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Fibroblast growth factor receptor-1 (FGFR-1) and its ligand fibroblast growth
factor-1 (FGF-1) are potent signaling molecules competent to modulate tumorigenesis,
inflammation, and angiogenesis. These diverse effects may be mediated by the
availability of specific FGFR-1 isoforms, FGFR-1a and FGFR-18, that differ by the
presence of three or two immunoglobulin-like (Ig-like) loops in the extracellular domain,
respectively.

FGFR-1a or FGFR-1 can promote or reduce delayed cell death due to reactive
nitrogen species (RNS). To establish the specific contribution of each FGFR-1 isoform
in modulating the effects of RNS, FGFR negative resistance vessel endothelial cells
(RVEC) were stably transfected with FGFR-1o or FGFR-13. The RNS peroxynitrite
(ONOQ") was used for in vitro studies to initiate a delayed cell death that was more
characteristic of apoptosis than necrosis. This cytotoxicity was enhanced in cells '
expressing FGF-1-activated FGFR-1a, but was dramatically inhibited in cells expressing
FGF-1 activated FGFR-1B. The protective effect of FGFR-1f was due in part to
signaling to Src family kinases (SFK).

The relationship between FGFR-1f and SFK was further assessed in RVEC.

FGF-1-activated FGFR-1p, but not FGFR-1aq, directly associated with the SFK c-Yes.
iii
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This association was accompanied by an increase in c-Yes activity and an increase in
cortactin tyrosine phosphorylation. Cells expressing FGFR-1f, but not FGFR-1a.,
demonstrated decreased contact-inhibition at high density in vitro and cord-like vascular
structures both in vitro and in vivo.

Pancreatic adenocarcinoma, which predominantly expresses FGFR-18, is a
devastating cancer due to its ability to grow, resist inflammatory insult, and metastasize.
These studies demonstrate the presence gf 3-nitrotyrosine, a marker of RNS, in human
adenocarcinoma tissue. The tyrosine kinase c-Src, a FGFR-1 substrate, was identified as
a target for tyrosine nitration in vivo and in cultured pancreatic adenocarcinoma cells
treated with ONOO". ONOO -treated pancreatic cancer cells demonstrated enhanced c-
Src activity that included the nitrated c-Src population, as well as enhanced signaling to
the cytoskeletal substrate cortactin. Collectively, these results demonstrate the
importance of the FGFR-1f signaling pathway during the resolution of tumorigenesis,

inflammation, and angiogenesis.
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INTRODUCTION
Pancreatic Adenocarcinoma

Pancreatic adenocarcinomas, malignant neoplasms of the ductal epithelium, are
the 4th and 5th leading causes of death due to cancer in women and men, respectively [1].
The high mortality rate of approximately 28,000 patients per year is due in part to poor
detection of treatable tumors [2]. This disease lacks consistent and specific symptoms.
Symptoms usually do not occur until the cancer is well progressed. When a diagnosis is
made >85% of patients have advanced tumors and distant metastases [1]. Pancreatic
adenocarcinoma is an extremely resilient cancer. Median survival time following radical
surgical resection is only 18-20 months, and survival time is not significantly improved
by radiation or chemotherapy [3]. Less than 5% of patients survive for 5 years [1].
Understanding the factors that support the development and progression of pancreatic
adenocarcinoma is crucial to developing diagnostic and therapeutic intervention
strategies.

In normal physiology, pancreatic ductal epithelial cells produce bicarbonate, ionic
fluid, and mucus [4] and form drainage channels leading into the duodenum [5]. These
drainage networks allow the secretion of digestive enzymes produced by pancreatic
epithelial acinar cells and are necessary for the breakdown of dietary proteins, fats, and
carbohydrates [6]. This exocrine function of the pancreas should be distinguished from
its endocrine function, the ductless secretion of metabolic-regulatory hormones, including

insulin, somatostatin, and glucagon, by the islets of Langherhans [7]. Pancreatic ductal
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adenocarcinoma, which comprises more than 95% of cases, is the most common
pancreatic exocrine cancer [2].

While the etiology of pancreatic adenocarcinoma is not well understood, chronic
inflammation [2] and inappropriate angiogenesis [8] are hallmarks of all pancreatic
adenocarcinomas. These three processes, tumorigenesis, inflammation, and
angiogenesis, act in concert and can result in the promotion of tumor growth, survival,
and metastasis. Inflammation occurs when the developing tumor outgrows its vascular

(capacity (1-2 mm) [9] and cannot maintain a supply of oxygen and nutrients [10].

Tumors release cytokines and trophic factors that recruit circulating inflammatory cells,
including macrophages and neutrophils [10]. Macrophages, stimulated by the hypoxic
environment, release additional cytokines, reactive nitrogen and oxygen species, and
angiogenic growth factors, including fibroblast growth factors (FGF) [11,12].
Angiogenesis not only supports the tumor, but provides an avenue for chronic
inflammation by allowing further infiltration of inflammatory cells [11] and metastasis of
migrating tumor cells. The degree of new blood vessel growth correlates with enhanced |
tumor growth and metastasis [13].

Fibroblast growth factor receptor-1 (FGFR-1) and its FGF ligands are important
mediators of cell growth, survival, and migration. The appearance of FGFR-1 and FGF
family member FGF-1 are observed in a number of in’ﬂammatory and angiogenic
pathologies, including rheumatoid arthritis [14], chronic renal allograft rejection [15,16],
atherosclerosis [17], and tumorigenesis [18]. Pancreatic adenocarcinomas overexpress
FGF and FGFR-1 [19] and demonstrate enhanced activity of the FGFR-1 substrate c-Src

[20]. Overexpression of FGFR-1 is accompanied by alternative splicing to produce
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FGFR-1B, an isoform that is structurally different than the normal FGFR-1a. isoform
[21]. Studies presented in this manuscript examine differential signaling by FGFR-1a
and FGFR-1P and identify a specific pathway between FGFR-1f and Src family kinases

(SFK) during pancreatic tumorigenesis, inflammation, and angiogenesis.

Fibroblast Growth Factors

The FGF family is composed of at least 23 members [22]. The majority contain a
leader sequence for secretion through the endoplasmic reticulum-Golgi complex, while
the prototypical members FGF-1 (acidic FGF) and FGF-2 (basic FGF), as well as FGF-9
and FGF-11 through -14, lack this secretion signal [23]. Secretion of FGF-1 can be
induced by injury [24], heat shock [25], oxidative stress [26], hypoxia [27], and serum
deprivation [28], and occurs through non-classical pathways that involve aggregation
with phospholipid-binding proteins synaptotagmin-1 and S100A13 [29]. The limited
release of FGF-1 suggests that its in vivo availability may be limited to prevent
inopportune consequences during normal biology [30].

FGF initiates intracellular cascades by binding to their cognate receptors on the
cell surface. FGF binds to FGFR with high affinity and to heparin/heparan sulfate
proteoglycans (HSPG)/heparin-like glycosaminoglycans (HLGAG) with lower affinity
[23]. FGF heparin/HSPG/HLGAG complexes protect FGF from thermal degradation and
proteolysis and localize secreted FGF to the extracellular matrix [31]. In addition,
heparin stabilizes the interaction between FGF-1 and FGFR-1 and allows maximal
induction of FGFR-1 signaling [32]. FGF-1 contains a nuclear localization sequence

(NLS) that may target FGF-1 trafficking to the nucleus and may also stabilize the binding
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interaction between FGF-1 and FGFR-1 [33]. Indeed, FGF-1 demonstrates high affinity
for FGFR-1 and is the only FGF family member capable of activating all four FGFRs
[34]. FGF-1, a potent mitogen and pro-angiogenic factor, was used in these studies to

dissect isoform-specific FGFR-1 signaling.

Fibroblast Growth Factor Receptor-1

The FGFR family of receptor tyrosine kinases, FGFR-1, FGFR-2, FGFR-3, and
FGFR-4, are encodeci by four separate gene products and are widely expressed in a
variety of cells and tissues [35]. FGFR-1 stimulates diverse physiological processes,
including mitogenesis, chemotaxis, neurite outgrowth, wound repair, and embryogenesis,
and is capable of mediating tumorigenesis, inflammation, and angiogenesis [36].
Productive FGF-1 binding to FGFR-1 and heparin/HSPG/HLGAG induces receptor
dimerization, trans- and auto;;hosphorylation at intracellular tyrosine residues, and
subsequent recruitment and phosphorylation of substrates [23]. Phosphorylation is a
transient modification that affects protein conformation, activity, and intermolecular
interactions [37]. Tyrosine can accept a phosphate from a protein tyrosine kinase (PTK)
or donate a phosphate to a protein tyrosine phosphatase (PTP) and is therefore an
important mediator of signaling cascades [37].

The general extracellular structure of FGFR-1 includes three immuﬁoglobulin—like
(Ig-like) disulfide loops, an acidic box containing eight adjacent acidic amino acids
between the first and second Ig-like loops, and a putative NLS that may permit
perinuclear trafficking of the receptor-ligand complex and regulation of gene

transcription [38,39]. Glycosylation of FGFR-1 in the extracellular region increases the
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apparent molecular mass and is a requirement for maturation to a receptor capable of
tyrosine phosphorylation [40]. An exon at the end of the third Ig-like loop allows three
variants of FGFR-1. FGFR-1(Illc) is a full transmembrane-spanning receptor capable of
initiating intracellular signals, while FGFR-1(IIIa) is a secreted receptor that lacks an
intracellular domain and is not involved in signal transduction [34]. FGFR-1(IIIb) has
only recently been isolated in vivo and appears to be expressed predominantly in the skin
and brain [41]. The intracellular features of FGFR-1 include a large juxtamembrane
domain, a split tyrosine kinase d’omain in which the ATP binding site and cataiytic region
are separated by fifteen amino acids, and seven tyrosines that serve as
autophosphorylation sites [38]. Once a mature FGFR-1 complexes with FGF and
heparin/HSPG/HLGAG, autophosphorylation at two conserved tyrosines (Y653 and
Y654 in full-length FGFR-1) induces kinase activity, while the five additional
phosphorylation sites (Y463, Y583, Y585, Y730, and Y766 in full-length FGFR-1) can
serve as docking sites for proteins containing src homology 2 (SH2) domains [42].
Alternative splicing of the mRNA transcript encoding the first Ig-like loop results
in two major FGFR-1(Illc) isoforms containing Ig-like loops I, II, and III (FGFR-1a) or
Ig-like loops II and III only (FGFR-1B) [43] (Ill. 1). Pancreatic adenocarcinoma cells
express FGFR-1 and its isoforms as the Illc variant [44], and the ratio of FGFR-1ato
FGFR-1p mRNA favors the expression of FGFR-1§ [21]. FGFR-1o and FGFR-1
exhibit different ligand affinities and activities. The second and third Ig-like loops are
both required and sufficient for ligand binding, while the first Ig-like loop in FGFR-1a

may conformationally restrict the ligand binding site and reduce the affinity of FGFR-1a.

for FGF-1 and heparin [43,45]. FGFR-1a, which has an eight-fold lower affinity for
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IIL. 1: Structure of the major FGFR-1 isoforms. Domains: S = signal sequence. A =
acidic box. I, II, I1I = Ig-like disulfide loops. TM = transmembrane sequence. TK1, TK2
= tyrosine kinase sequences separated by a 15 amino acid split.
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FGF-1 and heparin than FGFR-1p, completely loses its ability to bind FGF-1 in the
absence of heparin [46]. FGFR-1 may be situated near focal adhesions and the
cytoskeleton [47]; however, only ligand-activated FGFR-1a. translocates to a perinuclear
location [40]. Differences in FGFR-1 isoform structure and compartmentalization may
contribute to different signaling pathways.

Although the physiological effects of activated FGFR-1 are well characterized,
established substrates remain largely unknown. This is due in part to the complexity
involved in FGFR-1 signaling, including the existence of multiple FGFR-1 1soforms,
differential glycosylation of mature and immature FGFR-1 proteins [40], and the ability
of FGFR family members to homo- and heterodimerize {46]. In addition, time of
exposure to ligand may affect the signaling pathways of FGFR-1. Zhan et al. (1993)
found that while tyrosine phosphorylation cascades occurred with immediate to early
activation (10-30 min) of FGFR-1 by FGF-1/heparin, initiation of DNA synthesis
required the presence of ligand for the complete Gy to G; cell cycle period (12+ h) [48].
Despite these challenges, SFK [23], the mitogenic proteins phospholipase Cy (PLCy) and
mitogen activated protein kinase [49], the Shc adaptor Crk [50], the F-actin binding
protein cortactin [51], the adaptor Grb14 [52], and the Grb2 adaptor SNT-1/FRS2 [53]
have been identified as potential substrates. A direct association has been verified
between FGFR-1 and PLCy (via FGFR-1 pY766) [23], Crk (via FGFR-2 pY463) [50],
Grb14 (dependent on activated FGFR-1) [52], and FRS2 (via FGFR-1 juxtamembrane
residues 407-433) [53].

The signaling interaction between FGFR-~1 and SFK remains controversial.

Treatment of Swiss 3T3 and Balb/c 3T3 cells with FGF-1 [30] and human melanocytes
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with FGF-2 [54] results in increased c-Src kinase activity. Activation of c-Src by FGFR-
1 leads to endothelial cell differentiaton, tube formation in collagen, and neurite
outgrowth, processes that can be prevented with SFK inhibitors [55] or neutralizing
antibodies [56]. However, while Zhan et al. (1994) [57] reported a SH2-dependent
association between FGFR-1 and c-Src following FGF-1 treatment of NIH 3T3 cells,
Landgren et al. (1995) [58] reported no association between FGFR-1 and SFK in FGF-2-
treated porcine aortic endothelial cells, lung endothelial cells, human fibroblasts, and
chinese hamster fibroblasts. In fact, while increased c-Src activit}:' was observed in FGF-
2-treated lung endothelial cells, NIH 3T3 cells, and human fibroblasts, a FGFR-1 Y766-
dependent decrease in c-Src autophosphorylation was observed in porcine aortic
endothelial cells [58]. Studies indicate that c-Src can promote separate functions when

activated by individual platelet-derived growth factor receptor (PDGFR) isoforms o and

B [59]. Clarifying the interaction between FGFR-1 isoforms and SFK is particularly
important due to the role of SFK as protooncogenic tyrosine kinases. Results presented

here provide the first evidence that SFK may signal specifically through FGFR-18.

Src Family Kinases

The Src family of non-receptor tyrosine kinases includes nine members (Blk, c-
Fgr, Fyn, Hck, Lck, Lyn, c-Src, c-Yes, and Yrk) [60]. The c- designates particular SFK
as cellular forms that have a corresponding oncogenic viral (v-) form [61]. ¢-Src, Fyn,
and c-Yes are ubiquitously expressed, while the expression of the remaining family
members is restricted to cells of hematopoietic lineage [62]. The structure of SFK

generally includes a non-conserved N-terminal unique domain and conserved src
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homology 3 (SH3), SH2, catalytic tyrosine kinase (SH1), and negative regulatory tail
domains [63] (Ill. 2). SFK associate with cellular membranes through myristoylation
sites on a N-terminal glycine residue and, with the exception of c-Src and Blk, additional
N-terminal palmitoylation sites (SH4 domain) [61]. Knockout studies of single SFK in
mice demonstrate minimal changes in phenotype, suggesting that SFK have redundancy
in many functions [64]; However, disruption of multiple SFK, including the most closely
homologous members c-Src and c-Yes, imparts a neonatal lethal phenotype [65]. Studies
suggest that both c-Src and c-Yes play prominent roles in tumorigenesis [66;68].

As the prototypical member of the Src family, c-Src structure and function have
been well characterized. c¢-Src can be activated by a number of stimuli, including ligand-
activated growth factor receptors, integrins, G-protein-coupled receptors [62], and
oxidants [69], and can subsequently phosphorylate a variety of substrates, including focal
adhesion and cytoskeletal proteins, G-protein-related proteins, and RNA binding proteins
[63] (I1. 3). The activity and substrate specificity of c-Src are regulated by tyrosine
modifications within a number of domains conserved across the Src protein family.
Phosphorylation of a negative regulatory tyrosine (Y530) by the C-terminal src kinase
(Csk) causes the c-Src tail domain to bind to the SH2 domain, a protein binding domain
that recognizes phosphotyrosyl (pY) sequences [70]. This closed conformation inhibits
c-Src kinase activity [71]. Mutation of this tyrosine to phenylalanine results in
constitutive kinase activity and is sufficient to induce transformation of NIH 3T3 cells
[72]. v-Src, an oncogenic form of c-Src encoded by the Rous sarcoma virus and avian

sarcoma viruses, lacks the regulatory tail and is constitutively active [73].
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I11. 2: Structure of the non-receptor protein tyrosine kinase c-Src. SH4 domain: directs
membrane localization. SH3 domain: recognizes proline-rich sequences. SH2 domain:
recognizes phosphotyrosyl sequences. SH1 domain: kinase catalytic region. Tail
domain: negative regulation. A unique region separates the SH4 and SH3 domains.
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Activation of c-Src requires opening of the closed conformation, either through
direct removal of the phosphate group from pY530 by a PTP or via displacement of the
tail by protein-protein interactions [71] (Ill. 4). The PTP SHP-1 [74] and PTPa [75] have
been shown to dephosphorylate pY530 in vitro. Protein-protein interactions are mediated
by the SH2 and SH3 protein-binding domains. The SH2 domain recognizes specific
sequences that contain a phosphotyrosine and a hydrophobic residue at position Y+3
[76]. The local sequence arouﬂd the phosphotyrosine may determine substrate
availability; pYEEI has optimal binding affinity for the c-Src SH2 domain but is not
accessible to the SH2 domain of the SFK Hck [77]). The SH3 domain recognizes
sequences containing multiple proline residues, with a minimal recognition motif of
PXXP [78]. A substrate with an appropriate binding motif can bind to the appropriate SH
domain and displace the regulatory tail from the SH2 domain. Proteins with a pY
sequence, including PDGFR [79] and cortactin [80], can displace the tail via competition
for the SH2 domain. Proline-rich substrates, such as Samé68 [81], paxillin [82], and
YAPG65 [83], displace the tail through interaction with the SH3 domain while some
substrates, including focal adhesion kinase (FAK) [84], AFAP-110 [85], and p85 PI3K
[79], contain both binding motifs and interact with SFK through both the SH2 and SH3
domains. In some SFK, substrate binding to the SH3 domain may induce activation
independently of SH2 domain-tail displacement [86]. c-Src activity can also be regulated
by phosphorylation within its protein binding domains. PDGFR has been shown to
phosphorylate c-Src within the SH2 domain at Y213 (avian c-Src, corresponding to
human c-Src Y216) [87] in vivo or within the SH3 domain at Y138 (murine c-Src,

corresponding to human c-Src Y139) [88] in vitro. Phosphorylation of Y213 activates
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I1l. 4: Mechanisms of ¢-Src activation. Activation alters the phosphotyrosine pattern, -
requires opening of the closed conformation, and is followed by auto-phosphorylation
within the SH1 kinase domain.
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c-Src because the addition of the negatively charged phosphate group electrostatically
repels the tail from the SH2 domain [87]. Phosphorylation of Y138 may help displace
the tail, but appears to interfere with binding of proline-rich substrates to this domain
[88]. Phosphorylated sequences within SFK potentially can serve as docking sites for
other proteins containing SH2 domains, including the tyrosine kinases Csk and Btk [79].
In addition, during mitosis, phophorylation of ¢-Src serine and threonine residues by
Cdc2 kinase can help displace the SH2 domain, leaving the tail susceptible to
dephosphorylation and subsequent c-Src activation {89].

Once ¢-Src is activated, it phosphorylates in cis at a conserved tyrosine (Y419)
within the catalytic domain [90]. Auto-phosphorylation prevents inactivation by the
regulatory tail, and dephosphorylation of pY419 by PTP-1B is required before pY530
inactivation can occur [90]. Phosphorylation of Y419 is essential for physiological
kinase activity and mutation of this residue (Y416F in avian c-Src, corresponding to
human c-Src Y419F) inhibits transformation in activated c-Src mutants (e.g., Y416F-
Y527F in avian c-Src, corresponding to human c-Src Y419F-Y530F) or in the
constitutively active v-Src [72]. Once the open conformation is established, c-Src is
activated. The conformation change causes c-Src to translocate from the plasma
membrane to focal adhesion sites in a manner dependent on N-terminal residues and the
phosphorylation status of Y530, but independent of kinase activity [91]. While docked at
the cytoskeleton, active c-Src can phosphorylate a variety of target substrates, including
FAK and tensin, and regulate organization of focal adhesions [92].

Despite sharing a greater than 80% homology in their amino acid sequences, c-

Src and c-Yes appear to differ in their regulation [93]. Like c-Src, c-Yes can be activated
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by autophosphorylation at a tyrosine within its kinase domain (murine c-Yes Y424,
analogous to human c-Src Y419) [94]. However, inactivation of c-Yes appears
dependent on intracellular calcium levels and independent of phosphorylation of the
regulatory tail tyrosine (human c-Yes Y535) [93]. Zhao et al. (1993) found that, while
calcium treatment results in three- to five-fold increases in c-Src activity via PTP-induced
dephosphorylation of the tail domain, c-Yes is inactivated in a manner dependent on
binding to 110-kDa and 220-kDa inhibitory proteins [93]. ¢-Src and c-Yes also differ in
their affinity for some substrates in kinase assays in vitro [95]. c-Yes, but not c-Src,
targets the Pyk?2 tyrosine kinase [96] and membrane protein occludin [97] in rat
pulmonary vein endothelial cells and kidney epithelial cells, respectively. Both the SH2
and SH3 domains of c-Src and c-Yes direct their preference for specific substrates [98].
In addition, the c-Yes sequence contains a unique autophosphorylation site (Y32) in the

N-terminus, the function of which is unknown [94].

Tumorigenesis

Several lines of evidence suggest that the expression of FGFR-1a or FGFR-13
can differentially modulate tumorigenesis. FGFR-I B has been identified as the major
FGFR-1 isoform in malignant astrocytomas [99], prostate carcinomas, and breast
carcinomas [100]. Overexpression of FGFR-1 in pancreatic adenocarcinomas is
associated with malignancy and poor prognostic outcome [101]. In the normal pancreas,
FGFR-1a is the predominant isoform, while over 90% of pancreatic adenocarcinomas
overexpress FGFR-1 as the f isoform [21]. In addition, approximately 60% of pancreatic

adenocarcinomas overexpress both FGF-1 mRNA and protein, suggesting that continuous
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FGFR-1p signal transduction may occur in most pancreatic tumors [102]. FGF-2, FGF-
5, and FGF-7 [103] also demonstrate enhanced expression in pancreatic adenocarcinoma,
and the presence of FGF-2 is also associated with poor outcome [102]. Transfection of
cDNA encoding a dominant negative, truncated FGFR-1 attenuates cell growth and
tumorigenesis in cultured pancreatic adenocarcinoma cells [104]. Systemic delivery of
FGF-1 to the pancreatic ductal epithelial cell line ARIP, which predominantly expresses
FGFR-18, induces tumor formation in nude mice [105].

Both c-Src and c-Yes have been implicated in tumorigenesis. SFK activity is
increased in cancers of the breast, colon, pancreas, lung, brain, esophagus, and stomach
as well as in melanoma, Kaposi's sarcoma, and leukemia [106]. In particular, both c-Src
and c-Yes have increased activity in breast cancer cells [107]. In colon cancer, enhanced
c-Yes expression is associated with shorter survival time [67]. c-Src activity is increased
in pancreatic adenocarcinoma tissue, and in vitro growth of cultured pancreatic cell lines
is inhibited with SFK inhibitors [20]. Increases in c-Src and c-Yes specific activity have
been shown to be independent of increased mRNA, protein levels, regulatory factors such
as Csk [20], or genetic mutations [108], indicating that posttranslational modifications
may be responsible for this enhancement. Results presented in this dissertation examine
modifications of active c-Src, including tyrosine nitration, a marker of reactive nitrogen

species, in pancreatic adenocarcinoma tissue and cultured cell lines.
Inflammation and Reactive Nitrogen and Oxygen Species

Inflammatory events serve as sources of reactive nitrogen species (RNS),

including peroxynitrite (ONOOQO"), nitric oxide (NO), and nitrogen dioxide, and reactive
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oxygen species, including superoxide (O,7), hydrogen peroxide, and hypochlorous acid
[109]. Neuronal, inducible (i), and endothelial nitric oxide synthases (NOS) produce NO
through the conversion of L-arginine to L-citrulline, while sources of O," include NOS,
oxidase enzymes, and electron transport in the mitochondria [110]. During inflammation
and angiogenesis, active macrophages produce FGF, RNS [11], and reactive oxygen
species [12]. In pancreatic tumors, reactive nitrogen and oxygen species may also be
generated due to enzyme dysfunction within the ductal cancer cells themselves. Vickers
et al. (1999) reported that pancreatic adenocarcinoma tumors have upregulated
expression of iNOS [111]. Preliminary studies also suggest that pancreatic
adenocarcinomas have decreased manganese superoxide dismutase (MnSOD) activity,
resulting in increased O, (L. A. MacMillan-Crow, personal communication).
Immunohistochemistry has demonstrated the co-appearance of FGFR-1 and FGF-1 with
nitrotyrosine, a marker of RNS, in human pancreatic adenocarcinomas [111]. Studies
presented here utilize the RNS ONOO' as an experimental reagent in vitro. ONOO",
formed in a diffusion-limited reaction (k= 6.7x10°M's™") [112] between ‘NO and
superoxide O,", can react with tyrosine residues to produce 3-nitrotyrosine via the
addition of a nitro (NO,) group to the tyrosyl phenolic ring [113].

ONOO" affects signal transduction in several ways (Ill. 5). Proteins identified as
targets for tyrosine nitration in vivo show alterations in activity and include MnSOD
(inactivation), neurofilament L (aggregation), and prostaglandin H synthase (activation)
[114]. Nitration of tyrosine prevents subsequent phosphorylation at that residue [115]
and may interfere with protein function [116,117]. Conversely, by providing an area of

similar density and charge, nitration may mimic phosphorylation [118,119]. Mallozzi et
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al. (2001) reported that activation of lyn kinase could be equally stimulated by a peptide
containing nitrotyrosine substituted for phosphotyrosine [120]. ONOOQ' treatment can
also result in increased tyrosine phosphorylation via activation of PTK [121,122] or
inactivation of PTP [123]. The degree of ONOO -induced tyrosine nitration and
phosphorylation is dependent upon ONOOQO" dose, time, trophic environment, cell type,
and protein target [121,124,125]. ONOO" can also decrease tyrosine phosphorylation and
inhibit signaling pathways [124]. Tyrosine nitration appears to be a stable modification
in vitro that is resistant to chemical reducing agents (ascorbate, dithiothreitol, glutathione,
sodium borohydrate) [126], but may be transient in vivo [125]. However, while an
enzymatic activity for removing the NO, group from nitrotyrosine has been alluded to in
some tissues, a specific enzyme has not been identified [127]. Nitration may target
proteins for proteosomal degradation, resulting in the removal of critical proteins from
signaling pathways [128]. ONOO’ can therefore modulate signaling pathways by altering
posttranslational protein modifications, by promoting or attenuating protein activity, or
by changing the regulation of signaling pathways.

ONOQO' induces activation of specific SFK in specific cell types, including c-Src
in red blood cells and c-Src, Fyn, and Lyn in synaptosomes [129]. Methods of activation
may be specific to each SFK. Di Stasi et al. (1999) foun@ that increased c-Src activity in
ONOO'-treated synaptosomes was independent of dephosphorylation of pY530 [130].
However, ONOO -induced activation of Hck is reversible and dependent on cysteine
modifications, while Lyn activation is irreversible and cysteine-independent [131]. These
findings are similar to the actions of other reactive species on SFK. "NO [132] and

oxidative stress induced by ultraviolet radiation [133] and heavy metal ions [69] activate
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SFK in a manner that appears independent of dephosphorylation of pY530 but is
dependent on sulfhydryl formation. In addition, substrates containing nitrotyrosine may
induce displacement of the SFK regulatory tail from the SH2 domain in 2 mechanism
comparable to substrates containing phosphotyrosine, thereby resulting in activation
[120]. Activation of SFK by ONOO™ can initiate signal transduction cascades, including
signaling to the Src substrate p120 [124] and mitogenic proteins p38 and ERK1/2 [121].
The results presented in this dissertation identify c-Src as a target for tyrosine nitration in
pancreatic cancer and suggest mechanisms for activation.

In addition to altering the function of biomolecules, ONOO' can induce both
necrotic and apoptotic cell death in vitro in a variety of cell lines [134-136]. Necrosis
and apoptosis are differentiated by several features. Necrosis occurs within minutes to
hours following traumatic cell injury (such as large doses of ONOO"), includes
surrounding cells, and invokes an inflammatory response [137]. Apoptosis, which
involves single cells and does not induce inflammation, is a delayed cell death: induction
occurs hours after cytotoxic insult and requires intracellular signaling cascades [138], de
novo protein synthesis, and ATP [137]. Initiation of apoptosis by ONOQ™ involves
activation of the cysteine proteases caspase-2, -3, -8, and -9 [136]. Removal of growth
factors or serum deprivation can also induce apoptosis through ONOO -mediated
mechanisms [139]. ONOO™-induced apoptosis can be modulated by antioxidants, trophic
factors, factors that stimulate antioxidant production, or the endonuclease inhibitor aurin
tricarboxylic acid (ATA) [140]. Morphological features of apoptosis include shrunken

cytoplasm, membrane blebbing, condensed chromatin, and DNA fragmentation [138].
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FGF-1 treatment can have opposing actions on ONOO-induced effects. In PC12
cells [135] and primary murine fibroblasts [140], FGF-1 enhances ONOO -induced
apoptosis, while FGF-1 pretreatment protects osteoblasts, osteoblast precursor cells
[141], and ARIP cells [105]. FGF-1-enhanced apoptosis is dependent on p21 ras in PC12
cells and can be inhibited by overexpression of the antiapoptotic protein Bcl-2 [142]. In
addition to modulating apoptosis, FGF-1 treatment increases ONOO -induced tyrosine
nitration and phosphorylation in primary murine fibroblasts and ARIP cells [140,105].
These differential effects induced by FGF-1 may be dependent on cellular expression of
FGFR-1a or FGFR-1B. Pancreatic adenocarcinoma cells, ARIP cells, osteoblasts, and
ostetoblast progenitor cells, which demonstrate resistance to ONOO', express FGFR-1f3
as the major isoform, while ONOO -sensitive cells, including PC12 cells and primary
murine fibroblasts, express FGFR-1a (J. A. Thompson, personal communication).
Immunohistochemistry has demonstrated the co-appearance of FGFR-1, FGF-1, and
nitrotyrosine in human pancreatic adenocarcinomas, suggesting the involvement of
ONOQO' in pancreatic tumors [111]. While the factors regulating these opposing actions
are unclear, these findings suggest that FGFR-1a and FGFR-1p signaling may
differentially target tyrosine phosphorylation cascades and allow differential regulation of
cell growth and death. This dissertation presents evidence that specific signaling between
FGFR-1P and SFK protects resistance vessel endothelial cells from ONOO™-induced

death.
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Angiogenesis

Angiogenesis is a multistage process incorporating endothelial cell activation,
proliferation, migration, remodeling, and maturation of new vessels [9]. Formation of the
tubule structure of the vessel requires alterations in morphology and adherence [143],
processes governed by the cytoskeleton and focal adhesion complexes [144]. In the
adult, the majority of endothelial cells are quiescent and are only activated during
regulated processes such as wound healing [143]. During pathophysiology, there is a loss
of regulation, and both tumor cells a;nd infiltrating inflammatory cells stimulate
angiogenesis from the surrounding microvasculature, resulting in abnormal vessels with
altered vascular permeability [10].

FGFR-1 signaling is also an important mediator of angiogenesis. Activation of
FGFR-1 by FGF-1 or FGF-2 stimulates endothelial cell proliferation, differentiation, and
formation of tubule structures on a collagen matrix in vitro [145]. In vivo, blood vessel
formation [146] and maturation of the vasculature [147] can be prevented by expression
of a dominant-negative FGFR-1 and this effect is due in part to endothelial cell apoptosis |
and impaired cell migration [148]. Of all the FGF family members, FGF-1 and FGF-2
play prevalent roles in initiating angiogenesis both in normal physiology and in the
vascular support of specific tumors [149]. In pancreatic cancer tissue, tumor cell and
endothelial cell activation occur in conjunction with the appearance of FGF-2 [150].
FGF-1 and FGF-2 stimulate angiogenesis in xenografts of bladder carcinoma cells
expressing FGFR-1, but only FGF-1 promotes tumorigenesis as well [151]. Expression
of antisense FGFR-1 [152] and soluble FGFR-1 [153] (a dominant negative lacking a

tyrosine kinase) stops tumor growth due to inhibition of angiogenesis. Due to the
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prominent role of FGFR-1 and its ligands in tumor angiogenesis, several antiangiogenic
drugs that target FGFR-1 signaling are in clinical trials. These include phase I trials of
SU6668 (an inhibitor of FGFR, vascular endothelial growth factor receptor, and platelet-
derived growfh factor receptor (PDGFR)), phase 1I trials with Thalidomide (an inhibitor
of FGF-2 initiated angiogenesis), phase II/III trials with Interferon-a (an inhibitor of
FGF-2 synthesis), and trials with platelet factor 4 (an inhibitor of heparin-FGF-2 binding)
[154].

SFXK play important roles in angiogenesis in vitro and in vivo by regulating
endothelial cell chemotaxis [155], vascular permeability [156], and cord-formation [157].
Integrin inhibitors block FGF-2 mediated chemotaxis by attenuating c-Src activity and
translocation into focal adhesion sites [155]. Both FGF-2 and vascular endothelial
growth factor (VEGF) activate c-Src during angiogenesis, but only VEGF effects,
including vascular permeability, are completely dependent on c-Src or c-Yes [156]. c-
Src's role in cord-formation includes modifying the actin cytoskeleton [158]. Findings
presented in this dissertation provide the first evidence that activation of FGFR-18, but
not FGFR-1a, by FGF-1/heparin results in enhanced cord-formation in vivo and SFK

dependent cord-formation in vitro.

Conclusions

Pancreatic adenocarcinoma is a lethal cancer due to its propensity to form
advanced and metastatic tumors that are resistant to surgical resection, radiation, and
chemotherapy. Understanding this persistant resilience requires elucidation of the

molecular mechanisms that regulate cell survival and progression during neoplasia.
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This review has argued that signal transduction pathways initiated by FGF-1 activated
FGFR-1 appear capable of mediating these effects.

The subsequent papers are designed to test the hypothesis that specific FGFR-1
isoforms FGFR-1a and FGFR-1p differentially signal to SFK and initiate pathways
regulating cell growth, survival, and invasiveness, processes essential to tumorigenesis,

inflammation, and angiogenesis.
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INTRODUCTION

In adult humans, trauma injury is typically followed by the infiltration of active
inflammatory cells. Despite the fact that local production of cytotoxic agents, such as
cytokines, chemokines, and reactive nitrogen species (RNS) [1], are produced by active
inflammation, this process is typically accompanied by angiogenesis. Within this
proinflammatory environment, normally quiescent endothelial cells proliferate, migrate,
and form new vascular structures. Inflammation promotes excess production of RNS,
including peroxynitrite (ONOO"), the product of a diffusion-limited reaction between
superoxide and nitric oxide. At physiologic pH, protonated ONOO™ (peroxynitrous acid)
decomposes to form a strong oxidant with the reactivity of hydroxyl radical plus nitrogen
dioxide [1,2]. As a potent oxidant, ONOO™ attacks many macromolecules [3-9],
including its reaction with specific tyrosine residues in target proteins that results in the
formation of nitrotyrosine [8,10]. The increased appearance of nitrotyrosine has been
detected during atherosclerosis, arthritis, chronically rejecting renal allografts, and
pancreatic adenocarcinoma, pathophysiologic conditions also demonstrating enhanced
expression of acidic fibroblast growth factor (FGF-1) and its high affinity FGF receptors
[11-19]. These observations have predicted the in vivo coexistence of both FGF-1- and
ONOO™-induced signaling pathways that may modulate cellular growth and death

responses in relevant pathophysiologic situations.

In vitro studies have demonstrated that addition of ONOO™ induced a dose-
dependent, delayed cell death that was more characteristic of apoptosis than necrosis [20-
24). Mounting experimental evidence has suggested further that the trophic environment

of cells in culture in an important determinant of their vulnerability to reactive oxidants
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such as ONOO'. For instance, pretreatment of PC12 cells [20] and primary fibroblasts
[21] with FGF-1 significantly enhanced apoptosis mediated by ONOO™. However,
additional efforts have demonstrated that FGF-1 pretreatment in vitro renders some cell
populations [22-24] resistant to the cytotoxic effects of ONOO™. Whereas the biological
mechanism responsible for this differential FGF-1 effect is not known, we have predicted

the interaction between ONOO™- and FGF-1-induced signaling pathways [21,22].

FGF-1 is 1 of 23 members of the human FGF gene family of polypeptides, which
share a high degree of sequence similarity at both the nucleotide and the amino acid
levels and have in common several structural motifs [25-28]. Numerous studies have
established that the biological activity of the FGF ligands involves productive HSPG-
dependent cell surface interactions with the FGFRs followed by activation of the intrinsic
tyrosine kinase and responding signal transduction cascades [28-31]. To date, four
similar high affinity FGF receptor genes (FGFR-1, FGFR-2, FGFR-3, and FGFR-4) have
been identified and generally contain an extracellular immunoglobulin (Ig)-like
domain(s), a transmembrane region, and an intracellular tyrosine kinase. = Structural
variants of these FGFRs are generated by alternative splicing, resulting in receptor
isoforms containing different ligand-binding specificities and affinities [31-33]. The
major FGFR-1 splice variants give rise to receptors with either three (FGFR-1a) or two
(FGFR-1B) Ig-like domains in the extracellular region. The differential expression of
these FGFR-1 isoforms may be biologically significant since normal pancreatic ductal
epithelium and brain tissue express FGFR-1a primarily, whereas malignant pancreatic
adenocarcinoma and astrocytoma overexpress FGFR-1 primarily as the 8 isoform

[29,34,35].
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To examine whether ligand activation of alternatively spliced FGFR-1 modulates
cellular responses to ONOQ" in vitro, we have stably transfected FGFR-negative rat
endothelial cells with human cDNA sequences encoding either FGFR-1a or FGFR-1.
Several lines of evidence provide the first indication that ligand activation of alternatively
spliced FGFR-1 isoforms differentially modulates cellular responses to ONOO™ in a
signaling-dependent manner. These observations provide mechanistic insight relevant
not only to regulation of FGF biology but also to processes controlling cellular growth

and death during the resolution of inflammation and repair.

MATERIALS AND METHODS

Recombinant plasmids

Plasmids (Fig. 1A) pXZ106 and pXZ85 contained the complete human cDNA
coding sequences for FGFR-1a or FGFR-18, respectively, which were subcloned 3’ of
the murine sarcoma virus LTR promoter and 5’ of the SV40 polyadenylation signal in the
eukaryotic expression vector pMEXneo [36]. The pMEXneo plasmid (pMN) includes
the neomycin phosphotransferase gene under control of the early SV40 promoter and

served as a transfection control.

Tissue culture and transfections

Resistant vessel endothelial cells (RVEC) were isolated from rat cerebrocortical
tissue [37] and established in culture using DMEM supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 100 U/100ug penicillin/streptomycin. Routine

passage of isolated cells was performed at confluence following 0.25% (w/v) trypsin, 0.5
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mM EDTA treatment, and replating (1 x 10* cells/cm®). Cells were transfected with 10
pg of either pMN, pXZ106, or pXZ85 using calcium phosphate-mediated precipitation
followed by selection (21 days) in 800 pg/ml active Geneticin. Stably transfected
RVEC(pMN), RVEC(R-1a), and RVEC(R-1p) were maintained in culture under normal

culture conditions.

Growth Analysis

Stably transfected cells (3 x 10%/cm?) were seeded in six-well plates and allowed
to attach (16 h) under normal culture conditions. Cells were washed (PBS) and fed every
2 days with fresh endothelial cell serum-free medium (ESFM; Invitrogen) containing
FGF-1 (10 ng/ml) complexed with heparin (10 U/ml). Viable cells (trypan exclusion) for
each transfectant were counted by hemacytometer at 2-day intervals, in duplicate, using
five separate measurements/well. To measure the proliferation index of each
transfectant, cells (3 x 10°/cm?) were seeded and allowed to attach (16 h) under normal
culture conditions. Cells were washed (PBS) and maintained (48 h) in ESFM. Following
washing (PBS), cells were incubated (24 h) with ESFM containing FGF-1 (10 ng/ml)
complexed with heparin (10 U/ml) and labeled with bromodeoxyuridine (BrdU; Sigma;
10 uM) during the final 4 h. Cells were harvested, fixed, and analyzed in situ using

monoclonal mouse anti-BrdU (1:100; Dako) as described [38].
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RNA Analysis

Total RNA (1.0 pg) was converted to cDNA using reverse transcriptase (RT) and
the reverse transcribed cDNA product was amplified by the polymerase chain reaction
(PCR) using previously described conditions [38]. RT-PCR products were analyzed by
2% (w/v) agarose gel electrophoresis using PCR amplification of specific expression
vectors (Fig. 1) as positive controls. Accuracy of amplification was confirmed further by
restriction endonuclease mapping of the PCR products. Non-transfected cellular RNA
served as a negative control. RT-PCR performed in the absence of RT was used to
determine the potential of contaminating genomic DNA in total RNA preparations.
Following electrophoresis, PCR products were stained with ethidium bromide and
visualized with UV light. Photographs of gels were digitized using a Xerox 7650
scanner. Comparative analysis of specific RT-PCR products from separate cell
populations was achieved following standardization to levels of amplified GAPDH from
identical samples evaluated within the same gel [39]. Synthetic DNA amplimers for the
neomycin phosphotransferase gene were identical to those previously described [38].
The synthetic DNA sense amplimer sequence specifically recognizing rat FGFR-1a
¢DNA was CTG ACT CTG GCC TCT ACG CTT GTG TG. The synthetic DNA sense
amplimer sequence specifically recognizing both FGFR-1a and FGFR-1P rat cDNA was
ACG GCA AGG AAT TCA AAC CTG ACC ACC. The common synthetic DNA
antisense amplimer specifically recognizing both FGFR-1a and FGFR-1f rat cDNA was
TGA GGT CAT CAC GGC TGG TCT CTC TTC CA. Synthetic DNA amplimers for
human FGFR-10 ¢cDNA were sense, CTC TAT GCT TGC GTA ACC AGC and

antisense, ATG AAC TCC ACG TTG CTA CCC. Synthetic DNA amplimers for both

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

human FGFR-1a and FGFR-1B ¢cDNA were sense, GAC AGT GAA GTT CAA ATG
CCC and antisense, GAT AGA GTT ACC CGC CAA GC. Synthetic DNA amplimers
for the cytoplasmic domain encoding the split tyrosine kinase for both human FGFR-1a
and FGFR-1p ¢cDNA were sense, AAG GAC AAA CCC AAC CGT GTG ACC and

antisense, GCC AAA GTC TGC TAT CTT CAT CAC.

Scatchard Analysis

Recombinant human FGF-1 (amino acids 21-154) was purified [40], modified
with succinimidyl 6-hydrazinonicotinate, and radiolabeled with #mT¢ as described [41].
Cells were grown under normal conditions (70-80% confluent), harvested with ImM
EDTA, and resuspended in DMEM containing 0.1% (w/v) BSA and 20 mM Hepes (pH
7.2). Cells (1 x 10%assay) were incubated (2 h, 4°C) with five or six different
concentrations of *™Tc-FGF-1 (0.9 MBq/ug) complexed to 10 U/ml heparin. Cell-bound
#mTc-FGF-1 was determined after washing two times with PBS (4°C) and gamma
counting. Scatchard plots of specific binding of #™T¢-FGF-1 to RVEC transfectants

were analyzed using the Ligand program [42].

Peroxynitrite treatment

RVEC transfectants were seeded (3 x 10*/cm?) onto fibronectin-coated (1 pg/cm?)
glass coverslips (4.8 cm?) in six-well plates and allowed to attach (16 h) under normal
culture conditions. Where indicated, FGF-1 (50 ng/ml) complexed with heparin (50 |

U/ml) was added for 2 h prior to oxidant treatment. PD166866 (1 uM; 60 min; Warner—
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Lambert), PP2 (20 uM; 20 min; Calbiochem), PD98059 (37 uM; 30 min; Calbiochem),
SB203580 (25 uM; 30 min; Calbiochem), and SB202190 (25 pM; 30 min; Calbiochem)
were added for indicated times prior to FGF-1/heparin treatment. Aurin tricarboxylic
acid (ATA; 25 pM; Sigma) was added to the culture medium subsequent to oxidant

treatment.

Prepared RVEC transfectants were washed twice with PBS and each well
received 1.0 ml Buffer A, containing 50 mM Na,HPO,, 90 mM NaCl, 5 mM KCl, 0.8
mM MgCl,, and 1 mM CaCl,. ONOO™ was synthesized from sodium nitrite and acidified
H,0, and quantified as described [21]. RVEC transfectants were treated with aliquots of
a 50 mM stock solution, which was added as a single bolus against one side of the wall
while rapidly agitating (5-10 s). Control treatments consisted of either 0.1 M NaOH
vehicle alone or decomposed ONOO™ obtained by adding ONOO™ to Buffer A prior (20
min) to cell exposure (reverse order of addition). Following ONOO™ treatment (5 min),
the Buffer A was removed and replaced with fresh ESFM. Stock solutions (100 mM) of
SIN-1 were added to RVEC transfectants at a final concentration of 1 mM, which
generates production of ONOO™ (10 pM/min). Following incubation (37°C; 1.5 h), the

SIN-1-containing Buffer A was removed and replaced with ESFM.

Following (20 h) oxidant treatment, washed (PBS) cells were incubated (15 min,
22°C) with a mixture of fluorescein diacetate (FDA; 15 pg/ml; Sigma) and propidium
iodide (Prl; 5 pg/ml; Sigma) as described [21] and immediately observed by
epifluorescence microscopy. The percentage of non-viable cells was calculated by
assessing the ratio of red-staining (PrI) cells to the total of red and green (FDA) cells in at

least five representative fields per coverslip. Quantitative analysis of FDA and Prl
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staining was enumerated on duplicate wells with at least five separate samples per well.
Each experiment was performed at least three times. Data are reported as the mean %
standard error and statistical significance was performed with one-way ANOVA or

Student's ¢ test, as appropiate. A difference of p < 0.05 was considered significant.

Western Analysis

RVEC transfectants (1 x 10%/cm?) were seeded and allowed to attach and grow to
approximately 80% confluency under normal growth conditions. Cultures were washed
(PBS) and fed DMEM, supplemented with 0.3% (v/v) FBS for 16 h. Quiescent cells
were treated (10 min) with either FGF-1 (50 ng/ml) alone or FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml). Cells were washed and scrape-harvested with PBS
(4°C), containing 1 mM sodium orthovanadate, and recovered by centrifugation. For
analysis of MAP kinases, cells were lysed with 20 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100, 2.5 mM sodium
pyrophosphate, and 1 mM B-glycerolphosphate (lysis buffer). For analysis of FGFR-1
isoforms, SFK, and cortactin, cells were lysed with 1% (v/v) Triton X-100, 0.1% (w/v)
SDS, 1% (v/v) sodium deoxycholate, 50 mM Hepes (pH 7.4), 150 mM NacCl, and 1 mM
EGTA (RIPA buffer). Both the lysis and RIPA buffers contained 1 mM sodium
orthovanadate, 1 mM PMSF, 10 uM leupeptin, and 10 pg/ml aprotinin. Detergent-
insoluble material was removed by centrifugation (14,000 rpm; 4°C) and detergent-
soluble protein concentrations were determined using the Bradford assay (Pierce). For
removal of carbohydrate residues, recovered extracts (70 pg total protein) were denatured

and incubated (37°C, 1 h) with 2000 U N-Glycosidase F using buffers and conditions
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provided by the manufacturer (New England Biolabs). To examine FGFR-1 and
cortactin phosphorylation, total extracted proteins (500 pg) were incubated with
monoclonal antiphosphotyrosine antibody (4 pg/ml; Transduction Laboratories) for 16 h
(4°C) followed by precipitation (2 h; 4°C) with a 50 ul suspension of protein A-coupled
Sepharose (Pharmacia Biotech Inc.). The Sepharose beads were washed and transferred
to a new tube using RIPA buffer, resuspended in Laemmli buffer, and boiled (5 min).
Recovered phosphoproteins, total extracted proteins (70 pg), and deglycosylated proteins
(70 pg;,) were fractionated by reducing SDS-PAGE and Western analyzed using
antibodies against FGFR-1 (C-15; Santa Cruz), cortactin (Upstate Biotechnology), total
and phospho-p38 MAPK (Cell Signaling), total and phospho-JNK (Cell Signaling), or
total and phopho-Erk 1/2 (Cell Signaling). Western analyses of the SFK included total
SFK (SRC 2; Santa Cruz) or phosphor-SFK (Tyr 416; Cell Signaling), antibodies
recognizing multiple family members, including c-Src, YES, Hck, and Fyn.
Immunoreactive bands were identified by the enhanced chemiluminescence system

(Kirkegaard & Perry) as described [38].

RESULTS

Early passages of RVECs were transfected independently with expression vectors
(Fig. 1A), selected in Geneticin, and expanded for biochemical analyses. Each individual
transfection was repeated at least three times, all of which resulted in similar results. No
attempt was made to subclone specific cell populations relative to expression levels of
either the selectable marker (neomycin phosphotransferase) or the modulatory transgenes

(FGFR-1a or FGFR-1B). A characteristic RT-PCR product (790 bp) was identified for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



38

the neomycin phosphotransferase gene in pMN—, R-1o~ and R-1B- transfected cells,
which was consistent with the ability of these cells to maintain growth in Geneticin.
Expression of FGFR-1a and FGFR-18 mRNA in total RNA extracted from rat kidneys
was demonstrated by the appearance (Fig. 1B) of the predicted 834- and 535-bp,
respectively, RT-PCR products using rat-specific amplimer sequences. In contrast, non-
transfected RVEC, RVEC(pMN), RVEC(R-1a), and RVEC(R-1B) cells failed to exhibit
expression of rat FGFR-1a or FGFR-1B mRNA as determined by RT-PCR analysis using
rat-specific ampl;mer sequences (Fig. 1B). Both non-transfected RVEC and
RVEC(pMN) cells failed to exhibit expression of human FGFR-1a and FGFR-1 mRNA
following RT-PCR analysis (Fig. 1C) using human-specific amplimer sequences
encoding either the extracellular Ig-like loops I/II (Fig 1A; amplimer pair a5/a3), the Ig-
like loops II/III (Fig. 1A; amplimer pair §5/B3), or the intracellular split tyrosine kinase
(Fig. 1A; amplimer pair C5/C3). Expression of human FGFR-1a mRNA was restricted
to RVEC(R-1a) cells as evidenced by the appearance of a predicted 530-bp amplicon
following RT-PCR analysis using human-specific amplimer sequences encoding the
extracellular Ig-like loops I and II (Fig. 1C). Both RVEC(R-10) and RVEC(R-1p) cells
expressed mRNA sequences encoding the extracellular Ig-like loops II and III of human
FGFR-1 that was demonstrated by the appearance of a predicted 526-bp RT-PCR product
(Fig. 1C). In addition both RVEC(R-1a) and RVEC(R-1p) cells expre.ssed human
FGFR-1 mRNA sequences encoding the intracellular split tyrosine kinase as determined

by the appearance of a predicted 437-bp RT-PCR product (Fig. 1C).

Translation of human FGFR-1 mRNA was investigated by Western analysis (Fig.

2), wherein cellular extracts from individual transfectants were examined. Total cellular
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Fig. 2. Western analysis of individual RVEC transfectants. (A) Total cellular proteins
(70 ug), harvested from either RVEC(pMN), RVEC(R-1a), or RVEC(R-1B) cells,
exposed (10 min) to extracellular FGF-1 (50 ng/ml) complexed with heparin (50
U/ml), were treated in the presence (+) or absence (-) of N-Glycosidase F (PNGase F),
fractionated by 7.5% (w/v) reducing SDS-PAGE, and Western analyzed with a
polyclonal antibody against the carboxyl termini of FGFR-1 (C-15). (B) Total cellular
proteins (700 pg), harvested from either RVEC (pMN), RVEC-1a or RVEC-1 cells
subsequent (10 min) to treatment with FGF-1 (50 ng/ml) either alone (-) or complexed
(+) with heparin (50 U/ml) were immunoprecipitated with anti-phosphotyrosine,
fractionated by 7.5% (w/v) reducing SDS-PAGE, and Western analyzed with anti-
FGFR-1 (C-15). Approximate sizes of immunoreactive bands were estimated using
prestained molecular mass (kDa) standards.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

extracts from both non- and control (pMN)-transfected RVECs failed to demonstrate the
appearance of immunoreactive FGFR-1 protein, either in the presence or in the absence
of treatment with N-Glycosidase F (Fig. 2A). RVEC(R-1a) cells readily demonstrated
two resolved bands of immunoreactive FGFR—I, migrating with apparent molecular
masses of approximately 145 and 120 KDa. RVEC(R-1) cells also demonstrated two
resolved bands of immunoreactive FGFR-1, migrating with apparent molecular masses of
approximately 118 and 105 KDa. Deglycosylation of total cellular proteins prior to
reducing SDS-PAGE resulted in the appearance of a single band of immunoreactive
FGFR-1, migrating as a single band with apparent molecular masses of 115 KDa and 90
KDa, respectively, in RVEC(R-1a) and RVEC(R-1B) cells. The fully glycosylated
transgenes were reduced by similar amounts (30 KDa), suggesting that the individual
FGFR-1 isoforms were posttranslationally modified in a similar manner by RVECs.
Following (10 min) treatment of RVEC transfectants with FGF-1 (50 ng/ml) complexed
to heparin (50 U/ml), total cellular proteins were immunoprecipitated with polyclonal
antibodies against phosphotyrosine and Western analyzed with antibodies against FGFR-
1 (Fig. 2B). Immunoprecipitated extracts from control-transfected RVEC(pMN) cells
failed to demonstrate the immunoappearance of tyrosine phosphorylated FGFR-1. In
RVEC(R-1a) and RVEC(R-1B) transfected cells, FGF-1-induced tyrosine
phosphorylation of FGFR-1 was restricted to the higher-molecular-mass structures of
glycosylated FGFR-1 (145 KDa and 115 KDa, respectively). In the absence of heparin,
FGF-1 (50 ng/ml) treatment (10 min) induced similar levels of tyrosine phosphorylated
FGFR-1 in RVEC(R-I p) cells and significantly lower levels of this posttranslational

modification in RVEC(R-1a) cells.
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In the presence or absence of heparin, no binding of #mTc-labeled FGF-1 (Fig. 3)
was observed with control-transfected RVEC cells (pMN). Scatchard analysis
demonstrated specific binding of *™TcFGF-1 (complexed with heparin) to both
RVEC(R-1a) and RVEC(R-1p) cells. The calculated binding constant (Table 1) for
RVEC(R-1B) cells (Kd = 383 pM) was approximately three times higher than that
determined for RVEC(R-10,) cells (Kd = 950 pM). In the absence of heparin, RVEC(R-
1B) cells retained high affinity (Kd=890pM) *™Tc-FGF-1 binding; however, RVEC(R-
l1a) failed to demonstrate high-affinity binding interactions (data not shown). Binding of
#mTc-FGF-1 was specific since it was completely inhibited by the addition of 100-fold
excess of unlabeled FGF-1. Non-specific binding accounted for less than 5% of the total
cellular binding. Calculations of receptor number from the Scatchard analysis (Table 1)
of the individual RVEC transfectants revealed that both RVEC(R-1a) and RVEC(R-1p)

cells contained approximately 3 x 10* FGFR-1 per cell.

Table 1
High-affinity Binding Constant (K;) and Receptor Number Calculated
From Scatchard Analvsis of Individual Transfectants

KL ’ Receptor number/cell®
PMN Not detectable Not detectable
R-1a 950pM 3.0x10*
R-18 383pM 3.1x10*

“Kq = -1/slope.
®Receptor number/cell = ([X-intercept][10~°1[10°1[6.02x10**).

Total cell number
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Fig. 3. Scatchard analysis of FGF-1 binding to individual RVEC transfectants.
Recombinant human FGF-1 was radiolabeled with ™ Tc. Cell binding analyses were
determined by incubating different concentrations of *™Tc-FGF-1 (0.9 MBg/ug)
complexed with 10 U/ml heparin to RVEC(pMN) (A), RVEC(R-1a) (B), or
RVEC(R-1P) (C) cells (1 x 10%/assay). Cell-bound > Tc-FGF-1 was determined by
gamma counting to generate individual Scatchard plots.
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The morphological differences between individual populations of transfected cells were
compared microscopically (Figs. 4A-C). Non-transfected control, RVEC(pMN), and
RVEC(R-10) cells displayed a typical cobblestone phenotype following treatment (24 h)
with ESFM containing FGF-1(10 ng/ml) complexed with heparin (10 U/ml). In contrast,
treatment (24 h) of RVEC(R-1p) cells with FGF-1/heparin resulted in the induction of an
altered phenotype, characterized by a spindle-like morphology (Fig. 4C). This
morphological response was dependent on constant presentation of FGF-1/heparin since
its elimination resulted in reversion to a more normal cobblestone pheno;cype.

Compared to non- and control (pMN)-transfected RVEC cells, both RVEC(R-1a)
and RVEC(R-1B) cells demonstrated a significantly increased growth advantage (Fig.
4D) when maintained in the constant presence of FGF-1(10 ng/ml) complexed with
heparin (10 U/ml). For more detailed analytical measurements, growth potential (Fig.
4E) was evaluated by determining the proliferation index (BrdU incorporation) of
individual populations of RVEC transfectants maintained (24 h) in the presence of FGF-1
(10 ng/ml) complexed with heparin (10 U/ml). The percentages of non- and
control(pMN)-transfected cells labeled under these conditions was very similar (20%). In
contrast, both RVEC(R-1a) and RVEC(R-1B) cells exhibited a significantly (p <0.01)
higher proliferation index (35 and 42%, respectively).

To determine the sensitivity of RVEC transfectants to ONOO™, cells were exposed
to increasing concentrations of the strong oxidant and analyzed for cell death 20 h after
treatment (Fig. 5). Quantitative FDA/Prl staining demonstrated that in the absence of
FGF-1/heparin, ONOO™ toxicity for each of the RVEC transfectants was dose-dependent

with a similar ECsy of approximately 1.35 mM (Fig. 5A). Immediately following
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Fig. 4. In situ analysis and growth kinetics of individual RVEC transfectants. The
phenotypes of RVEC(pMN) (A), RVEC(R-1a) (B), RVEC(R-1B) (C) transfectants
were examined by phase-contrast microscopy following treatment (24 h) with FGF-1
(10 ng/ml) complexed with heparin (10 U/ml). (D) Number of viable (trypan
exclusion) RVEC(pMN), RVEC(R-1a), and RVEC(R-1p) cells maintained in serum-
free media containing FGF-1 (10 ng/ml) complexed with heparin (10 U/ml) were
determined at 2-day intervals. (E) Proliferation indexes of RVEC(pMN), RVEC(R-
1o), and RVEC(R-1p) cells maintained (24 h) in serum-free media containing FGF-1
(10 ng/ml) complexed with heparin (10 U/ml) were determined following labeling
with BrdU during the final 4 h. The labeling index was determined in situ by
calculating the percentage of nuclei staining positive with anti-BrdU. * Differential
significance of p <0.01 compared to control-transfected RVEC(pMN) cells.
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Fig. 5. Oxidant-induced cell death in individual RVEC transfectants. (A) Cell death
(% non-viable) was assessed by quantitative viability staining (FDA/P1T) of
RVEC(pMN), RVEC(R-1a), and RVEC(R-1B) cells following (20 h) exposure to the
indicated concentrations of ONOO". (B) Cell death (% non-viable) was determined
(FDA/PrI) in RVEC(pMN), RVEC(R-1a), and RVEC(R-1p) cells following (20 h)
exposure to 1.0 mM ONOO". Controls included either no treatment (con) or exposure
to decomposed ONOO", reverse order (RO) of addition. Subsequenct to ONOO
exposure, cells were maintained in the absence (-) or presence (+) of the nuclease
inhibitor, ATA. * Differential significance of p < 0.01 compared to controls and
ATA treatment.
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ONOOQ™ exposure and up to 2 hours following oxidant treatment, minimal changes in cell
death were observed at all concentrations of ONOO™ examined. By 6 h and at all
subsequent time points after oxidant exposure, increasing numbers of non-viable cells
were evident. From 6 to 20 h after exposure to 1 mM ONOO", cell death correlated with
membrane blebbing, cytoplasmic shrinkage, nuclear condensation, and increased DNA
fragmentation as evidenced by increased TUNEL staining (data not shown). By 20 h
following ONOQ™ exposure, maximal levels of cell death were observed. Each of the
RVEC transfectants similarly demonstrated these time-dependent features. Quantitative
FDA/Prl staining detected baseline death (< 10%) in untreated cells and those exposed to
decomposed ONOO™ (reverse order of addition) with no significant differences between
individual transfectants (Fig. 5B). In addition, non-oxidant treated RVEC transfectants
exhibited no change in cell death following exposure (2 h) to FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml). In the absence of FGF-1/heparin, RVEC
transfectants treated with 1 mM ONOO™ exhibited a significant (p < 0.01) 2-fold increase
in cell death (approximately 20%) with no significant differences between individual
transfectants (Fig. 5B). Addition of the endonuclease inhibitor ATA to media
immediately after oxidant exposure significantly (p < 0.01) abrogated the ONOO™-
induced toxicity of each of the RVEC transfectants.

A detailed kinetic analysis of thé time interval between FGF-1/heparin
pretreatment and exposure to ONOO™ was performed on each of the RVEC transfectants
(Fig. 6). Compared to non-treated controls and those treated with decomposed ONOO™,
RVEC(pMN) cells demonstrated a consistent 2-fold increase in oxidant-induced death

regardless of the time of FGF-1 pretreatment. FGF-1 pretreatment of RVEC(R-1a)
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Fig. 6. Kinetic analysis of interval between FGF-1 pretreatment and ONOO™
exposure. Cell death (% non-viable) was assessed by quantitative viability staining
(FDA/P1T) of RVEC(pMN), RVEC(R-1a), and RVEC(R-1P) cells following (20 h)
pretreatment for the indicated times with FGF-1 (50 ng/ml) complexed with heparin
(50 U/ml) and subsequent exposure to 1.0 mM ONOO". Controls included no oxidant
treatment (con). '
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transfectants for 1, 2, 6, 8, and 12 h prior to oxidant exposure consistently enhance the
cytotoxic effects of ONOO™. FGF-1/heparin pretreatment of RVEC(R-1a) transfectants
for 24 h prior to oxidant exposure had no significant effect on ONOO™-induced cell
death. In contrast, FGF-1 pretreatment of RVEC(R-1f) transfectants for 1, 2, 6, 8, 12,
and 24 h prior to oxidant exposure consistently protected cells from the cytotoxic effects
of ONOO".
In the absence of FGF-1 pretreatment, exposure of RVEC transfectants to 1.0 and
1.25 mM ONOQO7, and to 1.0 mM SIN-1, which produces ONOO™ by simultaneously
generating superoxide and nitric oxide, resulted in a significant (p < 0.01) 2-3-fold
increase in cell death with no significant differences between individual transfectants
(Fig. 7). FGF-1 pretreatment (2 h) of RVEC(pMN) cells had no effect on cell death
induced by increasing levels of ONOO™ or SIN-1 when compared to oxidant-treated
RVEC(pMN) cells in the absence of growth factor pretreatment. In contrast,
pretreatment (2 h) with FGF-1 (50 ng/ml) complexed with heparin (50 U/ml)
significantly (p < 0.01) enhanced the cytotoxic effects of 1.0 mM ONOO™, 1.25 mM
ONOO", and 1.0 mM SIN-1 in RVEC(R-1a) transfectants by 58.2%, 46.4%, and 50.8%,
respecti\'lely. Furthermore, FGF-1/heparin pretreatment (2 h) of RVEC(R-18)
transfectants significantly (p < 0.01) reduced the cytotoxic effects of 1.0 mM ONOOQO™,
1.25 mM ONOO", and 1.0 mM SIN-1 by 33.8%, 43.2%, and 32.6%, respectively.
Pretreatment of RVEC(pMN), RVEC(R-1a), or RVEC(R-1p) transfectant with heparin
(50 U/ml) alone had no modulatory effect on ONOO;-induced cell death (data not

shown).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

40 -
A 1 (] pMN *

I R1c
30 | |KSN R-1p

% Non-¥Yiable

con - FGF-1 + FGF-1

1.0mM ONOO - *

B 0.
|1 pMN
40| [ R
o | |[SYR1p
830}
T o
s 2|
Z
F
0} -
0 l &
con -FGF-1 + FGF-1
C 40 1.25 mM ONOO -
i [ N
R *
o 30 KN R-18
o)
5
=
]
=
-]
Z
®

-FGF-1 +FGF-1

1.0 mM SiN-1

Fig. 7. Effect of FGF-1 pretreatment on ONOO™induced cytotoxicity in RVEC
transfectants. Cell death (% non-viable) was assessed by quantitative viability staining
(FDA/PrI) of RVEC(pMN), RVEC(R-10), and RVEC(R-1f) transfectants following
(20 h) pretreatment (2 h) in the absence (-) or presence (+) of FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml) and subsequent exposure to either 1.0 mM ONOO™
(A), 1.25 mM ONOO™ (B), or 1.0 mM SIN-1 (C). Controls included no oxidant
treatment (con). *Differential significance of p < 0.01 when compared to oxidant-
treated transfectants in the absence of FGF-1 pretreatment.
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To further confirm the FGFR-1 dependence of FGF-1 modulation of ONOO™-induced
cytotoxicity, RVEC transfectants were exposed to 1 uM PD166866, a highly selective
and potent inhibitor of FGFR-1 tyrosine kinase, for 1 h. Cells were then pretreated (2 h)
with FGF-1 (50 ng/ml) complexed with heparin (50 U/ml), treated with 1.25 mM
ONOO", and evaluated for cell death (PrI/FDA) 20 h following oxidant exposure. In the
absence of FGF-1/heparin treatment, exposure of each individual RVEC transfectant
population to PD166866 had no effect on cellular death either in the absence or presence
of ONOO™ treatment (Fig. 8A). FGF-1/heparin pretreatment of PD166866-exposed
RVEC(pMN) transfectants had no effect on cell death induced by ONOO™. In contrast,
PD166866 exposure effectively inhibited the ability of FGF-1/heparin to modulate the
cytotoxic effect of ONOQO™ in both RVEC(R-1a) and RVEC(R-1p) transfectants. These
observations further confirm that differential FGF-1 modulation of ONOO™-induced cell
death in vitro is mediated through activation of FGFR-1 tyrosine kinase in both RVEC(R-
la) and RVEC(R-1B) transfectants.

To elucidate other potential downstream signaling pathways involved in
differential FGF-1 modulation of ONOO™-induced cell death, individual RVEC
transfectants were exposed to other specific tyrosine kinase inhibitors prior to FGF-
1/heparin pretreatment and subsequent ONOQO™ treatment. Preexposure (20 min) of each
individual RVEC transfectant population to 20 uM PP2, a selective inhibitor of SFK
activity, had no effect on cellular death either in the absence or in the presence of ONOO™
treatment (Fig. 8B). FGF-1/heparin pretreatment of PP2-exposed RVEC(pMN) cells had
no effect on cell death induced by ONOO™. FGF-1/heparin pretreatment of PP2-exposed

RVEC(R-1a) cells had no effect on the ability of the growth factor to enhance the
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Fig. 8. Effect of FGFR-1 and Src-family kinase activities on FGF-1 modulation of
ONOO™-induced cytotoxicity in RVEC transfectants. RVEC(pMN), RVEC(R-10) and
RVEC(R-1P) cells were incubated in the presence (+) or absence (-) of kinase inhibitors
PD166866 (A) or PP2 (B) prior to pretreatment (2 h) in the absence (-) or presence (+)
of FGF-1 (50 ng/ml) complexed with heparin (50 U/ml). Cell death (% non-viable) was
assessed (FDA/Prl) 20 h following exposure to 1.25 mM ONOO"™. Differential
significance of p < 0.01 when compared to inhibitor- and oxidant-treated transfectants

~ in the absence of FGF-1 pretreatment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

sensitivity of these cells to the cytotoxic effect of ONOO™. In contrast, preexposure of
RVEC(R-1p) transfectants to PP2 effectively inhibited the ability of FGF-1/heparin
pretreatment to protect these cells from ONOO™-induced death. Preexposure (30 min) of
each individual RVEC transfectant population to 37 pM PD98059, a selective inhibitor of
the MEK/Erk 1/2 kinase, had no effect on cellular death either in the absence of presence
of ONOQ™ treatment (Fig. 9A). FGF-1/heparin pretreatment of PD98059-exposed
RVEC(pMN) cells had no effect on cell death induced by ONOO™. However,
preexposure to PD98059 effectively inhibited the ability of FGF-1/heparin both to
enhance ONOO™-induced death in RVEC(R-1a) cells and to prevent ONOO™-induced
death in RVEC(R-1P) cells. Preexposure (30 min) of each individual RVEC transfectant
population to 25 uM of either SB202190 or SB203580, potent inhibitors of the p38
MAPK and/or JNK kinases, had no effect on cellular death either in the absence or in the
presence of ONOO™ treatment (Fig. 9B and C). FGF-1/heparin pretreatment of
SB202190- or SB203580-exposed RVEC(pMN) cells had no effect on cell death induced
by ONOOQO". Preexposure to SB202190 or SB203580 effectively inhibited the ability of
FGF-1/hearin to enhance the cytotoxic effects of ONOO™ in RVEC(R-1a) cells.
However, preexposure to the p38 MAPK and JNK kinase inhibitors had no effect on the
ability of FGF-1/heparin pretreatment to protect RVEC(R-1B) cells from ONOO™-
induced death. |

Following FGF-1/heparin treatment of individual RVEC transfectants for defined
periods (0-2 h), total extracted cellular proteins were subjected to reducing SDS-PAGE
and Western analyzed with antibodies specific for total p38 MAPK, activated phosphor-

p38 MAPK, total INK, activated phosphor-JNK, total Erk 1/2, active phosphor-Erk 1/2,
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Fig. 9. Effect of mitogen-activated protein kinase activity on FGF-1 modulation of
ONOO™-induced cytotoxicity in RVEC transfectants. RVEC(pMN), RVEC(R-1a), and
RVEC(R-1p) cells were incubated in the presence (+) or absence (-) of kinase inhibitors
PD98059 (A), SB202190 (B), or SB203580 (C) prior to pretreatment (2 h) in the
absence (-) or presence (+) of FGF-1(50 ng/ml) complexed with heparin (50 U/ml).
Cell death (% non-viable) was assessed (FDA/PrI) 20 h following exposure to 1.25 mM
ONOO". * Differential significance of p < 0.01 when compared to inhibitor- and
- oxidant-treated transfectants in the absence of FGF-1 pretreatment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

total SFK, active phosphor(pY*'°)-SFK, total cortactin, and active phosphorylated
cortactin (Fig. 10). In all FGF-1/heparin-treated RVEC transfectants, total levels of p38
MAPK, SFK, cortactin, and Erk 1/2 did not change over the 2-h period of analysis (data
not shown). Phosphorylation of p38 MAPK and JNK was restricted to RVEC(R-1a)
cells, and activation of these MAPKSs transiently peaked at 10 min postFGF-1 treatment
and returned to baseline levels within 30 min. Phosphorylation of SFK and its substrate

~ cortactin was restricted to RVEC(R-1p) cells, and activation of these focal adhesion
proteins transiently peaked at 10 min postFGF-1 treatment and returned to baseline levels

within 30 min. Phosphorylation of Erk 1/2 was observed in both RVEC(R-1a) and

RVEC(R-1) transfectants and not in RVEC(pMN) cells, and activation of this MAPK
peaked within 10 min postFGF-1 treatment and persisted throughout the 2 h of study. In
the absence of FGF-1/heparin treatment (or treatment with heparin alone), increased
levels of phosphorylated p38 MAPK, JNK, Erk 1/2, and cortactin were not observed in
RVEC(R-1c) and RVEC(R-1B) cells (data not shown). Instead, low to undetectable
intrinsic levels of these phosphorylated substrates were similar to those observed (Fig.
10) for FGF receptor-negative, control-transfected RVEC(pMN) cells treated with FGF-

1/heparin.

DISCUSSION
High-affinity FGF receptofs are members of a multigene family containing
multiple structural variants with different ligand-binding specificities and affinities
[30,32]. Consequently, characterizing specific signal transduction pathways responding

to the FGF ligands has been complex, particularly since a wide variety of established cell

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—— © | Phospho-p38 MAPK

Phozpho-JNK

pYHE SFK

Phospho-cortactin

b | Phosphe-Erk 172

Fig. 10. Western analysis of activated polypeptide substrates in individual RVEC
transfectants. Total cellular proteins recovered from either RVEC (pMN), RVEC (R-
1), and RVEC (R-1P) cells, exposed (10 min) to extracellular FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml), were fractionated by reducing SDS-PAGE and
Western analyzed with the identified specific antibodies according to procedures
described under Materials and methods.
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lines and diploid cell strains express more than one type of FGF receptor. This issue is
complicated further by the observation that binding of the FGF ligand to FGFR induces
receptor dimerization, including formation of homo- and heterodimers between different
structural isoforms [31,43]. Previous efforts to examine the properties of a specific
FGFR isoform have utilized L6 myoblasts, which have been classified as an FGFR-
deficient cell line [44]. However, we and others [45,46] routinely have observed low,
detectable levels of EGFR-I and a minimal FGF-1-dependent growth response in L6
myoblasts. In studie;s reported here with non- and control (pMN)-transfected RVECs,
RT-PCR and Western analyses failed to detect intrinsic rat FGFR-1 mRNA or protein,
the extracellular addition of FGF-1 failed to induce either a growth or mitogenic
response, and Scatchard analysis failed to detect high-affinity binding of #9mTc-labeled
FGF-1. Collectively, these results confirmed that RVECs lack intrinsic expression of
functional high-affinity FGF receptors (including FGFR-1) and predicted the utility of
transfection experiments to examine functional properties of different human FGFR-1
structural isoforms. Indeed, results from RT-PCR and Western analyses were consistent
with the engineered transgene constructs and confirmed delivery of the transfected
plasmids, stable integration of the nucleic acids, and the ability of RVECs to coordinate
transcriptional and translational responses from these templates.

Several lines of evidence from the experimental models described ilere are
consistent with previously published results supporting the posttranslational modification
and biological functionality of human FGFR-1a and FGFR-1f expressed in RVECs: (1)
variable molecular mass structures of FGFR-1a and FGFR-1p were posttranslationally

modified by N-glycosylation and derived from a single precursor [45,47]; (ii) Scatchard

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

analysis revealed that both RVEC(R-1a) and RVEC(R-1p) transfectants exhibited
heparin-dependent binding of FGF-1 with affinities similar to that previously reported
[30,48]; (iii) following high-affinity ligand binding, autophosphorylation of both FGFR-1
isoforms was observed and limited to the high-molecular-mass, fully glycosylated
structure [45]; and (iv) in the case of FGFR-1a transfectants, both high-affinity FGF-1
binding and tyrosine phosphorylation of the receptor were heparin dependent [32,48]; (v)
compared with controls, both RVEC(R-1a) and RVEC(R-1) transfectants exhibited a
high-proliferation index and enﬁmced growth potential following treatment with FGF-1;
and (vi) ligand-activation of cells expressing FGFR-1a maintained a more normal,
flattened monolayer phenotype, whereas, cells expressing RVEC(R-1B) acquired a
characteristic FGF-1-dependent transformed phenotype [45].

Whereas these collective results established the ability of RVECs to coordinate
characteristic posttranslational modifications of the human FGFR-1 transgenes and
confirmed their biological functionality, several results from these experimental models
provided insight into the physiologic consequences of alternative FGFR-1 splicing
beyond that reported previously. Here we demonstrated that ligand activation of the
alternatively spliced FGFR-1 isoforms differentially modulated endothelial cell responses
to ONOO". The extracellular addition of ONOO™ induced a dose- and time-dependent,
delayed cell death in RVECs that was more characteristic of apoptosis than necrosis a'nd
morphologically equivalent to apoptosis induced by this reactive nitrogen species in
PC12 cells [20], primary murine fibroblast [21], rat pancreatic ductal epithelial cells [22],
murine osteoblasts [23], and both human and rat osteoblast progenitors [23,24].

Whereas millimolar bolus addition of synthetic ONOO™ may seem considerable, the net

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

exposure was significantly lower due to the short (< 1 s) half-life of this strong oxidant at
physiological pH [49]. Consequently, the vast majority of ONOQO™ decomposed before it
ever contacted RVECs. Previous studies have demonstrated that a 1 mM bolus addition
of ONOO™ is equivalent to generating submicromolar concentrations of this oxidant [21].
Compared on the basis of concentration multiplied by time, exposure to 1 mM SIN-1 for
1 h should be equivalent to a bolus addition of 650 pM ONOO™ [50]. During ischemia,
nitric oxide synthase can produce 2-4 uM levels of nitric oxide concentrations [51],
which are sufficient to compete effectivel}; with superoxide dismutase for superoxide and
promote formation of ONOO™ [52]. Furthermore, submicromolar concentrations of
ONOQ" are generated readily by alveolar macrophages [50]. Collectively, these efforts
argue that the levels of ONOO™ used in these studies were consistent with those
determined in vivo, particularly under pathophysiologic conditions.

The ability of FGF-1 to modulate ONOO™-induced cell death in both FGFR-1a
and FGFR-1p transfectants was equally effective between 1 and 12 h of pretreatment.
The exogenous FGF-1 signaling pathway has been demonstrated in vitro [53] to require
continuous cellular exposure to the growth factor during the Gy to G, cell cycle transition.
During this time, receptor-mediated internalization of FGF-1 is accompanied by
autophosphorylation and activation of the FGFR-1 intrinsic tyrosine kinase.
Consequently, it was reasoned that the ability of FGF-1 to modulate cellular responses to
ONOQ™ was directly dependent on preactivation of early FGFR-1 signaling events rather
than mitogenic responses to the growth factor. Indeed, treatment of both RVEC(R-1a)

and RVEC(R-1B) transfectants with PD166866, a selective inhibitor of the intrinsic
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FGFR-1 tyrosine kinase [54], prior to FGF-1 exposure prevented the ability of the growth
factor to modulate the cytotoxic effects of ONOO™.
| FGF-1-induced signaling rendered FGFR-10 transfectants more sensitive to
ONOO™ and FGFR-1B transfectants resistant to ONOO™, observations which were
consistent with our previous studies. RT-PCR analysis of PC12 cells [20] and primary
fibroblasts [21], which exhibited enhanced sensitivity to the cytotoxic effect of ONOO™
following FGF-1 treatment, exhibited a ratio of FGFR-la to FGFR-18 mRNA favoring
the expression of FGFR-1a. RT-PCR analysis of pan;:reatic ductal epithelial cells [22],
MC3T3 cells [23], and osteoblast progenitors [23,24], which exhibited resistance to
ONOO™-mediated death following FGF-1 treatment, predominantly expressed FGFR-1
mRNA (J. A. Thompson, unpublished observations). FGFR-1 and ONOO™ appear to
signal cellular responses through similar intracellular substrates, including SFK, p38
MAPK, INK, and Erk 1/2 [29,55-61]. However, since alternatively spliced FGFR-1
isoforms exhibit differential trafficking [45], we anticipated that FGFR-1 isoform-
specific signaling to different intracellular substrates may ultimately determine RVEC
responses to ONOO™. Consequently, cell death was determined in RVEC transfectants
following selective inhibition of various catalytic activities using either PP2, an SFK
inhibitor [62], PD98059, a MEK/Erk 1/2 kinase inhibitor{63], SB203580, a specific p38
MAP kinase inhibitor [64], or SB202190, which demonstrates inhibition of both JNK and
p38 MAP kinase activities [64].

These specific inhibitor studies demonstrated that the ability of FGF-1
pretreatment to both enhance and inhibit ONOO™-induced death of RVECs was

associated with preactivation of MEK/Erk 1/2. This initial effort predicted that the
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MEK/Erk 1/2 pathway is common to both FGFR-1a and FGFR-1f signaling. Indeed,
FGF-1 activation of both FGFR-1a and FGFR-1f induced sustained phosphorylation
(activation) of Erk 1/2. However, since Erk activation has been demonstrated to exert
either a proapoptotic or an antiapoptotic influence on cells [63,65,66], additional efforts
will be required to examine the regulatory mechanisms whereby MEK/Erk 1/2
preactivation modulates growth and death responses to ONOO'".

The other two major subtypes of the MAPK family include JNK and p38 MAPK,
whose activation processes generally are associated with apoptoéis. Specific inhibitor
studies suggested that the ability of FGF-1 pretreatment to enhance the cytotoxic effects
of ONOO™ was associated with activation of p38 MAPK. Since this observation was
limited to RVEC(R-10) transfectants and since activation of the p38 MAPK pathway was
also restricted to RVEC(R-1a) cells, we have concluded that preactivation of this
prodeath pathway rendered cells more sensitive to the cytotoxic effects of ONOO". This
prediction would be consistent with the observations that: (i) NGF prevented apoptosis
induced by factor-starved lymphocytes following inactivation of p38 MAPK [76], (ii)
NGEF pretreatment of PC12 cells protected against ONOO™-induced apoptosis[20], and
(iii) preﬁeament with FGF-1 or FGF-2 significantly enhanced ONOO™-induced
apoptosis in PC12 cells, which predominantly express FGFR-10. mRNA [20].

Specific inhibitor studies further suggested that the ability of FGF-1 pretreatment

to significantly inhibit ONOO™-induced cell death was associated with preactivation of

the SFK pathway. Since this observation was limited to RVEC(R-1p) transfectants and
since activation of the SFK pathway was also restricted to RVEC(R-1p) cells, we have

concluded that preactivation of this survival pathway rendered cells resistant to the
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cytotoxic effects of ONOO™. This premise is consistent with previous observations,
including (i) levels of total nitrotyrosine (footprint marker of RNS), FGF ligands, and
FGFR-1, primarily as the FGFR-1p isoform, are elevated in pancreatic adenocarcinoma
[19], (ii) SFK activity is increased in pancreatic adenocarcinoma [58], and (iii) FGF-1
signaling inhibited ONOO™-induced death of pancreatic epithelial cells, which
predominantly express FGFR-1f mRNA [22].

These studies have provided compelling evidence that ligand activat?on of FGFR-
1 modulated endothelial cell responses to ONOO™-mediated death in a manﬂer consistent
with distinct signal transduction cascades induced by alternatively spliced FGFR-1
isoforms. The ability of FGFR-1a signaling to render RVECs more sensitive to ONOO™-
mediated death was dependent on FGFR-1 tyrosine kinase, MEK/Erk 1/2 kinase, and p38
MAPK activities and independent of SFK activity. The ability of FGFR-1p signaling to
render RVECs resistant to the cytotoxic effects of ONOO™ was dependent on FGFR-1
tyrosine kinase, MEK/Erk 1/2, and SFK activities and independent of p38 MAPK
activity. Collectively, these studies provide a first indication that FGFR-1a and FGFR-1B
induce differential signal transduction cascades, particularly those involving SFK and
p38 MAPK. Molecular mechanisms whereby early alternative FGFR-1 isoform signaling
differentially modulates cellular responses to oxidative stress are unclear but may relate
to previous studies demonstrating a paradoxical effect for FGF ligands functioning as
inducers of either cell survival [68-71] or cell death [72-76]. Ongoing rigorous

experimentation will be required to realize this potential.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

ACKNOWLEDGMENTS

Synthesis of oligonucleotide amplimers was supported by NCI grant CA13148 to the
University of Alabama at Birmingham Comprehensive Cancer Center. The authors thank
Xi Zhan, American Red Cross, for generously providing eukaryotic expression vectors,
pXZ106 and pXZ85, containing FGFR-1a and FGFR-1B, respectively. We also thank Q.

Li for excellent technical assistance.

REFERENCES

[1] J.P. Crow, C. Spruell, J. Chen, C. Gunn, H. Ischiropoulos, M. Tsai, C.D. Smith, R.
Radi, W.H. Koppenol, J.S. Beckman, Free Radicals Biol. Med. 16 (1994) 331-338.

[2] W.H. Koppenol, 1.J. Moreno, W.A. Pryor, H. Ischiropoulos, J.S. Beckman, Chem.
Res. Toxicol. 5 (1992) 834-842.

[3] R. Radi, J. S. Beckman, K.M. Bush, B.A. Freeman, J. Biol. Chem. 266 (1991) 4244-
4250.

[4] JJ. Moreno, W.A. Pryor, Chem. Res. Toxicol. 5 (1992) 425-431.
[5] L. Castro, M. Rodriguez, R. Radi, J. Biol. Chem. 269 (1994) 29409-29415.
[6] A. Hausladen, I. Fridovich, J. Biol. Chem. 269 (1994) 29405-29408.
{71 W.A. Pryor, G. L. Squadrito, Am. J. Physiol 268 (1995) L699-L722.
[8] I.S. Beckman, W.H. Koppenol, Am. J. Physiol 271 (1996) C1424-C1437.
[9] H. Ischiropoulos, A.B. al Mehdi, FEBS Lett. 364 (1995) 279-282.

[10] S.A. Greenacre, H. Ischiropoulos, Free Radicals Res. 34 (2001) 541-581.

[11] J.S. Beckman, Y.Z. Ye, P. Anderson, J. Chen, M.A. Accavetti, M.M. Tarpey, C.R.
White, Biol. Chem. Hoppe-Seyler 375 (1994) 81-88.

[12] L.A. MacMillan-Crow, J.P. Crow, J.D. Kerby, J.S. Beckman, J.A. Thompson, Proc.
Natl. Acad. Sci. USA 93 (1996) 11853-11858.

[13] H. Kaur, B. Halliwell, FEBS Lett. 350 (1994) 9-12.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

[14] E. Brogi, J.A. Winkles, R. Underwood, S.K. Clinton, G.F. Alberts, P. Libby, J. Clin.
Invest 92 (1993) 2408-2418.

[15] H. Sano, R. Forough, J.A. Maier, J.P. Case, A. Jackson, K. Engleka, T. Maciag,
R.L. Wilder, J. Cell Biol. 110 (1990) 1417-1426.

[16] J.D. Kerby, D.J. Verran, K.L. Luo, Q. Ding, Y. Tagouri, G.A. Herrera, A.G.
Diethelm, J.A. Thompson, Transplantation 62 (1996) 467-475.

[17] J.D. Kerby, D.J. Verran, K.L. Luo, Q. Ding, Y. Tagouri, G.A. Herrera, A.G.
Diethelm, J.A. Thompson, Transplantation 62 (1996) 190-200.

[18] J.D. Kerby, K.L. Luo, Q. Ding, Y. Tagouri, G.A. Herrera, A.G. Diethelm, J.A.
Thompson, Transplantation 63 (1997) 988-995.

[19] S.M. Vickers, L.A. MacMillan-Crow, M. Green, C. Ellis, J.A. Thompson, Arch.
Surg. 134 (1999) 245-251.

[20] A.G. Estevez, R. Radi, L. Barbeito, J.T. Shin, J.A. Thompson, J.S. Beckman, J.
Neurochem. 65 (1995) 1543-1550.

[21] J.T. Shin, L. Barbeito, L.A. MacMillan-Crow, J.S. Beckman, J.A. Thompson, Arch.
Biochem. Biophys. 335 (1996) 32-41.

[22] S.M. Vickers, L. MacMillan-Crow, Z. Huang, J.A. Thompson, Free Radicals Biol.
Med. 30 (2001) 957-966.

[23] S.S. Kelpke, D. Reiff, C.W. Prince, J.A. Thompson, J. Bone Miner. Res. 16 (2001)
1917-1925.

[24] D.A. Reiff, S. Kelpke, L. Rue III, J.A. Thompson, J. Trauma 50 (2001) 433-438.

[25] D.M. Ormitz, N. Itoh, Genome Biol. 2 (2001) REVIEWS3005-.

[26] T. Shimada, S. Mizutani, T. Muto, T., Yoneya, R. Hino, S. Takeda, Y. Takeuchi, T.
Fujita, S. Fukumoto, T. Yamashita, Proc. Natl. Acad. Sci.USA 98 (2001) 6500-
6505.

[27] W.L. McKeehan, F. Wang, M. Kan, Prog. Nucleic Acid Res. Mol. Biol. 59 (1998)
135-176.

[28] C.J. Powers, S.W. McLeskey, A. Wellstein, Endocr. Relat. Cancer 7 (2000) 165-
197.

[29] R.E. Friesel, T. Maciag, FASEB J. 9 (1995) 919-925.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

[30] D.E.Johnson, L.T. Williams, Adv. Cancer Res. 60 (1993) 1-41.

[31] M. Jaye, J. Schlessinger, C.A. Dionne, Biochim. Biophys. Acta 1135 (1992) 185-
199.

[32] S. Werner, D.S. Duan, C. de Vries, K.G. Peters, D.E. Johnson, L.T. Williams, Mol.
Cell Biol. 12 (1992) 82-88.

[33] D.M. Omitz, J. Xu, J.S. Colvin, D.G. McEwen, C.A. MacArthur, F. Coulier, G.
Gao, M. Goldfarb, J. Biol. Chem. 271 (1996) 15292-15297.

[34] H. Friess, Y. Yamanaka, M. Buchler, H.G. Beger, D.A. Do, M.S. Kobrin, M. Kore,
Am. J. Pathol. 144 (1994) 117-128.

[35] M.S. Kobrin, Y. Yamanaka, H. Friess, M.E. Lopez, M. Korc, Cancer Res. 53 (1993)
4741-4744.

[36] D. Martin-Zanca, R. Oskam, G. Mitra, T. Copeland, M. Barbacid, Mol. Cell Biol. 9
(1989) 24-33.

[371 C.A. Diglio, W. Liu, P. Grammas, F. Giacomelli, J. Wiener, Tissue Cell 25 (1993)
833-846.

{381 S.R. Opalenik, J.T. Shin, J.N. Wehby, V.K. Mahesh, J.A. Thompson, J. Biol. Chem.
270 (1995) 17457-17467.

[39]1 G. Li, Y.F. Chen, S.S. Kelpke, S. Oparil, J.A. Thompson, Circulation 101 (2000)
2949-2955.

[40] R. Forough, K. Engleka, J.A. Thompson, A. Jackson, T. Imamura, T. Maciag,
Biochim. Biophys. Acta 1090 (1991) 293-298.

{411 K.R. Zinn, S. Kelpke, T.R. Chaudhuri, T. Sugg, J.M. Mountz, J.A. Thompson,
Nucl. Med. Biol. 27 (2000) 407-414,

[42] P.J. Munson, D. Rodbard, Anal. Biochem. 107 (1980) 220-239.

[43] E. Shi, M. Kan, J. Xu, F. Wang, J. Hou, W.L. McKeehan, Mol. Cell Biol. 13 (1993)
3907-3918.

[44] B.B. Olwin, S.D. Hauschka, J. Cell Biochem. 39 (1989) 443-454.

[45] LA. Prudovsky, N. Savion, T.M. LaVallee, T. Maciag, J. Biol. Chem. 271 (1996)
14198-14205.

[46] J.R. Hawker Jr., H.J. Granger, In Vitro Cell Dev. Biol. Anim 30A (1994) 653-663.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[47] JJ. Feige, A. Baird, J. Biol. Chem. 263 (1988) 14023-14029.

[48] F. Wang, M. Kan, G. Yan, J. Xu, W.L. McKeehan, J. Biol. Chem. 270 (1995)
10231-10235.

[49] L. Zhu, C. Gunn, J.S. Beckman, Arch. Biochem. Biophys. 298 (1992) 452-457.

[50] L. Brunelli, J.P. Crow, J.S. Beckman, Arch. Biochem. Biophys. 316 (1995) 327-
334.

[51] T.Malinski, F. Bailey, Z.G. Zhang, M. Chopp, J. Cereb. Blood Flow Metab 13
(1993) 355-358.

[52] J.S. Beckman, J.H.M. Tsai, Biochemist 16 (1994) §-10.
[53] X. Zhan, X. Hu, R. Friesel, T. Maciag, J. Biol. Chem. 268 (1993) 9611-9620.

[54] R.L. Panek, G.H. Lu, T.K. Dahring, B.L. Batley, C. Connolly, J.M. Hamby, K.J.
Brown, J. Pharmacol. Exp. Ther. 286 (1998) 569-577.

[55] P.Klint, L. Claesson-Welsh, Front Biosci. 4 (1999) D165-D177.
[56] G. Szebenyi, J.F. Fallon, Int. Rev. Cytol. 185 (1999) 45-106.
[57] C.Mallozzi, A.M. Di Stasi, M. Minetti, FEBS Lett. 456 (1999) 201-206.

[58] L.A. MacMillan-Crow, J.S. Greendorfer, S.M. Vickers, J.A. Thompson, Arch.
Biochem. Biophys. 377 (2000) 350-356.

[59] X. Li, P. De Sarno, L. Song, J.S. Beckman, R.S. Jope, Biochem. J. 331 ( Pt 2)
(1998) 599-606.

[60] R.S. Jope, L. Zhang, L. Song, Arch. Biochem. Biophys. 376 (2000) 365-370.

65

[61] Y.M. Go, R.P. Patel, M.C. Maland, H. Park, J.S. Beckman, V.M. Darley-Usmar, H.

Jo, Am. J. Physiol 277 (1999) H1647-H1653.

[62] J.H. Hanke, J.P. Gardner, R.L. Dow, P.S. Changelian, W.H. Brissette, E.J.
Weringer, B.A. Pollok, P. A. Connelly, J. Biol. Chem. 271 (1996) 695-701.

[63] S. Mohr, T.S. McCormick, E.G. Lapetina, Proc. Natl. Acad. Sci. USA. 95 (1998)
5045-5050.

[64] J. Okano, A.K. Rustgi, J. Biol. Chem. 276 (2001) 19555-19564.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

[65] M.H. Son, K.W. Kang, C.H. Lee, S.G. Kim, Biochem. Pharmacol. 62 (2001) 1379-
1390.

[66] N.R. Bhat, P. Zhang, J. Neurochem. 72 (1999) 112-119.

[67] M. Torcia, G. De Chiara, L. Nenéioni, S. Ammendola, D. Labardi, M. Lucibello, P.
Rosini, L.N. Marlier, P. Bonini, S.P. Dello, A.T. Palamara, N. Zambrano, T. Russo,
E. Garaci, F. Cozzolino, J. Biol. Chem. 276 (2001) 39027-39036.

[68] M. Bryckaert, X. Guillonneau, C. Hecquet, Y. Courtois, F. Mascarelli, Oncogene 18
(1999) 7584-7593.

[69] M. Tamatani, S. Ogawa, G. Nunez, M. Tohyama, Cell Death. Differ. 5 (1998) 911-
919.

[70] Y. Miho, Y. Kouroku, E. Fujita, T. Mukasa, K. Urase, T. Kasahara, A. Isoat, M.Y.
Momoi, T. Momoi, Cell Death. Differ. 6 (1999) 463-470.

[71] S.H. Lee, D.J. Schloss, J.L. Swain, J. Biol. Chem. 275 (2000) 33679-33687.

[72] G. Westwood, B.C. Dibling, D. Cuthbert-Heavens, S.A. Burchill, Oncogene 21
(2002) 809-824.

[73] Y. Yokoyama, S. Ozawa, Y. Seyama, H. Namiki, Y. Hayashi, K. Kaji, K. Shirama,
M. Shioda, K. Kano, J. Neurochem. 68 (1997) 2212-2215.

[74] D.A. Muir, D.A. Compston, J. .Neurosci. Res. 44 (1996) 1-11.

[75] U.K. Messmer, V.A. Briner, J. Pfeilschifter, J. Am. Soc. Nephrol. 11 (2000) 2199- |
2211,

[76] N. Funato, K. Moriyama, H. Shimokawa, T. Kuroda, Biochem. Biophys. Res.
Commun. 240 (1997) 21-26.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DIFFERENTIAL SIGNALING TO THE SRC FAMILY KINASE C-YES
BY FGFR-1a AND FGFR-1pB IN ENDOTHELIAL CELLS

by

JESSICA S. GREENDORFER, JING JIAO, PEI ZHANG,
AND JOHN.A. THOMPSON

In preparation for Archives of Biochemistry and Biophysics

- Format adapted for dissertation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

ABSTRACT

Activation of fibroblast growth factor receptor-1 (FGFR-1) by its FGF ligands
stimulates diverse cellular processes associated with growth and migratory behavior. The
predominant FGFR-1 isoform (FGFR-1a) contains three immunoglobulin-like (Ig-like)
loops in the extracellular domain and is routinely associated with normal cell populations,
including pancreatic ductal epithelial cells and astrocytes. However, in pancreatic
adenocarcinoma and malignant astrocytoma, FGFR-1a is alternatively spliced to FGFR-
1B, an isoform containing only two of the Ig-like loops. These observations suggest that
ligand activation of these FGFR-1 isoforms may induce different signal transduction
cascades associated with normally differentiated and transformed cells. To examine this
potential further, we have examined early signal transduction cascades in receptor-
negative microvascular endothelial cells that have been stably transfected with cDNA
encoding either FGFR-1a or FGFR-1B. Co-immunoprecipitation studies indicated that c-
Yes, a Src family kinase, directly associated with FGFR-1f, but not FGFR-1«, following
stimulation with FGF-1 (50 ng/ml, 10 min). Western analysis with phospho-specific
antibodies revealed increased Yes tyrosine phosphorylation in the kinase domain in
activated R-1B. Activation of Yes was accompanied by its direct docking with the actin-
binding protein cortactin as well as increased cortactin tyrosine phosphorylation. R-1B
exhibited decreased contact inhibition at high density in vitro. Cord-formation on
Matrigel was dramatically increased in R-1f3 in a manner dependent on Yes activity. In
vivo formation of angiogenic-like structures was restricted to cells expressing activated
FGFR-1B. These findings suggest that FGFR-1a and FGFR-1 stimulate different signal

transduction cascades to focal adhesion sites. The relevancy of these responses to cell

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

growth, migration, and survival predict pivotal roles for alternative splicing of FGFR-1 as

regulators of cellular responses during tumorigenesis and angiogenesis.

INTRODUCTION

The fibroblast growth factor (FGF) family, composed of at least 23 members [1],
binds to high affinity FGF receptors (FGFR) and low affinity heparan sulfate
proteoglycans (HSPG) to stimulate intracellular signaling cascades [2]. The prototypical
members of the FGF family, -FGF-I (acidic FGF) and FGF-2 (basic FGF) are
proangiogenic signaling proteins during normal physiology, such as wound healing, and
pathophysiology, such as neoplasia [3].

The high-affinity FGFR-1 generally contains three extracellular immunoglobulin-
like (Ig-like) disulfide loops, an acidic box that includes eight adjacent acidic amino
acids, a putative nuclear localization sequence (NLS), and an intracellular split tyrosine
kinase domain [4]. Seven intracellular tyrosines serve as autophosphorylation sites to
stimulate kinase activity and recruit substrates [5]. Alternative splicing of FGFR-1
mRNA produces two major isoforms, FGFR-1a and FGFR-1f, that contain loops [, II,
and III or only II and I1I, respectively [6]. FGFR-1a and FGFR-1f differ in their affinity
for FGF-1 [6], their requirement for heparin/HSPG [7], and their translocation to the
nucleus following ligand stimulation [8]. Endothelial cells and keratinocytes undergoing
wound repair [9], pancreatic adenocarcinomas [10], and malignant astrocytomas [11]
express FGFR-1p as the predominant FGFR-1 isoform.

The Src family of nonreceptor tyrosine kinases (SFK) also play important

signaling roles during angiogenesis, including regulating endothelial cell chemotaxis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

[12], vascular permeability [13], and cord formation [14]. SFK activity is upregulated in
multiple cancers, including pancreatic adenocarcinoma [15]. SFK have been reported to
be FGFR-1 substrates, but the association between FGFR-1 and SFK has been
controversial. While Zhan et al. (1994) found an association between FGFR-1 and ¢-Src
in FGF-1 stimulated cells, Landgren et al. (1995) found no association in FGF-2-treated
cells and actually observed a decrease in Src activity [16,17].

We have recently characterized a FGFR-negative resistance vessel endothelial
cell (RVEC) and RVEC in which we have stably transfected FGFR-1a. or FGFR-1 [18].
Using this model, we have explored the relationship between specific FGFR-1 isoforms
and the SFK c¢-Yes. In this report, we demonstrate a specific association between FGFR-
1B and c-Yes that is accompanied by c-Yes activation and signaling to the actin binding
protein cortactin. In addition, the ability of FGFR-1p to stimulate angiogenic cord
structures in vivo and c-Yes-dependent cords in vitro was assessed. These findings have

important implications for FGFR-1p signaling during angiogenesis and tumorigenesis.

MATERIALS AND METHODS
Tissue culture and transfection
RVEC were harvested from Sprague-Dawley rat cerebral tissue as previously
described [19]. The absencc of endogenous fibroblast growth factor receptors in RVEC
was assessed by RT-PCR analysis using primers specific to rat FGFR-1 cDNA and by
Scatchard analysis of FGF-1 binding using technetium-labeled FGF-1 as previously
described [18]. To create cell lines expressing FGFR-1a (R-1a) or FGFR-1B (R-18),

RVEC cells were transfected with the eukaryotic expression vector pMEXneo encoding
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the neomycin phosphotransferase gene under control of the early SV40 promoter (pMN,
transfection control), and the complete human ¢cDNA for FGFR-1a (pXZ106) or FGFR-
1B (pXZ85) subcloned 5' of the SV40 polyadenylation signal and 3' of the murine virus
LTR promoter [20]. Subconfluent cells were transfected with 10 pg pMEXneo, pXZ106,
or pXZ85 using calcium phosphate (Promega) and selected with 800 ug/ml Geneticin
(Life Technologies). Stably transfected cells expressing FGFR-1a (R-1a), FGFR-1f (R-
1B), or control (pMN) were maintained in Dulbecco's modified Eagle medium (DMEM;
Life Technologies) supplemented with 10% (v/v) heat-inactivated, defined, bovine calf
serum (BCS; Hyclone) and 1 U/pg penicillin/streptomycin (Life Technologies) and

passaged at confluence with 0.25% trypsin and 0.5 mM EDTA.

Characterization of Src Family Kinases

Src family kinases (SFK) c-src, fyn, and c-yes were characterized in RVEC by
RT-PCR. Isolated mRNA was converted to cDNA using RT and the cDNA product was
amplified by the polymerase chain reaction as previously described [21]. RT-PCR
products were analyzed by 2% (w/v) agarose gel electrophoresis, stained with ethidium
bromide, and visualized with UV light. Gel photographs were digitized with a Xerox
7650 scanner. c-src, fyn, and c-yes were identified with primers specific to non-
homologous regions in the rat sequence (c-src forward: ACG GAC AGA GAC TGA
CCT GTC C, c-src reverse: AAG TAC CAC TCC TCA GCC TGG, fyn forward: AGC
CTG AAC CAG AGC TCT GG, fyn reverse: CAG GGT CCC GGT GTG AGA GG, c-
yes forward: CCT CAT TCT CAG TGG TGC C, c-yes reverse: GCC TGA ATG GAA

TCT GCA GGC G) [22]. RT-PCR products from pMN, R-1a, and R-1p cells were
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standardized to levels of GAPDH from identical samples within the same gel, as

previously described [23].

Western Analysis

pMN, R-1a, and R-1P cells were plated (1 x 10%cells/100 mm plate) and grown
to 80% confluency under normal growth conditions. Cells were washed in Dulbecco's
phosphate buffered saline (D-PBS; Life Technologies), cultured in DMEM supplemented
with 0.3% (v’/v) BCS and 1 U/pg penicillin/streptomycin for 24 h, and treated with a
complex of 50 ng/ml FGF-1 and 50 U/ml heparin (Sigma) for 10 min at 37°C. Cells were
washed in D-PBS, placed on ice, and scrape-harvested with lysis buffer (50 mM Hepes
(pH 7.4), 150 mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol, 1 mM EGTA, 1
mM sodium orthovanadate, 1 mM PMSF, 10 ug/ml leupeptin, 10 ug/ml aprotinin). Cell
lysates were clarified by centrifugation (14,000 rpm, 10 min, 4°C). Protein
concentrations were determined by Bradford assay (Pierce). For immunoprecipitation,
cell lysates were normalized to equal protein levels (1 mg/ml) and incubated at 4°C for 24
h with appropriate antibodies (5 pg) recognizing FGFR-1 (C-15; Santa Cruz), SFK
(SRC2; ;Santa Cruz), c-Yes (Transduction), or phosphotyrosine (PY20; Transduction).
Immune complexes were incubated with fast flow recombinant protein A-agarose
(Upstate Biotechnologies) at 4°C for 1.5 h, precipitated by centrifugation (10,000 rpm,
4°C, 15 sec), and washed with lysis buffer. Immune complexes or whole cell extracts (50
ng) were suspended in 4X Laemmli sample buffer (200 mM Tris (pH 6.8), 8% (w/v)
SDS, 40% (v/v) glycerol, 0.004% (w/v) bromophenol blue, 5% (v/v) 2-mercaptoethanol),

resolved by 7.5% (w/v) SDS-PAGE (100 V), and transferred to PVDF membrane (100 V,
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4°C,1h). For Western analysis, membranes were blocked at room temperature for 30
min in 5% (w/v) BSA (used with primary antibodies recognizing phosphotyrosine) or 5%
(w/v) nonfat dry milk (used with all other primary antibodies) dissolved in Tris-buffered
saline containing 0.05% Tween-20 (TBS-T). Membranes were incubated at room
temperature for 1.5 h in blocking buffer containing antibodies recognizing c-Yes (1:5000;
Transduction), ¢c-Src (clone327, 1:100; Oncogene), Fyn (Fyn(15), 1:500; Santa Cruz),
active SFK (SRC2, 1:1000; Santa Cruz), active phospho-SFK (pY*'®, 1:500; Cell
Signaling), phospho-SF—K (pY>%, 1:500; Biosource), FGFR-1 (C15, 1:1000; Santa Cruz),
cortactin (1:3000; UBI). Membranes were washed in TBS-T three times at room
temperature for 10 min. Membranes were incubated in appropriate horseradish
peroxidase-conjugated secondary antibody (goat anti-mouse-HRP or goat anti-rabbit-
HRP, 1:20000; KPL) in TBS-T at room temperature for 1 h. Membranes were washed in
TBS-T three times at room temperature for 10 min. Immunoreactivity was assessed by
enhanced chemiluminescence (Lumiglo; KPL). Signaling experiments were performed

in triplicate.

Cord Formation Assay
pMN, R-1a, and R-1P cells were grown to confluency and incubated in reduced
serum medium as described above. Cells were treated with 20 pM Src family kinase

inhibitor PP2 (Oncogene) or DMSO (vehicle control) for 30 min prior to treatment with

50 ng/ml FGF-1 and 50 U/ml heparin for 2 h. Twenty-four well cell culture plates were
coated with 250 ul of 10 mg/ml Matrigel and allowed to polymerize for 30 min at 37°C.

Treated pMN, R-1a, and R-1B cells (2.5x10° cells/well) were plated onto coated plates in
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DMEM supplemented with 0.3% (v/v) BCS and 1% (v/v) penicillin/streptomycin. Cord
formation was assessed at 24 h, photographed at 40X magnification, and quantified by

counting intersection points +/- SD as previously described [24].

In Vivo Angiogenesis

To produce a continuous delivery of FGF-1, pMN, R-1a, and R-1f cells were
incubated in conditioned medium containing retroviral particles encoding a secreted form
of FGF-1 as previously described [21]. Briefly, the helper-free packaging cell line
GP+envAm12 [25] was cotransfected with pCV108, containing the neomycin
phosphotransferase gene, and (hst/KS) FGF-1, containing the f-galactosidase gene and
the FGF-1 gene subcloned with the signal peptide sequence (KS) from FGF-4.
Transduced pMN, R-10a, and R-1f cells expressing f-Galactosidase and secreted FGF-1
were trypsinized (0.25% trypsin, 0.5 mM EDTA), suspended at 10°cells/ml in staining
medium (10 mM Hepes, 4% (v/v) BCS, PBS), incubated at 37°C for 1 min with 0.2 mM
fluorescein digalactoside (Molecular Probes), and collected by FACS. Transduced cells
were expanded under normal culture conditions. Expression of B-Galactosidase and
secreted FGF-1 was routinely assessed by fixation (2% (v/v) formaldehyde, 0.2%
glutaraldehyde, PBS) at room temperature for 15 min followed by staining (5 mM
potassium ferricyanide, S mM potassium ferrocyanide, 2 rhM MgCl,, PBS, 1/10 volume
of 20 mg Bluo-Gal (Sigma)/ml N ,N-dimethyl-formamide) at 37°C for 24 h. Transduced
pMN, R-1ca, and R-1B cells (20x10%) were pelleted, resuspended in 100 pl of 10 mg/ml
Matrigel (BD Biosciences), and allowed to polymerize for 15 min at 37°C. Male, 8

week-old Balb/c nude mice were anesthetized with isofluorane and implanted

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

subcutaneously with matrigel plugs containing transduced pMN, R-1a, or R-1f cells.
Matrige] implants were harvested after 10 days [26] and fixed and stained for 3-

Galactosidase activity as described above.

RESULTS

Transfected RVEC expressing FGFR-1a (R-1a), FGFR-1B (R-1B), or control
vector (pMN) were examined for expression qf the Src family kinases c-Src, c-Yes, and
Fyn by RT-PCR and Western analysis (Fig. 1). Expression of c-yes in total RNA
extracted from pMN, R-1a,, and R-1p was demonstrated by the appearance of a predicted
237-bp RT-PCR product using rat-specific amplifier sequences within the unique Src
family domain (Fig. 1A). In contrast, pMN, R-1c, and R-1f cells demonstrated minimal
expression of c-src (169 bp) and failed to demonstrate expression of fyn (fyn data not
shown). Translation of c-yes mRNA was investigated by Western analysis (Fig. 1B).
Total cellular extracts from pMN, R-1a, and R-1p failed to demonstrate
immunoreactivity to monoclonal antibodies recognizing c-Src or Fyn, but readily
demonstrated a band of immunoreactive c-Yes migrating at an apparent molecular mass
of approximately 62 kDa. These results indicated that c-Yes is the predominant Src
family kinase in RVEC cells.

Exposure of pMN, R-1a, and R-1f cells to FGF-1 (50 ng/ml) complexed with
heparin (50 U/ml) (2 to 30 min) resulted in increased c-Yes activity at 5 min and 10 min
as assessed by antibodies recognizing active Src family kinases (Fig. 2). Total c-Yes
levels did not change following FGF-1/heparin treatment (data not shown). To further

evaluate c-Yes activation, pMN, R-1qa, and R-1f cells were treated with FGF-1 (50
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Fig. 1. RT-PCR and Western analysis of RVEC. (A) Expression of total RNA for c-Yes
and c-Src from pMN, R-1c, and R-1B cells was examined by RT-PCR using SFK-
specific primers. (B) Expression of total SFK levels in total cellular lysates from pMN,

R-1a, and R-1B cells was examined by Western analysis using antibodies specific for c-
Yes, c-Src, and Fyn.
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Fig. 2. Kinetics of ¢-Yes activation. RVEC cells were treated with FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml) for indicated times. Total cellular proteins were
Western analyzed using a polyclonal antibody recognizing active SFK.
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ng/ml)/heparin (50 U/ml) complex (10 min) and total cellular extracts were assessed with
phosphospecific antibodies recognizing the catalytic kinase domain (Fig. 3A) or
regulatory tail domain (Fig. 3B). R-1p cells demonstrated an increase in positive
immunoreactivity for c-Yes phosphorylated in the kinase domain. Immunoreactivity for
c-Yes in R-1P was significantly different compared to pMN (p < 0.002).
Immunoreactivity in R-1a was not significantly different than in pMN. Changes in
tyrosine phosphorylation of the regulatory domain were not significant betweeg pMN and
R-1q or R-1B.

The association between c¢-Yes and FGFR-1 isoforms was assessed by co-
immunoprecipitation studies (Fig. 4). Following stimulation (10 min) with FGF-1 (50
ng/ml)/heparin (50 U/ml) complex, only FGFR-18 was found to associate with c-Yes.
This experiment could be performed by immunoprecipitation with either FGFR-1
antibody (Fig. 4A) or the Src family antibody (Fig. 4B). Productive signal transduction
from ligand-activated FGFR-1f3 through c-Yes was examined. Increased association
between c-Yes and the actin binding protein cortactin was observed following stimulation
(10 min) with FGF-1 (50 ng/ml) and heparin (50 U/ml) (Fig. 5A). In addition, cortactin
tyrosine phosphorylation was increased in ligand-activated R-18 (Fig. 5A).

R-1p cells treated daily with FGF-1 (50 ng/ml)/heparin (50 U/ml) complex
demonstrated cord-like structural arrays when grown at high density in vitro (Fig. 6A).
This morphological change was not observed in pMN or R-1a. In addition, FGF-1 (50
ng/ml)/heparin (50 U/ml) treatment (2 h) of R-1p resulted in cord formation in Matrigel
(Fig. 6B). To assess structural changes in vivo, pMN, R-1a, and R-1p cells were

suspended in Matrigel and implanted subcutaneously in Balb/c nude mice. In vivo,
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Fig. 3. Phosphorylation of c-Yes tyrosines. pMN, R-1a, and R-1f cells were treated
with FGF-1 (50 ng/ml) complexed with heparin (50 U/ml) for 10 min. Total cellular
proteins were Western analyzed with a polyclonal antibody recognizing (A) pY within
the kinase domain (pY416) or (B) pY within the regulatory tail domain (pY529).

* Differential significance of p < 0.05 compared to pMN and R-1ca.
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Fig. 4. Association between FGFR-1 isoforms and c-Yes. pMN, R-1a, and R-18 cells
were treated with FGF-1 (50 ng/ml) complexed with heparin (50 U/ml) for 10 min. (A)
Total cellular proteins were immunoprecipitated with anti-FGFR-1 polyclonal antibody
and Western analyzed with monoclonal antibody recognizing c-Yes. (B) Total cellular
protein were immunoprecipitated with anti-SFK polyclonal antibody and Western
analyzed with polyclonal antibody recognizing FGFR-1.
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Fig. 5. c¢-Yes association and activation of cortactin. pMN, R-1a., and R-1B cells were
treated with FGF-1 (50 ng/ml) complexed with heparin (50 U/ml) for 10 min. Total cellular
proteins were immunoprecipitated with (A) monoclonal antibody recognizing c-Yes or (B)

monoclonal antibody recognizing phosphotyrosine and Western analyzed with monoclonal
antibody recognizing cortactin.
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Fig. 6. Differential cord formation in vitro. (A) pMN, R-1c, and R-18 cells were grown
to high density in normal culture media supplemented with FGF-1 (50 ng/ml) complexed
with (50 U/ml) and examined for cord-arrays. (B) pMN, R-1a, and R-1p cells were
cultured in reduced serum media, treated with FGF-1 (50 ng/ml) complexed with (50
U/ml) (2 h) and plated onto Matrigel. Cord formation was visualized after 24 h.
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continuous ligand stimulation of R-1p resulted in angiogenic cord-like structures in the
Matrigel implan£ that were not observed in pMN or R-1a (Fig. 7).

To examine if cord formation was dependent on c-Yes activity in FGFR-1f, R-18
cells were pretreated with the Src family inhibitor PP2 (30 min) prior to FGF-1 (50
ng/ml)/heparin (50 U/ml) treatment (2 h). Cells were plated onto Matrigel and cord
formation was examined after 24 h. Cord formation was significantly increased in R-1f
(p < 0.003) compared to pMN (data not shown). A significant decrease (p < 0.002) was
observed in R-1p pretreated with PP2 compared to the R-1p receiving vehicle only (Fig.
8). In cells pretreated with PP2, no significant difference in cord-formation was observed

in pMN or R-1a compared to the same cell line treated with vehicle only.

DISCUSSION

FGF activation of FGFR-1 stimulates diverse cellular processes, including
mitogenesis, migration, aﬁd differentiation [27]. These are essential processes during
angiogenesis, where endothelial cells must become activated, migrate to sites requiring
neovascularization, and form differentiated tubule structures [28]. Studies by Takenake
et al. (1997) suggest that the major FGFR-1 isoform involved in angiogenesis and wound
healing is FGFR-1f [9], an isoform that differs from the full-length FGFR-1a solely by
the absence of the first Ig-like loop in the extracellular domain [6]. These findings are
consistent with the observation that FGFR-18 is the predominant FGFR-1 isoform in
pancreatic adenocarcinoma [10] and malignant astroctyoma [11], suggesting that
activation of FGFR-1f specific pathways is involved in cell activation and

transformation.
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Fig. 7. Differential cord formation in vivo. pMN, R-1a, or R-1B cells (20x10°) were
suspended in Matrigel, implanted subcutaneously into Balb/c nude mice, harvested after
10 days, and visualized by staining (3-Gal). (A) Representative Matrigel plug
containing RVEC prior to implantation. Ex vivo implants containing (B) pMN cells, (C)
R-1a cells, and (D) R-1 cells.
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Fig. 8. c-Yes dependent cord-formation in vitro. R-1b cells were pretreated with 20 mM
PP2 or vehicle (DMSO) (30 min) followed by treatment with FGF-1 (50 ng/ml)
complexed with heparin (50 U/ml) (2 h). Cells were plated on Matrigel and assessed for
cord formation after 24 h. * Differential significance of p < 0.05 compared to R-1f.
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SFK, which play important roles in angiogenesis and tumorigenesis, have been reported
to be substrates of ligand-activated FGFR-1, but the precise interaction is unclear. Zhan
et al. (1994) reported an increase in Src activity and association with FGFR-1 following
FGF-1 stimulation, while Landgren et al. (1995) found no association between FGF-2
stimulated FGFR-1 and saw decreased Src activity in FGF-2 treated cells [16,17]. SFK
are important signaling components involved in cytoskelatal remodeling [29],
mitogenesis [30], and survival [31]; therefore, clarifying the interaction between FGFR-1
isoforms and SFK may provide insight into the regulation of angiogenesis and
tumorigenesis.

We have recently characterized a FGFR-negative resistance vessel endothelial
cell (RVEC) and RVEC transfected with FGFR-1a (R-1a), FGFR-1B (R-1p), or control
vector (pMN) [18]. RVEC cells allow dissection of specific signaling pathways induced
by FGF-1-activated FGFR-1a or FGFR-1f and avoid the complications found in other
cultured cells, including the presence of multiple FGFR family members, multiple
isoforms of FGFR, and multiple FGF ligands. Using RVEC, we present evidence that
FGFR-1p, but not FGFR-1aq, signals the SFK c-Yes. FGF-1-activated FGFR-1f3
demonstrated increased association with the SFK c-Yes, increased c-Yes tyrosine
phosphorylatio'n within the tyrosine kinase domain, and increased c-Yes signaling to the
F-actin binding protein cortactin. Tyrosine phosphorylation of cortactin inhibits its
ability to cross-link F-actin [32] and results in disorganization of the actin cytoskeleton,
decreased contact inhibition, and alterations in cell morphology [33]. Consistent with
this signaling pathway is our observations that cells expressing FGFR-1 formed

vascular cords in vivo and c-Yes- dependent cords in vitro.
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Important studies for the future will determine how FGFR-1f and FGFR-1a
interact with specific substrates. Compartmentalization of FGFR-1 isoforms may allow
access to different substrates. Plopper et al. (1995) identified both FGFR-1 and c-Src as
proteins that localize at focal adhesion complexes [34]. If localization of FGFR-1 was
restricted to the B isoform, this could result in specific signaling to SFK, as observed in
the RVEC model. Different expression of HSPG/HLGAG at different cell sites may also
contribute to FGFR-1 isoform specific signaling. Lundin et al. (2000) demonstrated that
HSPG sulfation patterns, which differ between tissues, can affect FGFR-1 signaling and
FGFR-1 induced angiogenesis [35]. Ligand-binding to FGFR-1 isoforms may also
initiate auto-phosphorylation at different intracellular tyrosine residues. FGFR-1 has
seven tyrosines (Y463, Y583, Y585, Y653, Y654, and Y730 in FGFR-1a) that may be
phosphorylated in vitro [5]. Differential auto-phosphorylation between FGF-1-activated
FGFR-1a and FGFR-1 may result in recruitment of different substrates.

Of particular importance will be determining how c-Yes associates with FGFR-1
(Il1. 1). While our results indicate that c-Yes directly associates with FGFR-1p, this
interaction may be facilitated by an intermediate binding protein. Alternatively, auto-
phosphorylation of activated FGFR-1 could recruit c-Yes via its SH2 domain. c-Src
associates with the PDGFR in a manner dependent on the c-Src SH2 domain and two
neighboring PDGFR tyrosines within the juxtamembrane domain [36]. FGFR-1 has
similarly located tyrosines: a juxtamembrane tyrosine (Y463 in FGFR-1a or Y374 in
FGFR-18) and two neighboring tyrosines (Y583 and Y585 in FGFR-1a or Y494 and
Y496 in FGFR-1f) that may be potential sites of tyrosine phosphorylation and SFK

recruitment in FGFR-1B. SFK may also associate with FGFR-1§ through an SH3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FGF-1 hinding:
affinity/heparin
dependent?

N

-t
.v""‘l
-

-

o

Ll
&
»

88

Transiocation
to focal adhesion
mll-.r.--*

sesasesace
-

Dimerization and trans/auto-
phosphorylation.

Y374
Y494
L Y296
1 Y564
| Y565
| Y641
Y677

jejejeserelele)

Activation or 11 4
recruitment | !
ofintermed. | || 3]
(kinase or 5
PTPase).
! 4
3
Recruitment via | o 2 4
SH2 (pYEE) | 2 | 3
1 5| Phosph
Recruitment via F— atSH2 (Y 2
SH3 (PXXP) 2] v213 1
1

IIl. 1. Potential interactions between FGF-1-activated FGFR-1§ and SFK.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




89

domain interaction; the FGFR-1P sequence has at least four intracellular spans of
residues with the PXXP motif, the minimum binding requirement for an SH3 interaction
[371.

The findings presented in this study indicate that FGF-1-activated RVEC
expressing FGFR-1f develop angiogenic structures in vitro and in vivo. Important future
studies will examine what factors control alternative splicing of FGFR-1 mRNA to the
FGFR-1B isoform. Results from G. Cote's laboratory have identified a nucleotide exon
required for translating FGFR-1a [38], a downstream exon required for translating
FGFR-1p [39], and polypyrimidine tract-binding protein as a regulatory protein for
splicing to the B isoform during development of malignant glioma [40]. Determining the
factors regulating the expression of FGFR-1a and FGFR-1§ has important implications
for diseases with excessive angiogenesis, such as cancer, diabetic retinopathy, and
arthritis [41], and for diseases with inadequate angiogenesis, such as myocardial ischemia

and vascular insufficiency [42].
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ABSTRACT

During pancreatic tumorigenesis, the equilibrium between cell survival and cell
death is altered, allowing aggressive neoplasia and resistance to radiation and
chemotherapy. Local oxidative stress is one mechanism regulating programmed cell
death and growth and may contribute to both tumor progression and suppression. Our
recent in situ immunohistochemical studies demonstrated that levels of total
nitrotyrosine, a footprint of the reactive nitrogen gpecies peroxynitrite, are elevated in
human pancreatic ductal adenocarcinomas. In thi’s study, quantitative HPLC-EC
techniques demonstrated a 21- to 97-fold increase in the overall levels of nitrotyrosine of
human pancreatic tumor extracts compared to normal pancreatic extracts. Western blot
analysis of human pancreatic tumor extracts showed that tyrosine nitration was restricted
to a few specific proteins. Immunoprecipitation coupled with Western analysis identified
c-Src tyrosine kinase as a target of both tyrosine nitration and tyrosine phosphorylation.
Peroxynitrite treatment of human pancreatic carcinoma cells in vitro resulted in increased
tyrosine nitration and tyrosine phosphorylation of ¢-Src kinase, increased (>2-fold) c-Src
kinase activity, and increased association between c-Src kinase and its downstream
substrate cortactin. Collectively, these observations suggest thaf peroxynitrite-mediated
tyrosine nitration and tyrosine phosphorylation of ¢-Src kinase may lead to enhanced
tyrosine kinase signaling observed during pancreatic ductal adenocarcinoma growth and

metastasis.
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INTRODUCTION

Pancreatic ductal adenocarcinoma remains one of the most lethal forms of cancer.
This stems in part from the inadequacy to minimize tumor growth and metastasis with
therapeutic strategies such as radiation or chemotherapy, as well as an inability to excise
an advanced pancreatic tumor [1]. At the time of diagnosis only 8% of tumors are
deemed candidates for surgical resection, leaving more than 92% of pancreatic tumors
untreatable. The biochemical/molecular basis for these dismal statistics of pancreatic
cancer is unknown. Clearly, multiple mechanisms are involved with tumor growth,

progression, and metastasis.

The nonreceptor SRC family of tyrosine kinases has been shown to be
overexpressed and upregulated in both human pancreatic carcinoma tissue and human
pancreatic tumor cell lines [2]. Interestingly, these authors found that the levels of c-Src
tyrosine kinase (c-Src) protein did not correlate with the increase in kinase activity
observed, suggesting that posttranslational modification of the protein may be involved
with the increased activity. This potential would be consistent with the suggestion that
phosphatases, cytokines, growth factors, and high-affinity receptor tyrosine kinases
which can activate c-Src may be involved in the onset and progression of pancreatic

adenocarcinoma [3-9].

Numerous investigators have hypothesized that oxidants, such as nitric oxide
(NO), hydrogen peroxide (H,0,), and peroxynitrite (ONOQO"), produced from the
diffusion limited reaction between NO and superoxide (O,7) [10], might be involved in
tumorigenesis [11-13]. ONOO™ nitrates protein tyrosine residues, a modification we and

others have shown previously to adversely affect protein function [14-19]. Previous
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immunohistological studies from this laboratory demonstrated that enhanced expression
of fibroblast growth factor (FGF) ligands and receptors was associated with an increased
appearance of the inducible isoform of nitric oxide synthase (NOS-2) and protein tyrosine
nitration during pancreatic tumorigenesis, thereby predicting a role for oxidant stress in
pancreatic cancer [13]. We extended this issue further and designed the current study to
identify a specific protein nitration target relevant to tumorigenesis. These experimental
results provide a first indication that in human pancreatic ductal adenocgrcinoma tissue,
c-Src is both tyrosine nitrated and phosphorylated. In addition, in vitro i:reatment of
human pancreatic ductal adenocarcinoma cells with ONOO™ increased c-Src activity.
Collectively, these results suggest that ONOO—mediated modification of c-Src may play
a pivotal role in the enhanced cellular growth during human pancreatic ductal

adenocarcinoma.

MATERIALS AND METHODS
Tissue specimens
Pancreatic tissue from three patients who underwent resection due to pancreatic
ductal adenocarcinoma was examined in this study. These tissues were found to have a
Grade III malignancy. A heart-beating organ donor, whose pancreas was determined

unsuitable for transplantation, was utilized as a control.
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Tissue culture

A human pancreatic ductal adenocarcinoma cell line (HPAC) was obtained from
the American Type Culture Collection (ATCC No. CRL-2119). The cell line was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2 mM
glutamine, 100 units/ml penicillin, 100 mg/ml streptomycin (all from Sigma), and 10%
heat-inactivated fetal bovine serum (FBS) (Hyclone). Cells were grown in a humidified
atmosphere of 95% air and 5% CO, at 37°C and subcultured at about 80% conﬂuepcy
using trypsin-EDTA. '

For protein analysis, cells were placed on ice, washed with cold phosphate
buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and
lysed with lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1%
SDS, 1% sodium deoxycholate, ] mM EGTA, 1 mM sodium orthovanadate, ImM
PMSF, 10 pg/ml leupeptin, and 10 pg/ml aprotinin). Lysates were clarified by
centrifugation at 10,000 rpm (10 min; 4°C), and the protein concentration of the

supernatant was determined by Bradford analysis (Pierce).

Pancreatic extract preparation

Extracts were made from fresh tissue by homogenizing (0.1 g/ml) using a
Polytron homogenizer in buffer containing 50 mM potassium phosphate, pH 7.4, 150
mM NaCl, and 1 mM PMSF. Solubilized extracts were sonicated (two 10-s bursts at
30% power) and centrifuged at 10,000 rpm (10 min, 4°C) to remove tissue debris.

Protein concentrations were determined by the Bradford Assay (Pierce).
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Immunoprecipitation

Extracted proteins (1-2 mg) were incubated (4°C, 18 h) with either 7 pg of
monoclonal anti-nitrotyrosine antibody (generous gift from Dr. Joe Beckman, Upstate
Biotechnology Inc., UBI), 10 pg of polyclonal anti-SRC2 antibody (Santa Cruz), or 7 pg
of monoclonal anti-phosphotyrosine (PY20) antibody (Transduction Laboratories).
Immune complexes were precipitated with protein-A/G Sepharose (UBI), washed, and

fractionated by 10% SDS/PAGE as described [14,20].

Western blot Analysis

Western blot analysis was performed as described [14,20]. For nitrotyrosine
Western analysis we used the monoclonal anti-nitrotyrosine (1:500). Blocking
experiments for nitrotyrosine immunoreactivity were performed by pre-incubating (25°C,
30 min) the nitrotyrosine antibody with 10 mM 3-nitrotyrosine (Sigma) prior to
incubation with membrane. Western analyses for c-Src, phosphotyrosine, and cortactin
were performed using polyclonal anti-SRC2 antibody (1:2000), monoclonal anti-
phosphotyrosine antibody (1:1000), or monoclonal anti-cortactin antibody (1:3000; UBI).
Probed rﬁembranes were washed three times and immunoreactive proteins detected using
horseradish peroxidase conjugated secondary antibodies and enhanced

chemiluminescence.
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c-Src kinase activity assay

C-Src, immunoprecipitated from cellular extracts (2. mg) was assayed for kinase
activity essentially as described [2]. Briefly, immunoprecipitates were incubated in ice-
cold kinase buffer (50 mM Hepes, pH 7.2, 150 mM NaCl, 10 mM MgCl,).
Phosphorylation was initiated by adding 5 pM (y—3 2P)-ATP (10 pCi per reaction) in 25 pl
reaction buffer containing 1 pg acid-denatured rabbit muscle enolase for 15 min at 37°C.
The reaction was stopped by incubation (95°C, 5 min) in SDS-sample loading buffer.
Proteins were resolved by 10% SDS-PAGE, and labeled proteins were detected by
autoradiography. Quantitative analysis was performed by phosphoimaging

(Phosphorlmager; Molecular Dynamics).

ONOQO  treatment of cells

ONOO" was synthesized from sodium nitrite and acidified H,O, and quantified as
described previously [21]. HPAC cells were treated with ONOO™ (1 mM) by washing sub-
confluent (80%) cells with PBS and incubating with 3 ml PBS containing an additional
50 mM potassium phosphate buffer, pH 7.4. ONOO was added (5 min, 23°C) to adhered
HPAC cells with rapid mixing. Working solutions of ONOO" were prepared by diluting

stocks in water just prior to use. Untreated cells served as negative controls.

HPLC-EC determination of protein-bound nitrotyrosine
Pancreatic extracts were ultrafiltered (Millipore 5 kD MWCO centrifugal

ultrafilters) and the retentates were ethanol precipitated. Protein precipitates were

resuspended in 100 pl water and protein concentrations were determined using the
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Bradford Assay (Pierce). Proteins (100 pg) were transferred to hydrolysis tubes and
hydrolyzed for 20 h at 105°C under an inert atmosphere containing high purity 6 N HCI
and 1% phenol. Dried, hydrolyzed samples were resuspended in 100 pl of polished
buffer A (50 mM sodium acetate, pH 4.8) and centrifuged at 12,000g for 10 min to pellet
any particulates. Clarified samples (50 ul) were injected onto a TOSOHAAS ODS 80-
TM (5 um, 4.6 X 250 mm) and eluted at 0.75 ml/min With 95% buffer A and 5%
methanol. Peaks were monitored electrochemically using a 12-channel ESA Coularray
detector with the following potentials: channels 1-12 were set to +225, 295, 365, 435,
505, 575, 645, 715, 805, 850, 875, and 925 mV, respectively. Nitrotyrosine,
chlorotyrosine, and tyrosine were quantified relative to known standards and

nitrotyrosine content was expressed as a percentage of total protein-bound tyrosine [22].

RESULTS

Increased Nitrotyrosine Immunoreactivity during Human
Pancreatic Ductal Adenocarcinoma

We have recently demonstrated an increase of tyrosine nitration during human
pancreatic ductal adenocarcinoma using nitrotyrosine immunohistochemistry {13]. In
order to identify specific nitration targets in human pancreatic ductal adenocarcinoma,
nitrotyrosine immunoprecipitation of pancreatic extracts followed by nitrotyrosine
Western analysis was performed (Fig. 1A). Specificity was confirmed by blocking
strategies using excess nitrotyrosine (Fig. 1B). The immunoreactive proteins remaining
in Fig. 1B represent the nitrotyrosine monoclonal antibody (heavy and light chains, ~55
and 25 kDa, respectively) used in the immunoprecipitation, since the identical antibody

was used for Western analysis. These results suggested that a few specific proteins
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Fig. 1. Western analysis of tyrosine nitration in human pancreatic tissue. (A) Protein
extracts (1.5 mg) isolated from normal pancreas (lane 1) and three separate pancreatic
ductal adenocarcinomas (lanes 2-4) were subjected to nitrotyrosine immunoprecipitation
followed by nitrotyrosine Western blot analysis using a monoclonal anti-nitrotyrosine
antibody. (B) The identical blot stripped of primary antibody and reprobed with
antibody pretreated with 10 mM 3-nitrotyrosine. Tyrosine-nitrated BSA (N-BSA)
served as a positive control. The results are representative of three different
experiments. The arrow represents the migration of c-Src.
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appeared to be tyrosine nitrated in three different pancreatic adenocarcinoma tissues (Fig.
1A, lanes 2-4) and one normal pancreatic tissue (lane 1). To overcome limitations
imposed by comparing overall levels of chemiluminescence obtained during Western
analysis, a more quantitative method was employed to determine protein-bound

nitrotyrosine levels between samples (Table 1).

Table 1
HPLC-EC Quantitative Measures of Tyrosine Modifications
in Human Pancreatic Tissue

Ratio ntyr/
Tissue Tyrosine Nitrotyrosine Chlorotyrosine tyr
sample (uM) (uM) (uM) (percent)’
Normal 81.88 0.042 0 0.05
Tumor 1 52.60 0.567 0 1.07
Tumor 2 11.03 0.565 0 4.87
Tumor 3 73.65 1.052 0 1.41

Calculated by dividing total nitrotyrosine content by total tyrosine content
(tyrosine + nitrotyrosine) and multiplying by 100.

Compared to normal pancreatic tissue, HPLC-EC quantitative measures revealed
significant increases in protein-bound nitrotyrosine in tumor extracts. When standardized
to total tyrosine content, human pancreatic tumor extracts demonstrated a significant
increase (>21- to 97-fold) in overall levels of nitrotyrosine. Interestingly, levels of
chlorotyrosine were nondetectable. Chlorotyrosine has been implicated as another
marker of oxidant stress, specifically being produced by myeloperoxidase, an enzyme

associated with activated neutrophils [23].
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Tyrosine Nitration and Phosphorylation of c-Src Associated with Human Pancreatic
Cancer.

c-Src was identified as one of these endogenous nitration targets in human
pancreatic ductal adenocarcinoma by immunoprecipitating total nitrated proteins (NT IP)
followed by Western analysis using the polyclonal anti-SRC2 antibody (SRC) (Fig. 2A).
Tyrosine nitrated c-Src was observed only in human pancreatic ductal adenocarcinoma
(CA), but not in a human chronic pancreatitis (CH), or the control human pancreatic
tissue (N). Likewise, tyrosine phosphorylation of c-Src was observed only in the human
pancreatic ductal adenocarcinoma sample, as shown by immunoprecipitating total

tyrosine phosphorylated proteins (PY IP), followed by SRC Western analysis (Fig. 2B).

Increased Tyrosine Nitration and Phosphorylation Following ONOO™ Treatment of
Pancreatic Cancer Cells.

In order to better understand the possible role that ONOQO' has on tyrosine kinase
signaling by c-Src, a human pancreatic ductal adenocarcinoma cell line (HPAC) was
utilized. ONOO" treatment (1 mM) of adhered HPACs resulted in a dramatic increase in
both tyrosine nitration and phosphorylation (Figs. 3A and 3B).

In addition, when compared to untreated cells, exposure of HPACs to ONOO"
resulted in increased nitration and phosphorylation of tyrosine residues in c-Src as
demonstrated by nitrotyrosine (Fig. 4A) and phosphotyrosine (Fig. 4B) Western analysis
following SRC immunoprecipitation using the polyclonal anti-SRC2 antibody (SRC IP).
The arrow shows the migration of nitrated/phosphorylated c-Src. Moreover, this effect
was probably not due to an increase in c-Src protein levels since SRC Western analysis

using the polyclonal anti-SRC2 antibody demonstrated that c-Src protein levels were not
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Fig. 2. Western analysis of modified tyrosine residues in c-Src associated with human
pancreatic tissue. Protein extracts (1.5 mg) isolated from normal pancreas (N), chronic
pancreatitis (CH), or pancreatic ductal adenocarcinoma (CA) tissue were
immunoprecipitated with either the anti-nitrotyrosine antibody (A) (NT IP) or anti-
phosphotyrosine antibody (B) (PY IP) and Western analyzed with the polyclonal SRC2
antibody. Arrows represent migration of tyrosine-nitrated c-Src (N SRC) or tyrosine-
phosphorylated c-Src (P SRC). The results are representative of three different
experiments.
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Fig. 3. Western analysis of tyrosine modifications in ONOO-treated human pancreatic
adenocarcinoma cells. Protein extracts (100 pg/lane) were isolated from HPACs
following treatment (5 min) in the absence (-) or presence (+) of 1 mM ONOO' on the
plate, prior to fractionation by 10% SDS-PAGE. Western analysis was performed using
antibodies against either nitrotyrosine (A) or phosphotyrosine (B). These results are
representative of five different experiments.
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Fig. 4. Western analysis of tyrosine modifications of c-Src following ONOOQO™ treatment of
human pancreatic adenocarcinoma cells. (A and B) Protein extracts (1.5 mg) were isolated
from HPACs following treatment (5 min) in the absence (-) or presence (+) of 1 mM
ONOO’, immunoprecipitated with the polyclonal SRC2 antibody (SRC IP), fractionated by
10% SDS-PAGE, and Western analyzed using antibodies against either nitrotyrosine (A)
or phosphotyrosine (B). Arrows represent migration of c-Src. (C) Total cellular extracts
(50 pg) from untreated (-) and ONOO -treated (+) HPACs were Western analyzed with the
polyclonal SRC2 antibody. These results are representative of three different experiments.
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altered following ONOO" treatment (Fig. 4C). Since the polyclonal anti-SRC2 antibody
is thought to recognize only the dephosphorylated, active conformation under native
conditions [33], it is reasonable to anticipate that ONOO™ treatment of HPACs increase
kinase activity by a mechanism involving both nitration and phosphorylation of critical
tyrosine residues. The multiple phosphotyrosine immunoreactive bands co-
immunoprecipitating with c-Src following ONOQ™ treatment are probably c-Src docking

proteins or substrates (Fig. 4B), consistent with increased activity of c-Src.

ONOO -Mediated Effects on c-Src Kinase Activity.

The effect of ONOO™ treatment on c¢-Src activity in HPACs was determined using
a ¢-Src in vitro kinase assay. Compared to untreated cells, treatment of adherent HPACs
with ONOO™ (1 mM) resulted in an upregulation of c-Src activity as demonstrated by
increased phosphorylation of the exogenous c-Sr¢ substrate enolase as well as increased
autophosphorylation (Fig. 5A). Phosphoimaging quantification revealed a 2.24-fold
increase in enolase phosphorylation following ONOO" treatment (62.5 versus 139.6
arbitrary units for untreated and ONOO -treated HPAC cells, respectively) and a 2.45
fold increase in c-Src autophosphorylation following ONOO™ treatment (67.8 versus
166.4 arbitrary units) (Fig. 5B).

Additional evidence supporting increased c-Src activit}; following ONOO"
treatment was shown by increased association of c-Src with one of its substrates,
cortactin. Compared to untreated cells, HPACs treated with ONOO™ demonstrated
increased levels of cortactin coprecipitating with c-Src, as well as increased tyrosine

phosphorylation of this c-Src substrate. Adherent HPAC cells were treated with ONOO”
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Fig. 5. Analysis of ¢-Src activity in human pancreatic adenocarcinoma cells following
ONOO treatment. (A and B) Protein extracts (2.0 mg) were isolated from HPACs
following treatment (5 min) in the absence (-) or presence (+) of 1 mM ONOO/,
immunoprecipitated with the polyclonal SRC2 antibody, and subjected to the in vitro
kinase assay (Materials and Methods). Proteins were resolved by 10% SDS-PAGE,
and radioactively labeled (*2P) proteins were detected by autoradiography (A) and
quantitatively analyzed by phosphoimaging (B). The positions of phosphorylated
enolase and phosphorylated c-Src are noted with the arrows. (C and D) Protein
extracts (1.5 mg) were isolated from HPACs following treatment (5 min) in the
absence (-) or presence (+) of 1 mM ONOO", immunoprecipitated with antibodies
against either c-Src (C) (SRC IP) or phosphotyrosine (D) (PY IP), and Western
analyzed with antibodies against the c-Src substrate, cortactin. Similar results were
obtained three times.
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(1 mM) followed by a SRC immunoprecipitation (SRC IP) and Western analysis using
the monoclonal anti-cortactin antibody (Fig. 5C). Likewise, increased cortactin
phosphorylation following ONOQ'™ treatment was demonstrated by immunoprecipitation
of tyrosine phosphorylated proteins (PY IP) and cortactin Western analysis using the
monoclonal anti-cortactin antibody (Fig. 5D). The low, but detectable levels of active c-
Src present in the untreated HPACs is consistent with previous reports showing increased

c-Src activity in other human pancreatic carcinoma cell lines [2].

DISCUSSION

Several observations in this study provide insight to a potential mechanism
regulating activation of c-Src in human pancreatic ductal adenocarcinoma beyond that
previously reported [2]. Both immunologic and quantitative biochemical techniques
established that protein tyrosine nitration occurs during human pancreatic tumorigenesis.
More specifically, c-Src extracted from human pancreatic tumor tissue was demonstrated
to contain both tyrosine nitration and tyrosine phosphorylation. In addition, treatment of
HPACs with ONOO'-induced activation of c-Src, an observation accompanied by
increased tyrosine nitration and tyrosine phosphorylation of c-Src as well as association
with cortactin. Collectively these results are consistent with increased c¢-Src activity ’
observed in pancreatic cancer [2] and suggest a transforming role for ONOO" during
pancreatic tumor growth and metastasis.

The catalytic activity of Src family of kinases is repressed by the c-terminal Src
kinase (Csk), which phosphorylates the carboxyl terminal tyrosine (Y530) of c-Src kinase

[24, 25]. This phosphorylated tyrosine presumably interacts with the SH2 and SH3
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domain of c-Src, keeping c-Src in a folded, “inactive” conformation (Fig. 6). There are at
least five reported mechanisms that can lead to the unfolding and activation of c-Src.

One involves dephosphorylation of Y530, thereby displacing this carboxy-terminal
regulatory ‘domain [26]. The precise tyrosine phosphatase responsible for this is
unknown, but recent data suggest that the SHP-1 phosphatase could be a likely candidate
[4]. Other mechanisms promoting conformational changes and activation of c-Src
include: (i) competition for the c-Src SH2 domain by a tyrosine phosphorylated
substrate; (ii) competition for the c-Src Sﬁ3 domain by a proline-rich substrate; (iii)
competition for phosphorylated Y530 of c-Src by a substrate containing a SH2 domain;
(iv) or tyrosine phosphorylation of the SH2 domain of c-Src itself [5,9,27,28].

At present, the specific tyrosine residue(s) that are nitrated in c-Src remain
unknown; however, we show here, consistent with recent reports by Lutz et al., that c-Src
activity is elevated in pancreatic cancer [2]. We hypothesize that nitration of critical
tyrosine residues in c-Src might lead to an altered regulation of the kinase thereby
increasing c-Src activity (Fig. 6). Previous studies have demonstrated that nitration of a
tyrosine residue may prevent further phosphorylation of that residue [29-31].
Alternatively, nitration of tyrosine residues is very similar to phosphorylation of tyrosine
residues with respect to the addition of a negative charge and similar electron density

(NO; and POy) to the protein.

Consequently, nitration of critical tyrosine residues within c-Src could essentially
mimic tyrosine phosphorylation, resulting in activation of the kinase and recruitment of
downstream substrates. Early preliminary results suggest that tyrosines within the c-src

SH3 domain of c-Src may be targets for nitration. Immunoprecipitation of ¢-Src from
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Fig. 6. Schematic showing c-Src kinase (human) activation pathway.
Dephosphorylation of the carboxy-terminal tyrosine residue (Y530) by a protein
tyrosine phosphatase (PTP) results in a conformational change to the “unfolded” active
¢-Src. Tyrosine phosphorylation of Y530 by a kinase leads to the “folded” inactive
conformation of c-Src, presumably through the interaction with the c-Src SH2 domain.
The dotted arrow indicates the possibility that ONOQ™ treatment could also lead to
activation of ¢c-Src through an unknown mechanism. Tyrosine 419 (Y419) represents
the major autophosphorylation site.
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either human pancreatic cancer tissue or ONOO -treated HPAC cells with the monoclonal
anti-Src antibody (clone 327), whose recognition epitope lies within the Src SH3 domain,
fails to precipitate tyrosine nitrated c-Src, but efficiently precipitates non-nitrated c-Src
(unpublished observations). Because of the complexity of pathways resulting in
activation of ¢-Src (as described above) the potential effects of tyrosine nitration on c-Src
activity are equally complex.

Several recent reports have depicted how ONOO™ can alter signal transduction
processes. For example, ONOO™ treatment of a neuroblastoma’cell line (SH-SY5Y)
resulted in inhibition of phosphoinositide signaling and transiently increased tyrosine
phosphorylation of the p120 c-Src substrate, while decreasing the phosphorylation of
paxillin and focal adhesion kinase [32]. Using the same cell line Saeki et al. showed that
3-morpholinosydnonimine (SIN-1, a ONOO" generator) induced tyrosine nitration of
another c-Src substrate, p130°®, which prevented its ability to be phosphorylated [31].
Likewise, ONOOQ treatment of rat liver epithelial cells resulted in differential activation
of mitogen activated protein kinases [33]. A recent report by Di Stasi et al. demonstrated
that ONOO" treatment of bovine synaptic proteins increased c-Src tyrosine
phosphorylation and activity [34], a result similar to our present findings. Even though
tyrosine nitration may inhibit phosphorylation of that tyrosine, it remains possible that a
protein containing multiple tyrosine residues (e.g., c-Src) could also contain both
tyrosine-phosphorylated and tyrosine-nitrated residues.

Results presented here show that the c-Src is both tyrosine-nitrated and -
phosphorylated during human pancreatic ductal adenocarcinoma. ONOO ™-mediated

tyrosine modifications resulting in increased c-Src activity may lead to rapid and
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uncontrolled cell growth/transformation, a process that may be similar to the
constitutively active mutant of c-Src where the regulatory tyrosine residue (Y530) has
been mutated to phenylalanine [35-37]. Therefore, we suggest that tyrosine nitration may
be an important modification in the regulation of c-Src and may play a significant role in

the enhanced cellular growth observed in pancreatic cancer.
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CONCLUSIONS

Determining the signal transduction pathways initiating mitogenesis, migration,
and cell survival are critical for understanding the regulation of tumorigenesis,
inflammation, and angiogenesis during the progression of pancreatic adenocarcinoma.
The studies presented in this dissertation were designed to test the hypothesis that FGFR-
1o and FGFR-1p differentially signal SFK following stimulation with FGF-1. This
hypothesis was based on the following observations: (i) in vitro, cells expressing FGFR-1
isoforms in ratios favoring the expression of FGFR-1a or FGFR-1p demonstrate
enhancement or protection, respectively, towards cytotoxicity induced by reactive
nitrogen and oxygen species; (ii) both ligand-activated FGFR-1 and reactive nitrogen
species activate Src family kinases; (iii) the signaling interaction between SFK and
FGFR-1 or reactive nitrogen species was incompletely understood; (iv) pancreatic
adenocarcinomas express FGFR-18 as the major FGFR-1 isoform; (v) pancreatic
adenocarcinomas overexpress FGF-1, suggesting continuous signaling in vivo; (vi)
pancreatic adenocarcinomas demonstrate increased SFK activity; and (vii) pancreatic
adenocarcinoma tissue contains nitrotyrosine, a marker of reactive nitrogen species.

The first step was to establish and characterize a cell line in which signaling
induced by FGFR-1a or FGFR-1f could be specifically dissected. As a collaboration
with Jing Jiao in the Department of Biochemistry and Molecular Genetics at the
University of Alabama at Birmingham, FGFR-negative resistance vessel endothelial cells

(RVEC) were transfected with cDNAS encoding control vector (pMN), FGFR-1a (R-
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1a), or FGFR-1B (R-1PB) and assessed for FGFR-1 expression (RT-PCR and Western
analysis), FGF-1 ligand binding (Scatchard analysis), and FGFR-1 isoform functionality
(growth behavior).

To determine if FGFR-1 isoform-specific signaling would modulate cytotoxicity
induced by reactive nitrogen species, pMN, R-1a, and R-1P cells were treated with
ONOQO, a reactive nitrogen species used as an experimental reagent for these studies.
ONOO  induced a delayed cell death that was more characteristic of apoptosis than
necrosis [138]. ONOO ™-induced cytotoxicity was enhanced in cells expressing activated
FGFR-1a and decreased in cells expressing activated FGFR-1f. This protective effect
was dependent in part on SFK, linking SFK to the FGFR-1p pathway. These
observations are consistent with the observation that pancreatic adenocarcinomas, which
are resistant to cytotoxic insult, predominantly express FGFR-1f [21].

To correlate these endothelial cell studies more directly with pancreatic cancer,
ARIP cells expressing altered ratios of FGFR-1 isoforms were developed during a
collaboration with Dr. Selwyn Vickers, Department of Surgery, the University of
Alabama at Birmingham. ARIP cells are derived from a Wistar rat pancreatic tumor in
athymic mice [159]. These cells predominantly express FGFR-1p (J. A. Thompson,
personal communication), but do not form tumors unless they receive a continuous
delivery of FGF-1 [105]. ARIP cells were stably transfected with FGFR-1a, FGFR-1p,
or control vector. Continuous delivery of FGF-1 to ARIP expressing FGFR-1 resulted
in tumor formation in athymic mouse xenografts; however, ARIP expressing FGFR-1a
did not form tumors [160]. In addition, FGF-1-activated ARIP cells expressing FGFR-

la were susceptible to ONOO ™-induced cell death (Fig. 1). Clinically, pancreatic
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Fig. 1. Viability of ONOO -treated ARIP cells. ARIP cells, which predominantly express
FGFR-1B, were transfected with control vector (pMN) or vector encoding FGFR-1a (R-
la). Cells were given continuous delivery of FGF-1 and examined for viability (24 h)
following ONOO™ (150 pM).
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adenocarcinomas are extremely resistant to therapeutic radiation [3]. External beam
radiation, which results in the generation of reactive nitrogen species and tyrosine
nitration [161], is cytotoxic to FGF-1-activated ARIP cells expressing FGFR-1a, while
FGF-1-activated ARIP cells expressing FGFR-18 are protected (Fig. 2). These
preliminary findings suggest that altering the ratio of FGFR-1 in pancreatic cells can
affect growth and survival. FGFR-1a and FGFR-1p differ solely in the extracellular
domain, an area that may accessible for drug therapies targeting the f isoform.

To further explore the specific interaction between FGFR-1f and SFK, the RVEC
cells were used. Despite sharing identical intracellular domains, FGFR-1a and FGFR-18
differentially signaled the SFK c-Yes in FGF-1-treated RVEC. FGF-1-activated FGFR-
1B demonstrated increased association with the SFK c-Yes, increased c-Yes tyrosine
phosphorylation within the tyrosine kinase domain, and increased c-Yes signaling to the
cytoskeletal protein cortactin. Cells expressing FGFR-1p also formed vascular cords in
vivo and c-Yes dependent cords in vitro. The finding that FGFR-1B-specific signaling to
SFK alters cytoskeletal structure may have important consequences for understanding
both vascular remodeling and the ability of a tumor cell expressing FGFR-1f3 to migrate
and metastasize. Important future studies will further define the signaling pathway
between FGFR-1P and SFK and will explore the downstream pathways initiated by
FGFR-1a (111 1).

Studies presented in this dissertation tested the hypothesis that ligand-activated
FGFR-1a and FGFR-1p differentially signal SFK. The last chapter explores the role of

inflammatory reactive nitrogen species in modulating signaling to SFK in pancreatic
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Fig. 2. Viability of irradiated ARIP. ARIP cells, which predominantly express FGFR-
1B, were transfected with control vector (pMN) or vector encoding FGFR-1a (R-1a).
Cells were given continuous delivery of FGF-1 and examined for viability (24 h)
following external beam radiation (8 Gray).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

Paxillin -, vinin

F-Actin

Transcriplion

Nucleus # & Mucleolus®

Tl1. 1. Possible signaling pathways induced by FGFR-1a or FGFR-1 following FGF-1
stimulation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

adenocarcinomas, which predominantly express FGFR-1f and are resistant to
cytotoxicity induced by reactive nitrogen species. These studies were a continued
collaboration with Dr. Vickers. Pancreatic adenocarcinomas were found to contain
nitrotyrosine, a marker of reactive nitrogen species. c-Src was identified as a specific
target for tyrosine nitration in human pancreatic adenocarcinoma tissue. Pancreatic
adenocarcinoma cells treated with the reactive nitrogen species ONOO' in vitro
demonstrated tyrosine nitrated c-Src, increased c-Src tyrosine phosphorylation, increased
c-Src activity, and increased c-Src signaling. c-Src is regulated by tyrosine
modifications, therefore the stable addition of a NO, group to the phenolic ring of
tyrosine has the potential to dramatically affect c-Src (Ill. 2). Tyrosine nitration has been
shown to block subsequent phosphorylation at that residue [115], therefore nitration of
pro-activating tyrosines could have an attenuating effect. However, results presented
here imply that ONOQ™ treatment of pancreatic adenocarcinoma cells activates c-Src
kinase. If Y530 were a target for nitration and if phosiphorylation at this regulatory site
were blocked, c-Src could be constitutively activated. Obviously, the constitutive
activation of a proto-oncogenic protein would promote cell transformation and
tumorigénesis. Alternatively, by providing an area of similar electron density, tyrosine
nitration could mimic a phosphotyrosine. Nitration of Y419, therefore, could have an
activating effect. Tyrosine nitratibn within the SH2 or SH3 protein-binding domains
could serve as a novel protein recognition motif for recruitment of substrates or could
block substrate access to the modified domain, promoting interactions with the unaffected
domain. In addition, tyrosine nitration within the SH2 or SH3 domains could

electrostatically repel the regulatory tail, resulting in activation.
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Determining c-Src tyrosines targeted for nitration will be an important future
study. Preliminary results suggest that ONOO" treatment of pancreatic adenocarcinoma
cells resulted in a loss of c-Src recognition by an anti-Src monoclonal antibody (clone
327). This strongly implicates the c-Src SH3 domain, the site of the antibody epitope, as
a potential target for ONOO -induced tyrosine modifications. The human c-Src SH3
domain contains 4 tyrosines (Y93, Y95, Y134, Y139) [162]. Interestingly, a second anti-
Src monoclonal antibody (GD11) with a SH3 epitope also fails to recognize c-Src in
CNOO'—treated HPAC cells. This antibody epitope spans v-Src residues 92-128 [163]
and suggests that c-Src Y93 and/or Y95 are the most likely nitration targets. The
hypothesized effects of nitration within this domain are activation of ¢-Src, interference
with the ¢-Src SH3 domain, and increased binding of substrates to the c-Src SH2 domain.
Increased association with phosphotyrosyl substrates was observed following ONOO"
treatment, suggesting enhanced c-Src interactions at the SH2 domain.

c-Src can exist in a number of phosphorylation states due to the different modes
of activation; therefore, key tyrosines may or may not be available as targets for reactive
nitrogen species. Signaling to SFK was examined in FGFR-negative RVEC and RVEC
stably transfected with FGFR-1a or FGFR-1f. Following FGF-1/heparin treatment (10
min), the SFK c-Yes demonstrated increased tyrosine phosphorylation within the kinase
domain in RVEC expressing FGFR-1p, the major FGFk-l isoform in pancreatic
adenocarcinoma. Phosphorylation of this residue would mosf likely exclude it from
nitration by reactive nitrogen species. The RVEC model is ideal for future studies to
specifically dissect SFK signaling and examine the effects of tyrosine modifications

induced by reactive nitrogen species on inactive and FGFR-1f-activated SFK.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

Studies presented in this dissertation investigated: (i) the role of FGFR-18-
specific signaling to SFK in modulating cytotoxicity induced by reactive nitrogen
species, including the reactive nitrogen species ONOO, (ii) the signaling interaction
bétween SFK and activated FGFR-1a or FGFR-18, and (iii) the result of signaling by
FGFR-1f and reactive nitrogen species in modulating SFK tyrosine modifications and
activity in pancreatic adenocarcinoma tissue (Ill. 3). In summary, these studies have
provided insight into signal transduction cascades induced by FGFR-1p that are critical to

regulating tumorigenesis, inflammation, and angiogenesis.
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Fig. 5. Possible roles of FGFR-1p and SFK during pancreatic tumorigenesis,
inflammation, and angiogenesis. (1) Transformed pancreatic ductal epithelial cells
undergo alternative splicing from FGFR-1a to FGFR-1B. (2) Growing tumor reaches 1-
2 mm and becomes hypoxic. (3) Hypoxia recruits inflammatory cells that release FGF
ligands and reactive nitrogen and oxygen species that can activate SFK. (4) FGF
ligands recruit endothelial cells that signal SFK through FGFR-1p and induce
angiogenesis. (5) Angiogenesis supports tumor, allows further inflammatory
infiltration, and allows metastasis of cancer cells.
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