PC-3 cells with ICs,
values of 15, 10, and 300 nM, respectively [21]. PACAP-27 (1 nM) addition to PC-3
cells increased the cAMP threefold which was antagonized significantly by 1 pM
PACAP(6-38). Addition of 10 nM PACAP-27 significantly increased PC-3 colony
number which was antagonized by 1 uM PACAP(6-38). Injection of 0.4 mg/kg of
PACAP(6-38) into nude mice significantly reduced xenograft proliferation by 50 %.
Treatment of LNCaP cells with PACAP-27 short-term stimulated proliferation



47 PACAP and Cancer 805

whereas chronic treatment resulted in elevated cAMP resulting in proliferation
arrest and neuroendocrine differentiation [83]. Because PACAP binds with high
affinity to membranes derived from human benign hyperplastic prostate, VPAC and
PAC1 may be expressed early in the carcinogenic process [84].

Pituitary Tumors

PACAP regulates hormone secretion and cell proliferation in pituitary tumor cells.
In human pituitary adenoma HP75 cells, PACAP-27 or PACAP-38 inhibits TGF-f3
induced apoptosis [85]. In human pituitary adenomas, PACAP administration
increased ACTH release from three corticotrope tumors as well as GH release from
a somatotrope tumor [86]. In mouse pituitary corticotroph AtT20 cells, nM concen-
trations of PACAP-27 or PACAP-38 increased cAMP, POMC gene transcription
and ACTH release [87, 88]. PACAP addition to rat lactotrope 235-1 cells increases
PRL release to 260 % and increases proliferation to 162 % [89]. PACAP stimulates
LH and FSH release from gonadotrophinomas and potentiated the effects of TRH
[90]. PACAP-27 or PACAP-38 addition to lactotrope/somatotrope rat GH3 cells
increased PRL and GH release [91]. PACAP increases PRL mRNA is a cAMP/
PKA/ERK dependent mechanism [92]. PACAP addition to somatolactotrope
BHS5C1 cells increase PRL gene expression in a cAMP/PKA/ERK/Rap1 dependent
manner [93].

Breast Cancer

A 19.9 kDa prepro-PACAP was detected in human breast cancer biopsy specimens
[26]. Also, a smaller molecular weight product was identified suggesting the prepro-
PACAP can be processed by breast cancer cells. Also PAC1 null and PAC1 SV3
mRNA were present in breast cancer biopsy specimens [8]. Antibodies to PACI
stained breast cancer biopsy specimens and recognized a 60-kDa protein [22].
PACAP-27, PACAP-38, and PACAP (6-38) inhibited specific '*I-PACAP-27 bind-
ing to T47D cells with ICs, values of 8, 17, and 750 nM respectively. Addition of
1 nM PACAP-27 to T47D cells increased the cAMP tenfold and the increase caused
by PACAP-27 was significantly inhibited by 1 pM PACAP(6-38). PACAP(6-38)
(0.4 mg/kg) inhibited significantly the growth of T47D xenografts in nude mice by
39% [22].

A PmTc-labeled VIP analog named TP-3645 has been developed to image
tumors in breast cancer patients [94]. Subsequently a *Cu-labeled VIP analog was
developed named TP-3982 to image breast cancer patients [95]. It remains to be
determined if a radiolabeled PACAP analog will be developed for early detection
of cancer.
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Pancreatic Cancer

The effects of PACAP were investigated on rat pancreatic carcinoma AR4-2J cells.
Nanomolar concentration stimulated the growth and increased ornithine decarboxyl-
ase activity [17]. The effects of PACAP-27 on proliferation and ODC activity were
reversed by the somatostatin analog SMS 201-995 or pertussis toxin. PACAP-27
addition to AR4-2J cells increased proliferation and PLD activity that was inhibited
by SMS201-995 or wortmannin, a PI-3-K inhibitor [96]. The growth effects of
PACAP on AR4-2]J cells are preceded by increased expression of c-fos as well as
c-jun [97]. The c-fos and c-jun activate the heterodimeric transcription factor AP-1.
The effects of PACAP on c-fos/c-jun/AP-1 are reversed by PKC and PKA inhibitors
as well as PACAP(6-38).

Colon Cancer

PACAP-38 immunoreactivity was detected in colon cancer biopsy specimens [27].
PAC1 was present in HCT8 human colonic tumor cell line HCTS [14]. Addition of
PACAP-38 to NCT8 cells increased the cAMP and cytosolic Ca** leading to
increased proliferation. The effects of PACAP on HCTS cells were antagonized by
PACAP(6-38). The effects on PACAP on HCTS cells on proliferation was impaired
if the cells overexpressed PAC1SV1 [98]. Addition of PACAP-38 to the transfected
cells increased cAMP but not cytosolic Ca** or proliferation. The results suggest
that PACAP must cause PI turnover to increase colon cancer proliferation.

Other Cancers

In cervical cancer multiple cytosine guanine dinucleotides are found in the promoter
region of the PACAP gene and these CpG sites are methylated early in the carcino-
genic process [99]. It remains to be determined if methylation of the PACAP gene
can be used for early detection of cervical cancer. Overexpression of the PACAP
gene in cervical cancer cell lines reduced expression of secretory clusterin, an anti-
apoptotic protein [100].

In human choriocarcinoma cell line JAR, PACAP facilitated the ability of hydro-
gen peroxide (H,0,) or CoCl, to decrease survival [101]. Treatment of JAR cells
with H,O, plus PACAP decreased phosphorylation of Akt, p-38-MAPK and
ERK. PACAP-38 or PACAP(6-38), however, it had little effect on the ability of
methotrexate to cause apoptosis or necrosis of JAR cells [102]. The results suggest
that PACAP may increase oxidative stress caused by H,O,.

In multiple myeloma proliferation of plasma cells in the bone marrow overproduce
immunoglobulin light chains leading to secretion of interleukin 6 (IL-6) by bone
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marrow stromal cells (BMSC). PACAP suppressed light chain immunoglobulin
myeloma release of IL-6 by BMSC [103]. PACAP infusion into the blood of a mul-
tiple myeloma patient increased the intravenous level of PACAP to 0.2 nM resulting
in a reduction of immunoglobulin light chains in the urine. There were few side
effects associated with the PACAP infusion and the half-life was approximately
5 min [104]. PACAP inhibited p38 MAPK and translocation of NFkappaB in renal
proximal tubule cells [105]. PACAP-38 prevents renal injury in myeloma models in
experimental animals. PACAP preserves renal function in a number of models of
renal injury [106].

Summary

PACAP is a neuropeptide growth factor present in numerous cancers. PACAP stim-
ulates the proliferation of both SCLC, a neuroendocrine tumor, and NSCLC, an
epithelial tumor. PACAP-27 or PACAP-38, which can be derived from the precursor
preproPACAP, binds with high affinity to PAC1, VPACI1, and VPAC2. Also, VIP,
which is produced by SCLC and NSCLC cells, binds with high affinity to VPAC1
and VPAC2 but not PACI. It is important to determine which ligand and which
receptor regulates cancer proliferation.

For the first time, selective peptide agonists are now available for PACI.
(Tac', Ala'®!7, DLys*)PACAP-38 is a synthetic agonist which prefers PAC1 relative
to VPACI by 50- to 80-fold and prefers PACI relative to VPAC2 by 10- to 50-fold
[32]. Maxidilan is a 61-amino acid peptide from the sand fly is selective for PACI,
but has little sequence homology to PACAP and is not readily available [31]. (Lys'7,
Arg', Leu?)VIP?GRF*? is a selective VPACI agonist and RO25-1553 is a selec-
tive VPAC2 agonist [105]. The selective peptide agonists can be used to determine
which receptor regulates cancer cellular proliferation. For SCLC and NSCLC,
PAC1 and VPAC1 but not VPAC2 agonists stimulated proliferation [107].
PACAP(6-38) is a peptide antagonist for PAC1. While it appears to be specific for
PACI1 relative to VPAC1 or VPAC2, the ICs, value is in the pM range. Thus
PACAP(6-38) will dissociate rapidly from PAC1. High affinity non-peptide antago-
nists for PAC1 are needed.

The signal transduction mechanisms for PACAP in cancer are complex.
Figure 47.3 shows that PACAP addition to NSCLC cells increases cytosolic Ca**
and activates PKC as well as PKA with seconds after addition to NSCLC cells. As
a result Src is activated which leads to activation of MMP as well as PYK2, FAK,
and paxillin phosphorylation leading to increased cellular motility, migration, and
secretion. MMP metabolizes membrane-bound precursors into EGFR ligands such
as TGFa, amphiregulin, and heparin binding-EGF [108]. When TGFa binds to
NSCLC cells, proteins such as PI3K and the EGFR are tyrosine phosphorylated.
PI3K activation leads to Akt and mTor phosphorylation leading to increased cellular
survival and/or differentiation. The EGFR activates the Ras, Raf, MEK, ERK pathway,
leading to increased cellular proliferation. When ERK or Creb are activated in the
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Fig. 47.3 PACI signal transduction. Activated PACI1 can interact with Gas stimulating adenylyl
cyclase leading to elevated cAMP, PKA activation, Creb phosphorylation and altered gene expres-
sion. Activated PACI can interact with Gaq stimulating PLC causing PI turnover. The DAG acti-
vates PKC leading to Src phosphorylation whereas the IP3 causes Ca?* release from the ER. Src
can tyrosine phosphorylate FAK, paxillin, and PYK?2, leading to altered cellular motility and
migration. Src can activate MMP metabolizing TGFa from inactive precursors. The TGFa acti-
vates the EGFR leading to formation of homodimers with itself or heterodimers with HER2. This
results in the tyrosine phosphorylation of the EGFR and protein substrates such as PI3K. The PI3K
can activate PDK-1 leading to Akt and mTor phosphorylation increasing cellular survival. Also the
EGFR can activate Ras and Raf leading to MEK and ERK tyrosine phosphorylation increasing
cellular proliferation

nucleus, gene expression is altered increasing proliferation. In NSCLC, PAC1 may
regulate growth in an EGFR-dependent manner.

In NSCLC, nM concentrations of PACAP increase colony number whereas
higher concentrations have little effect [109]. The high concentration may chroni-
cally increase cAMP leading to cellular differentiation. Undifferentiated cancer
cells growth rapidly, whereas proliferation is impaired when cells are differentiated.
The role of PAC1 SVs in cancer cellular proliferation remains to be determined. In
neuroblastoma PAC1 SVs exist in the N-terminal and well as IC loop3.

PACAP(6-38) is a PAC1 antagonist which inhibits NSCLC proliferation in vitro
and in vivo. Unfortunately PACAP(6-38) is cytostatic in that when PACAP(6-38)
administration was discontinued into nude mice, NSCLC tumors rapidly regrew.
In contrast, the TKI gefitinib is cytotoxic for NSCLC cells. PACAP(6-38) potenti-
ated the cytotoxicity of gefitinib in vitro. It remains to be determined if GPCR
antagonists increase the potency of TKI in NSCLC patients.
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