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Abstract
Fibroblast growth factor 2 (FGF2) consists of multiple protein isoforms (low molecular weight,
LMW, and high molecular weight, HMW) produced by alternative translation from the Fgf2 gene.
These protein isoforms are localized to different cellular compartments, indicating unique
biological activity. FGF2 isoforms in the heart have distinct roles in many pathological
circumstances in the heart including cardiac hypertrophy, ischemia–reperfusion injury, and
atherosclerosis. These studies suggest distinct biological activities of FGF2 LMW and HMW
isoforms both in vitro and in vivo. Yet, due to the limitations that only the recombinant FGF2
LMW isoform is readily available and that the FGF2 antibody is nonspecific with regards to its
isoforms, much remains to be determined regarding the role(s) of the FGF2 LMW and HMW
isoforms in cellular behavior and in cardiovascular development and pathophysiology. This review
summarizes the activities of LMW and HMW isoforms of FGF2 in cardiovascular development
and disease.
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FIBROBLAST GROWTH FACTOR 2 PROTEIN ISOFORMS
Fibroblast growth factor 2 (FGF2) consists of multiple protein isoforms resulting from
different translational start sites from a single Fgf2 gene (Fig. 1A). One 18-kDa FGF2
isoform, termed low molecular weight (LMW), is translated from a conventional Kozak
AUG start codon and consists of 155 amino acids, representing the core sequence common
to all FGF2 isoforms. Several high molecular weight (HMW) isoforms of FGF2 have been
identified in many species, including human, rat, bovine, guinea pig, and chicken (Sommer
et al., 1987; Doble et al., 1990; Powell and Klagsbrun, 1991; Dono and Zeller, 1994). These
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HMW isoforms are amino terminal extensions of the LMW isoform and use upstream in-
frame CUG codons as alternative translational start sites. In mouse, there are two HMW
isoforms (20.5 and 21 kDa while in human, there are four HMW isoforms (22, 22.5, 24, and
34 kDa). The 34-kDa FGF2 HMW isoform, originally identified in HeLa cells, is translated
from a fifth initiation (CUG) codon (Arnaud et al., 1999) and, in contrast to the other FGF2
HMW isoforms, permits NIH 3T3 cell survival in low-serum conditions (Arese et al., 1999;
Arnaud et al., 1999).

The three-dimensional structure of the LMW isoform of FGF2 has been determined by
several groups (Eriksson et al., 1991; Zhu et al., 1991). The backbone of FGF2 can be
described as a trigonal pyramidal structure with 12 antiparallel β-sheets. Helix-like
structures have been identified at residues 131–136, the receptor-binding site, and residues
13–30, part of the heparan binding site (Feige and Baird, 1989; Moy et al., 1996). The
human LMW FGF2 isoform contains two potential phosphorylation sites: serine 64, a
protein kinase A (PKA) site, and threonine 112, a protein kinase C (PKC) site. The
phosphorylation of FGF2 modifies the affinity of FGF2 to its receptor and assists in the
release of FGF2 from the basement membrane (Plouet et al., 1988). Although FGF2
contains four cysteines, of which two are conserved within the FGF family, there are no
intramolecular disulfide bonds (Thompson, 1992), indicating that the free cysteines will not
form intermolecular disulfide bridges between two FGF2s. Two inverse sequence arginine-
glycine-aspartate (RGD) sequences, proline-aspartate-glycine-arginine (PDGR) and
glutamate-aspartate-glycine-arginine (EDGR) may be involved in the modulation of the
mitogenic activity of the FGF2 LMW isoform, independent of FGF receptor activity (Presta
et al., 1991). Currently, there is no evidence regarding the protein structure of FGF2 HMW
isoforms. It is hypothesized that all the isoforms have the same protein structure because
they all share the same structural residues. Whether this hypothesis is true remains to be
determined.

SUBCELLULAR LOCALIZATION OF FGF2 LMW AND HMW ISOFORMS
The amino-terminal extensions of the HMW isoforms encoded by the Fgf2 gene contain
several GR (Glu/Arg) repeats that act as nuclear localization sequences (NLS) for FGF2
(Bugler et al., 1991; Quarto et al., 1991; Dono et al., 1998a; Arese et al., 1999). The 34-kDa
isoform contains an arginine-rich type of NLS in addition to the common NLS for other
FGF2 HMW isoforms (Sorensen et al., 2006). This Arg-rich NLS is similar to that of the
HIV type1 Rev (Regulator of Virion) protein, suggesting that the 34-kDa HMW isoform
enters the nucleus by binding to the human nuclear import receptor, importin β (Sorensen et
al., 2006). In contrast, the 18-kDa LMW isoform is mainly found in the cytoplasm and
stored in the extracellular matrix (Renko et al., 1990).

Recent evidence indicates that the LMW and HMW isoforms are not always localized only
to the cytoplasm and nucleus, respectively. The 18-kDa FGF2 isoform does contain a C-
terminal NLS, consisting of Arg116 and Arg118, which is able to target itself or a fusion
protein to the nucleus (Claus et al., 2003; Sheng et al., 2004). Like other polypeptides, such
as insulin and interleukin-1, extracellular 18-kDa FGF2 can translocate into the nucleus after
internalization (Bouche et al., 1994). This internalization, which can be abolished by
heparanase treatment (Bouche et al., 1994), may be mediated by heparan sulfate
proteoglycans (HSPGs). The endogenous 18-kDa FGF2 isoform can also directly translocate
from endoplasmic reticulum (ER) to the nucleus (Choi et al., 2000). When LMW FGF2
remains in the nucleus, there is a slight stimulation of cell proliferation and a down-
regulation of its receptor, FGFR1, suggesting that the intracellular biological activity of 18-
kDa FGF2 is independent of its receptor signaling pathway. On the other hand, the HMW
FGF2 isoforms can also be released from the cell through vesicle shedding (Taverna et al.,
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2003). Furthermore, there is speculation that HMW and LMW FGF2 isoforms reciprocally
associate, either directly or indirectly, controlling each other’s biological activity in a
concentration- and/or localization-dependent manner (Pintucci et al., 2005; Quarto et al.,
2005).

The localization of the LMW and HMW isoforms of FGF2 in nonischemic wild-type, FGF2
LMW knockout (KO; only HMW isoforms present) and FGF2 HMWKO (only LMW
isoform present) was identified in adult mouse hearts. Western immunoblot data showed that
the HMW isoforms were localized only to the nucleus in Wt and LMWKO hearts; whereas,
the LMW isoform was found in the cytoplasm (including extracellular) as well as in the
nucleus in wild-type and FGF2 HMWKO hearts (Fig. 1). These results are consistent with
those of other investigators, who demonstrated that the LMW isoform was present in both
cytoplasm and nucleus, while HMW isoforms were localized only to the nucleus (Choi et
al., 2000; Claus et al., 2003; Garmy-Susini et al., 2004; Sheng et al., 2004). The nuclear
localization of the FGF2 LMW isoform may indicate that the FGF2 LMW isoform can elicit
its biological activity not only through FGFR, but also by acting as a transcription factor or a
co-factor in the nucleus to regulate gene expression under normal or stress conditions.
Others have shown that, in adult cardiomyocytes, the FGF2 LMW isoform localizes with the
external cell membrane surface, specialized intercellular junctions, and myofibril Z lines in
the cytoplasm (Kardami et al., 1991a). Localization of FGF2 in the developing heart is
shown in Figure 3 and discussed in “FGF2 ISOFORMS IN HEART VALVE
DEVELOPMENT”, “FGF2 ISOFORMS IN EPICARDIAL, MYOCARDIAL, AND
CORONARY VASCULAR DEVELOPMENT”, and “FGF2 ISOFORMS IN AORTIC
ARCH ARTERY DEVELOPMENT” sections.

POTENTIAL MECHANISMS OF FGF2 RELEASE
FGF1 and FGF2 are the predominant FGF family members expressed in the heart (Kardami
and Fandrich, 1989; Kardami et al., 1991b) and FGF receptor (FGFR)-1 is the predominant
receptor in murine hearts; whereas, both FGFR1 and 4 are markedly expressed in human
heart tissue, with barely detectable FGFR2 and 3 (Sugi et al., 1995; Hughes, 1997). The
activation of FGFR requires the binding of its ligand, most likely the LMW isoform of
FGF2 However, one of the most perplexing properties of FGF2 is its lack of a consensus
signal peptide for secretion (Abraham et al., 1986; Jaye et al., 1986). Typically, secreted
proteins contain N-terminal signal peptides, which direct them to the ER (Walter et al.,
1984). Secretory vesicles then carry the protein from the ER to the Golgi and finally to the
cell surface. There, the secretory vesicles fuse with the plasma membrane, releasing their
contents into the extracellular milieu (Rothman and Wieland, 1996; Mellman and Warren,
2000). Numerous studies have shown that FGF2 gets “released” from the cell, associating
with the basement membrane, HSPG and FGFR and eliciting biological activity in vitro
(Kessler et al., 1976; Folkman et al., 1988; Cooper and Barondes, 1990; Thompson et al.,
1990). In fact, inhibitors of ER-Golgi-mediated secretion have no effect on FGF2 release
(Rothman and Wieland, 1996). The mechanism of how the FGF2 is released remains
unclear. However, there are several proposed mechanisms that involve an unconventional
pathway for FGF2 secretion. In the late 1980s, studies demonstrated that FGF2 could be
released by cell injury induced by high doses of endotoxin or irradiation (Gajdusek and
Carbon, 1989; Witte et al., 1989). An initial study by Ito and colleagues (McNeil and Ito,
1989) drew speculation that in situ occurrence of plasma membrane wounding (transient,
survivable disruption) followed by resealing might reflect a novel route for FGF2 trafficking
in and out of the cytoplasm. Additionally, the export of FGF2 may also likely rely on plasma
membrane-resident transport (Schafer et al., 2004) by means of Na+/K+-ATPase
(Florkiewicz et al., 1998) or HSPGs (Zehe et al., 2006). Florkiewicz and colleagues (1998)
suggested that the α/β heterodimers of Na+/K+-ATPase may form a higher-ordered complex
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that could catalyze LMW FGF2 export, while the Zehe group (Zehe et al., 2006) proposed
that the cell surface receptor, HSPG, could form a molecular trap, driving net export of
LMW FGF2. Furthermore, Mignatti and colleagues (1992) have proposed that LMW FGF2
secretion involves intracellular vesicles formed from endocytic membrane or internal vesicle
fusion with the plasma membrane, because lowering temperature or administering
methylamine, both of which would be expected to inhibit secretory vesicle fusion, inhibited
LMW FGF2 secretion and FGF2-induced migration of 3T3 cells. However, most studies of
the localization or secretion of FGF2 LMW and HMW isoforms occurred in vitro, limiting
their biological interpretation (Bugler et al., 1991; Quarto et al., 1991; Dono et al., 1998a;
Arese et al., 1999; Taverna et al., 2003). Still, in vivo, FGF2 can be detected in the urine and
pericardial fluid from patients with myocardial ischemia (Fujita et al., 1996; Cuevas et al.,
1997a; Hasdai et al., 1997). Our unpublished data indicate that it is the LMW isoform, and
not the HMW isoforms, that is released from the adult mouse heart during ischemia–
reperfusion injury and which can act upon FGFR1 to elicit cardioprotection, indicating that
this isoform promotes autocrine or paracrine activity. Evidence suggests that FGF1 can form
a complex with S100A13, which may assist in the release of FGF1 out of cells (Landriscina
et al., 2001; Prudovsky et al., 2002, 2003). Because FGF1 and FGF2 share 73% similarity
(Ornitz and Itoh, 2001; Itoh and Ornitz, 2004, 2008), an interaction with S100A13 may also
facilitate the movement of FGF2.

GENE TARGETED ABLATION OR OVEREXPRESSION OF FGF2 ISOFORMS
Because differential functions have been attributed to LMW and HMW isoforms of FGF2 in
various aspects of the cardiovascular system, significant efforts have been made to study
their in vivo and ex vivo roles in mammals (House et al., 2003; Kardami et al., 2007; Liao et
al., 2007b). By using the Tag and Exchange gene targeting technique (Askew et al., 1993),
we have replaced the Hprt minigene of the original Fgf2 KO allele (Fgf2−/−; Zhou et al.,
1998) with a mutant exon1 containing a mutation in the ATG encoding the LMW
translational start site (Fig. 2). This new allele has resulted in a LMW FGF2 knockout
mouse (FGF2lmw-ko/lmw-ko; Garmy-Susini et al., 2004). Recently, we have used a similar
strategy to generate a HMW FGF2 knockout mouse strain (FGF2hmw-ko/hmw-ko; unpublished
observations). Because FGF2 isoforms are differentially expressed in various developing
cardiovascular tissues (Fig. 3), these three mouse strains will provide new avenues to
definitively determine the developmental and adult cardiovascular functions of the different
FGF2 isoforms.

FGF2 isoform gain of function (transgenic overexpression) mouse models have also been
developed by the Doetschman laboratory (Coffin et al., 1995; Davis et al., 1997) and others
(Sheikh et al., 2001) to evaluate the functions of the low (LMW Tg) and high molecular
weight (HMW Tg) protein isoforms of FGF2 in cardiovascular physiology and
pathophysiology. Cardiovascular outcomes using LMW Tg and HMW Tg mice are next
discussed in the contexts of ischemia–reperfusion injury, cardiac hypertrophy, and
angiogenesis.

ROLE OF FGF2 ISOFORMS IN CARDIOVASCULAR DEVELOPMENT
Many studies suggest a major role for FGF2 in the developing and adult myocardium
(Spirito et al., 1991; House et al., 2003; Pennisi et al., 2003; Kardami et al., 2007; Lavine
and Ornitz, 2008). Fgf2−/− mice (129/Black-Swiss mixed genetic background with two
renin genes) develop normally and have normal cardiac structure and mass. These mice
exhibit decreased vascular tone, and display reduced cardiac hypertrophy in response to
pressure overload (Zhou et al., 1998; Schultz et al., 1999). Of interest, other investigators
have reported that Fgf2−/− mice on C57BL/6 (which contains one renin gene) develop
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dilated cardiomyopathy and that they exhibit an impaired hypertrophic response to
angiotensin II (Pellieux et al., 2001). Taken together, these data indicate an important role of
FGF2 in the maintenance of cardiovascular physiology in adult mice and raise the possibility
that FGF2 HMW and LMW isoforms play an important role in cardiovascular development.
Despite sufficient information on the function of FGF2 isoforms in adult cardiac
remodeling, there has been no study that connects these different isoforms to myocardial
growth and development in vivo.

Although in adult murine cardiovascular tissues, HMW FGF2 is found predominantly in the
nucleus and LMW FGF2 is localized in the extracellular matrix and cytoplasm, the
differential localization of FGF2 isoforms has not been demonstrated during cardiovascular
development in mouse. Immunofluorescence studies in frozen adult bovine cardiac tissues
have identified an FGF2-like reactivity in blood vessels, single (nonmuscle) connective
tissue cells, and in nuclei and intercalated discs of muscle fibers (Kardami and Fandrich,
1989). Two studies have determined the developmental expression of FGF2 in the rat and
chick cardiovascular system, but neither differentiated between FGF2 isoforms (Consigli
and Joseph-Silverstein, 1991; Spirito et al., 1991). Consequently, it is important to revisit the
subcellular distribution of LMW and HMW FGF2 isoforms in the cardiovascular system in
the mouse using isoform-specific knockout strains.

FGF2 ISOFORMS IN HEART VALVE DEVELOPMENT
Endocardial cushions are the primordia of valves and septa and become mature structures
through remodeling (embryonic day [E] 10.5–E18.5) and valve elongation and maturation
(E14.5–1 week after birth; Person et al., 2005). Heart valve remodeling can be conceptually
organized into multiple aspects, including mesenchymal expansion (E10.5–E12.5),
differentiation (E12.5–E16.5) and condensation (E15.5–E18.5), all of which occur in an
overlapping manner (Butcher and Markwald, 2007). FGF2 is implicated in congenital heart
defects involving abnormal valvulogenesis in Noonan syndrome (Chen et al., 2000; Uhlen et
al., 2006). It is used in various aspects of tissue valve engineering as a growth factor (Narine
et al., 2006) and to stimulate growth and inhibit apoptosis of endocardial cushions in in vitro
culture studies (Choy et al., 1996; Zhao and Rivkees, 2000). We have used a standard
immunohistochemical procedure (LSAB+ kit, Dako, CA) to localize FGF2 in embryonic
heart valves with a rabbit polyclonal FGF2 antibody (Liao et al., 2007b) that nonspecifically
detects both LMW and HMW FGF2 (Fig. 3E–N). The data indicate that most valve
mesenchyme in arteriovenous (mitral and tricuspid) and outflow tract (aortic and
pulmonary) valves, that is not stained with a cardiac muscle actin marker antibody (Fig. 3A–
C), exhibits intense and predominantly nuclear staining with FGF2 antibody (Fig. 3E–N).
Additionally, there is no detectable staining of FGF2 in valve endothelium (arrow in Fig.
3L,N). These data are consistent with the known in vitro function of FGF2 in heart valve
development (Zhao and Rivkees, 2000; Uhlen et al., 2006) and suggest that an intracrine
FGF2 signaling plays an important role in developing heart valves.

FGF2 ISOFORMS IN EPICARDIAL, MYOCARDIAL, AND CORONARY
VASCULAR DEVELOPMENT

Epicardium contributes a significant and critical proportion of nonmyocardial cells during
heart development (Kruithof et al., 2006; Lie-Venema et al., 2007; Lavine and Ornitz,
2008). The epicardium is derived from the proepicardial organ and covers the heart by
E10.5. Both myocardial proliferation and development and coronary vascular development
occur concurrently during midgestation (E11.5–E16.5). Epicardial epithelial–mesenchymal
transformation (EMT) gives rise to the epicardium-derived cells (EPDC) that form the
subepicardial mesenchyme and subsequently migrate into the myocardium and differentiate
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into smooth muscle cells (SMC) and cardiac fibroblasts (Olivey et al., 2004). EPDC also
contribute to the atrioventricular valves, cardiac fibroblasts and to the coronary vasculature
and are required for the proper development of ventricular myocardium (Lie-Venema et al.,
2007). FGF signaling is considered critical in epicardial and coronary vascular development
(Lavine and Ornitz, 2008), and FGF2 positively regulates epicardial EMT in collagen gel
assays of avian hearts (Morabito et al., 2001). Consistently, application of FGF2
supplemented beads results in enhanced coronary vasculature (Merki et al., 2005) and
myocardial cell proliferation (Lavine et al., 2005). Also, it has been reported that an FGF-
induced imbalance in myocardial cell proliferation at early stages of heart development
results in cardiovascular anomalies during late embryogenesis (Franciosi et al., 2000).
Furthermore, FGF2 inhibits apoptosis in cultured ventricular myocardium (Zhao and
Rivkees, 2000). Epicardium is also required for the maintenance of the correct amount of
myocyte proliferation in the compact myocardium through FGF2 expression levels in the
myocardium of the embryonic chick heart (Pennisi et al., 2003).

Although FGF2 expression is found in chick proepicardium (Kruithof et al., 2006),
epicardium and compact myocardium (Consigli and Joseph-Silverstein, 1991; Spirito et al.,
1991; Pennisi et al., 2003; Merki et al., 2005), the subcellular distribution of different
isoforms of FGF2 in epicardium, myocardium and coronary vasculature in fetal hearts has
been either missing or poorly described in the published literature, due in part to the
unavailability of FGF2 isoform-specific antibodies. Still, to begin to address the issue of
subcellular localization, we have used an FGF2 antibody, that identifies FGF2 when present
and confirms the absence of FGF2 in Fgf2−/− mice (Fig. 2B), to determine the nuclear and/
or cytoplasmic distribution of FGF2 in the epicardium, myocardium, and coronary vessels in
wild-type fetal hearts at E18.5 of gestation. The data have demonstrated that FGF2 is
predominantly found in the nucleus in epicardium (Fig. 3O,P, arrow). In compact
myocardium FGF2 is predominantly present in the cytoplasm (Fig. 3P, asterisk). Moreover,
the media of coronary vessels and EPDC that are present in the ventricular myocardium both
exhibit nuclear staining for FGF2 (Fig. 3P, arrowheads). These data suggest an intracrine
function of FGF2 in epicardium, EPDC, and coronary vascular development, and indicate a
requirement for paracrine or autocrine FGF2 signaling in myocardial proliferation and
differentiation. These data are consistent with previous information on the function of FGF2
in epicardial, myocardial and coronary vascular development. However, it will be essential
to confirm the identity of these differentially localized isoforms in continued studies using
FGF2 isoform-specific knockout mouse models.

FGF2 ISOFORMS IN AORTIC ARCH ARTERY DEVELOPMENT
Exogenous recombinant FGF2 treatment enhances angiogenesis and arteriogenesis in animal
models of peripheral arterial occlusion (Baffour et al., 1992; Bush et al., 1998). Increased
expression of FGF2 is associated with growing and newly formed microvascular segments
in or around ischemic tissues (Walgenbach et al., 1995; Bush et al., 1998). Therefore, FGF2
is implicated in vascular growth and remodeling. Studies from Fgf2−/− mice have pointed
out an important role of FGF2 in controlling the vascular tone in adult mice (Zhou et al.,
1998). In addition, intracrine and autocrine function of overexpressed FGF2 protein
isoforms in vascular SMC has been described in mice (Davis et al., 1997). Nuclear
expression of FGF2 in blood vessels has been previously described in adult bovine
cardiovascular tissues (Kardami and Fandrich, 1989). However, immunohistochemical
localization in developing rat hearts has revealed cytoplasmic staining of FGF2 in SMC of
the vascular wall of the aorta (Spirito et al., 1991). Collectively, although these studies
suggest that FGF2 is important for development of the aortic arch artery system, a clear
understanding of the subcellular distribution of LMW and HMW FGF2 has yet to emerge.
Recent studies done in our laboratory have found that nuclear FGF2 predominates in SMC

Liao et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the vascular walls of the aortic arch in E18.5 embryos (Fig. 3Q–S). Furthermore, this
nuclear staining becomes less intense in vascular endothelium (Fig. 3R, arrow). Overall,
these data are in concordance with the known function of FGF2 in adult vascular SMC in
various experimental models, and the predominantly nuclear FGF2 localization observed
suggests important functions of HMW FGF2 in development and remodeling of the great
vessels.

IMPORTANCE OF FGF2 LMW AND HMW ISOFORMS IN ISCHEMIA–
REPERFUSION INJURY AND CARDIOPROTECTION

Myocardial ischemia–reperfusion (I-R) injury represents a major clinical problem associated
with cardiac dysfunction, arrhythmias, and irreversible cardiomyocyte damage (Dhalla et al.,
2000). There is significant experimental evidence that growth factors, particularly fibroblast
growth factors (FGF), elicit a long-term cardioprotective effect through their angiogenic
properties (Frelin et al., 2000). Evidence also suggests that growth factors, including FGF2,
can acutely protect the heart from I-R injury independent of their vascular actions (Padua et
al., 1995; Cuevas et al., 1997b; Wang et al., 2000; House et al., 2003; Molin and Post, 2007;
Nishijima et al., 2007). FGF2 protects the heart from I-R injury as demonstrated by the
improvement in postischemic cardiac function and reduction in myocardial infarction (MI;
Unger et al., 1994; Padua et al., 1995, 1998; Hasdai et al., 1997; Horrigan et al., 1999;
Cuevas et al., 2000; Dhalla et al., 2000; Sheikh et al., 2001; House et al., 2003), both indices
of cardioprotection. Currently, the roles of the LMW and HMW FGF2 isoforms in I-R
injury and cardioprotection remain to be elucidated. Understanding the biological
function(s) of the individual FGF2 isoforms in cardioprotection is of great clinical
importance and may lead to the development of novel pharmacologic or gene therapy
strategies for ischemic heart disease.

There is evidence that the LMW isoform of FGF2 participates in cardiac (Unger et al., 1994;
Padua et al., 1995, 1998; Hasdai et al., 1997; Horrigan et al., 1999; Cuevas et al., 2000;
Sheikh et al., 2001; Liao et al., 2007b), renal (Villanueva et al., 2006), intestinal (Fu et al.,
2003), and cerebral (Jiang et al., 1996; Cheung et al., 2000; Zhang et al., 2005) I-R injury.
These actions of the FGF2 LMW isoform may involve, but do not require, angiogenic
activity. In a canine model of permanent coronary artery occlusion, intracoronary injection
of recombinant LMW FGF2 reduces infarct size, which is associated with an increase in
myocardial capillary density a week after infarction (Horrigan et al., 1999). Exogenous
treatment with LMW isoform increases capillary density and blood flow in the ischemic
myocardium by means of growth of new collateral vessels (Unger et al., 1994) and induces
nephrogenic proteins after acute ischemic renal failure (Villanueva et al., 2006). In the brain,
exogenous administration of FGF2 LMW isoform alleviates brain injury following global
ischemia and reperfusion by down-regulating the expression of inflammatory factors and
inhibiting their activities (Zhang et al., 2005). In the isolated adult rat or mouse heart model,
recombinant rat FGF2 LMW isoform given by retrograde perfusion protects the heart from
subsequent I-R–induced contractile dysfunction and myocardial cell damage and preserves
cardiac energy metabolism (Padua et al., 1995). Also, addition of the FGF2 LMW isoform
protects cultured neonatal cardiomyocytes from H2O2-induced cell injury and death (Cuevas
et al., 1997a; Padua et al., 1998; Sheikh et al., 2001). Mouse models overexpressing the rat
FGF2 LMW isoform (Sheikh et al., 2001) or lacking (Liao et al., 2007b) the murine LMW
isoform demonstrate its importance in cardioprotection against I-R injury. Our laboratory
demonstrated that the FGF2 LMW isoform is beneficial in protecting the heart from
myocardial dysfunction, while the FGF2 HMW isoforms have a deleterious role with regard
to protecting the heart from myocardial dysfunction after global, low-flow I-R injury (Liao
et al., 2007a,b; unpublished data, Fig. 4). Yet, both LMW and HMW FGF2 isoforms are
necessary in protecting the heart from myocardial cell injury/death (Liao et al., 2007a,b; and
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unpublished data). These actions of the FGF2 isoforms in I-R injury are independent of the
angiogenic activity of this growth factor (Liao et al., 2007a,b; and unpublished data).

Reperfusion of the ischemic myocardium, while necessary for restored function, also adds
risk because it is associated with exacerbation of cell injury and death (Gross and
Auchampach, 2007). Factors that can reduce damage during development of an MI and
during reperfusion will attract much attention clinically (Garcia-Dorado et al., 2006;
Hausenloy and Yellon, 2006). An in vivo study showed that the FGF2 LMW isoform,
injected into the left ventricle of rats after coronary occlusion, exerts significant protection
from tissue loss and contractile dysfunction (Jiang et al., 2002). Furthermore, an ex vivo
study also demonstrated that perfusion with the recombinant rat FGF2 LMW isoform during
reperfusion results in significantly improved contractile recovery and reduced apoptotic cell
death (Jiang et al., 2004).

Several proposed mechanisms may lead to the protective effect of FGF2 LMW isoform in I-
R injury. It is speculated that FGF2 LMW isoform-mediated cardioprotection requires
activation of FGFR1. For example, Jiang and colleagues (Jiang et al., 2002) showed that the
cardioprotective effect of exogenous treatment of recombinant rat LMW FGF2 to rat hearts
during I-R injury involved FGFR1 activation. Our unpublished data indicate that the LMW
isoform is released from the heart during I-R injury and elicits protection by interacting with
FGFR1. In our study, an FGFR inhibitor (PD173074) caused a significant decrease in
postischemic cardiac function in both wild-type and FGF2 HMW KO (presence of only the
LMW isoform) mice. The role of human myocardial FGFR4 in I-R injury and
cardioprotection remains to be elucidated.

There are three major signal transduction pathways of FGF, including PLC/PKC, Ras-Raf-
MEK-MAP kinase, and PI3K/Akt, which are initiated upon FGFR activation (Friesel and
Maciag, 1995; Bikfalvi et al., 1997; Padua et al., 1998; House et al., 2007). Overexpression
of the rat FGF2 LMW isoform increases membraneassociated PKCα and cytosol-associated
PKC∊ (Sheikh et al., 2001), which would be expected to elicit cardioprotection. Our
laboratory has shown that FGF2-induced cardioprotection (by means of cardiac-specific
overexpression of the human Fgf2 gene) is mediated by a PKC-dependent pathway and that
the PKC and MAPK signaling cascades are integrally connected downstream of FGF2
(House et al., 2007). Chelerythrine blocks the protective effect when exogenous
recombinant rat FGF2 LMW isoform is administrated to isolated hearts (Padua et al., 1998)
or cardiomyocytes (Jiang et al., 2002). Findings from our laboratory also demonstrate that
FGF2 elicits its cardioprotective effect against postischemic cardiac dysfunction and
myocardial infarction by activating ERK and inactivating p38 (House et al., 2005).
Particularly, the ERK pathway is involved in FGF2 LMW isoform-mediated
cardioprotection by acting as an upstream activator of PKC (Sheikh et al., 2001).
Furthermore, evidence from our lab also indicates that endogenous ablation of the FGF2
LMW isoform results in a poorer recovery of cardiac function after ischemia–reperfusion
injury and the protective effect mediated by LMW isoform of FGF2 involves inactivation of
the MKK7/JNK/c-Jun pathway (Liao et al., 2007b). In addition, exogenous administration of
the recombinant rat FGF2 LMW isoform causes a hyper-phosphorylation of connexin
(Cx)-43 in vitro (Doble et al., 1996, 2004) and in the adult perfused heart (Srisakuldee et al.,
2006) by means of the PKC pathway. Altered localization of Cx-43 from gap junctions to
mitochondria and overall reduction in Cx-43 levels are common features of ischemic heart
disease (Smith et al., 1991; Peters and Wit, 2000). FGF2 LMW isoform causes a decrease in
mitochondrial coupling by phosphorylation of Cx-43 (Doble et al., 1996). Administration of
recombinant rat or human FGF2 LMW isoform during reperfusion can also activate several
intracellular signals (PKC, ERK, Akt), which are expected to mediate its beneficial effects
(Horrigan et al., 1999).
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No direct evidence suggesting the involvement of FGF2 HMW isoforms in I-R injury was
available until recently, when the Kardami group (Jiang et al., 2007) showed that
intramyocardial injection of the recombinant rat 23-kDa FGF2 HMW isoform caused an
improvement in cardiac function and a decrease in myocardial infarct size 24 hr after MI;
however, 7–8 weeks after MI, the improvement in cardiac function and decrease in
myocardial infarct size disappeared, possibly due to the postischemic hypertrophic effect of
FGF2 HMW isoforms. Yet, the endogenous role of the FGF2 HMW isoforms in I-R injury
has not been elucidated. Data from our lab indicate that mice lacking the endogenous FGF2
HMW isoforms had a significant improvement in postischemic cardiac function after I-R
injury (unpublished data, Fig. 4). Conversely, we show that in mice overexpressing the 24-
kDa human FGF2 HMW isoform, postischemic cardiac function was significantly decreased
after I-R injury (unpublished data, Fig. 4). During cardiac I-R, the LMW isoform was
detected in coronary effluent, while the HMW isoforms were not released from the heart.
Overall, our evidence indicates that FGF2 HMW isoforms have a deleterious effect in
cardiac I-R injury. Furthermore, recent evidence suggests that FGF2HMWmay be cytotoxic
by increasing cytochrome C release and levels of Bax, a pro-apoptotic protein, in human
embryonic kidney cells (Ma et al., 2007).

Coronary artery disease is the leading cause of death in the US and other industrialized
countries (Association, 2007). Recent studies suggest the possibility of a novel therapeutic
approach to protect the heart from I-R injury that relies on stimulation of collateral blood
vessel growth by means of FGF2 (Sellke et al., 1998; Laham et al., 1999; Rajanayagam et
al., 2000; Udelson et al., 2000; Unger et al., 2000; Post et al., 2001; Simons et al., 2002).
Current clinical trials use recombinant human FGF2 (LMW isoform only) in the treatment
of coronary artery disease (Sellke et al., 1998; Laham et al., 1999, 2000; Udelson et al.,
2000; Simons et al., 2002). These studies are evaluating the utility of the angiogenic
properties of FGF2 for treating patients with coronary heart disease. Most of the completed
studies focused on testing the safety and efficacy of FGF2 in patients with coronary artery
disease (Sellke et al., 1998; Laham et al., 1999, 2000; Udelson et al., 2000). With the
treatment, patients in the FGF2 group had no angina 3 months after bypass surgery, while
the placebo group had recurrent angina (Sellke et al., 1998; Laham et al., 1999). These
effects are dose-dependent compared with the placebo-controlled group (Laham et al.,
1999). Further studies show that the delivery of FGF2 results in attenuation of stress-
induced ischemia and an improvement in resting myocardial perfusion injury up to 180 days
after treatment (Udelson et al., 2000), but with a dose-dependent hypertensive effect
(Udelson et al., 2000). However, a recent study failed to show improvement of cardiac
function after exercise (Simons et al., 2002), indicating inconsistent efficacy and potential
side effects of FGF2. The chronic angiogenic effect of FGF2 is a feasible therapy for
patients with coronary heart disease and this treatment modality could even be used in
patients at risk for coronary artery disease. However, when a patient has an acute ischemic
event, the angiogenic effect of FGF2 is not immediate. Therefore, the nonangiogenic
cardioprotective actions of FGF2 are also crucial for its potential therapeutic value in
patients with acute ischemic heart disease.

FGF2 ISOFORMS IN CARDIAC HYPERTROPHY
The role of FGF2 in the hypertrophic response in the heart has been well established, since it
was first noted that FGF2 may up-regulate proteins corresponding to those induced by
increased hemodynamic load (Parker et al., 1990). In a rat model of hypertrophy using aortic
ligation, both FGF2 and FGFR-1 were found to be up-regulated (Hellman et al., 2008).
Similarly, a mouse model of pressure-overload hypertrophy showed an increase in Fgf2
mRNA (Spruill et al., 2008). This up-regulation of FGF2 has also been confirmed in humans
with studies examining mRNA levels in patients with ventricular hypertrophy (He et al.,
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2005). The dependence of pressure-induced hypertrophy on FGF2 has been confirmed in our
laboratory, which showed that a mouse model lacking the Fgf2 gene, subjected to pressure
overload by means of aortic coarctation, had a reduced hypertrophic response (Schultz et al.,
1999). In addition to pressure-induced hypertrophy, biochemical signals associated with
hypertrophy also increase FGF2 production, with higher levels of FGF2 protein and mRNA
found in rats injected with a high dose of isoproterenol (Padua and Kardami, 1993).
Additionally, angiotensin II fails to induce compensatory hypertrophy in mice lacking FGF2
(Pellieux et al., 2001).

Many of these investigations, while confirming FGF2’s role in hypertrophy, do not
distinguish the roles of individual isoforms of FGF2. In vitro studies of neonatal
cardiomyocytes show that overexpression of both LMW and HMW FGF2 isoforms increase
cell proliferation, but overexpression of only the FGF2 HMW isoforms cause binucleation
independent of FGFR pathways, possibly by directly affecting chromatin structure
(Pasumarthi et al., 1996; Sun et al., 2001). The expression of FGF2 LMW isoform is up-
regulated in hearts subjected to hemodynamic stress and undergoing hypertrophy (Kardami
et al., 2004; House, 2005). Administration of the recombinant human FGF2 LMW isoform
to ventricular myocytes causes hypertrophy in the absence of mechanical stress (Kaye et al.,
1996) and reactivation of fetal forms of contractile proteins (Parker et al., 1990). Data also
indicate that HMW FGF2 overexpression in NIH-3T3 cell line can stimulate the production
of IL-6 cytokines (Delrieu et al., 1998), which can mediate a hypertrophic response
(Molkentin and Dorn, 2001), with a corresponding down-regulation of IL-6 by LMW FGF2
administration. Furthermore, evidence by Kardami and colleagues (Kardami et al., 2004)
suggests that cardiac hypertrophy is only associated with HMW FGF2, and not the 18-kDa
LMW isoform, as administration of HMW FGF2 alone results in a 40% increase in cell size
of cultured rat myocytes. Additionally, the Kardami group (Jiang et al., 2007) found that
subjecting rat hearts that have undergone left coronary artery ligation to exogenous HMW
and LMW FGF2 demonstrates that high, but not low, molecular weight isoforms of FGF2
are responsible for hypertrophic remodeling after MI. In contrast, LMW FGF2
administration did not correspond to an increase in cellular protein synthesis or left
ventricular (LV) mass/body mass ratio, but did contribute to an increase in small vessel
density in hearts after MI. This study also investigated potential pathways for HMW FGF2-
enhanced cardiac hypertrophy, examining prohypertrophic cytokines of the IL-6 family. It
was found that cardiotrophin-1 and gp130, both of which have been implicated in the
hypertrophic response, are found in higher levels in all compartments of the heart when
HMW FGF2 is administered (Aoyama et al., 2000; Freed et al., 2003). Our data
(unpublished) are consistent with those of the Kardami group, such that no spontaneous
cardiac hypertrophy is observed in FGF2 HMW KO hearts (only the endogenous LMW
FGF2 isoform is present). Interestingly, our studies (unpublished) using nonischemic 24-
kDa HMW Tg hearts demonstrate no spontaneous cardiac growth, indicating that neither the
murine FGF2 LMW isoform nor the human FGF2 24-kDa HMW isoform caused
spontaneous hypertrophy in our mouse models. This inconsistency in the effect of FGF2
HMW isoforms on cardiac hypertrophy may be due to differences in the models. In the
studies by Kardami and investigators (Kardami et al., 2004; Jiang et al., 2007), the FGF2
HMW isoforms were given exogenously in the short-term (days) to cardiomyocytes or
whole heart, while in our mouse models, the human 24-kDa FGF2 HMW isoform was
overexpressed chronically from birth. This observed difference may be due to either the
timeframe when the measurements are taken or the difference between exogenous treatment
and endogenous activity. Because the HMW FGF2 isoforms and the FGF2 LMW isoform
bind to heparan with similar affinity, it is possible that the exogenously administered FGF2
HMW isoforms can act by means of a paracrine/autocrine mode of action with the FGFR,
while the FGF2 HMW isoforms overexpressed endogenously work solely in an intracrine
manner. These findings may also indicate that other growth factors absent from the in vitro

Liao et al. Page 10

Dev Dyn. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



system, such as TGFβ (Schultz et al., 2002; Azhar et al., 2003), may mediate the
hypertrophic response in vivo, or that hypertrophy is not triggered in the myocardium until
an ischemic or hypoxic event activates growth factor release and hypertrophic signaling
(Speir et al., 1992). The stimulus by which HMW FGF2 induces hypertrophy is not yet
clear. In addition, the precise mechanism by which FGF2 HMW isoforms are able to
stimulate up-regulation of pro-hypertrophic cytokines is assumed to be intracrine, due to the
nuclear localization of the isoforms, but has yet to be determined.

ROLES OF FGF2 ISOFORMS IN VASCULAR ALTERATION AND
ANGIOGENESIS

The process of angiogenesis, in which new blood vessels form from preexisting vessels by a
process of proliferation and migration of endothelial and vascular smooth muscle cells,
holds promise as a means of revascularizing the diseased and infarcted heart in a
noninvasive manner (Yanagisawa-Miwa et al., 1992; Unger et al., 1994). Because FGF2 is a
known activator of mesoderm migration (Montesano et al., 1986) and angiogenesis has been
implicated as a major exacerbating factor in human cancer, widespread investigation into the
role of FGF2 and its isoforms in this process has already taken place.

An early in vitro study of human FGF2 isoform overexpression in cultured aortic endothelial
cells began to delineate the different roles of LMW FGF2 and HMW FGF2 in angiogenesis
or vasculogenesis (Davis et al., 1997). While all FGF2 isoforms increased DNA synthesis,
the nuclear FGF2 (presumed HMW) isoforms did so to a greater extent, suggesting their role
in endothelial proliferation. Although the predominantly cytosolic, secreted, LMW isoform
was responsible for increased endothelial cell growth, intracrine-acting (HMW) isoforms
were able to amplify the proliferative effects of other growth factors, including PDGF and
vascular endothelial growth factor. The Levin group (Piotrowicz et al., 2001) expanded on
these findings, observing that the various N-terminal extensions found exclusively in FGF2
HMW isoforms inhibit migration, while the domains common to all FGF2 isoforms
stimulate growth. This finding was confirmed in vivo, where expression of a truncated form
of HMW (human 24 kDa) FGF2 consisting only of its 86 N-terminal amino acids inhibited
tumor growth before vascular infiltration as well as tumor vascularization itself, but not
chemotaxis of immune cells (Levin et al., 2004). Additionally, the occasional appearance of
LMW FGF2 in the nucleus was traced to a C-terminal sequence that was postulated to
interact with the remaining, nonmethylated, N-terminus of that isoform (Foletti et al., 2003).
Thus, all FGF2 isoforms became candidate modulators of transcriptional activity.

To gain insight into which components of angiogenesis are promoted by the different FGF2
isoforms, DNA microarray technology has been used to examine changes in gene
transcription instigated by expression of either LMW or HMW FGF2 in clones of an
endothelial cell line (Quarto et al., 2005). LMW FGF2, as expected, increased transcript
levels of VEGF-independent angiogenic markers RPS5 and ANGPT1-4. However, HMW
FGF2 increased transcription of growth arrest marker NF1X and tumor suppressor ST5,
while decreasing proliferative markers PCNA and Egr1 and ribosomal activity marker
MAPK6. The results of the study suggested that, at least in basal conditions, the intracrine
effects of HMW FGF2 may suppress angiogenic signals until being overwhelmed by
dominant, receptor-mediated, autocrine/ paracrine LMW FGF2 proliferative signals.

Studies of FGF2 signaling induced by estrogen provide significant insight into the roles of
FGF2 isoforms in the migratory and proliferative components of angiogenesis. Estradiol
(E2) was previously known to stimulate vascular MAPK signaling in vitro by means of an
FGF2 autocrine loop (Kim-Schulze et al., 1998). Using cultured endothelial cells obtained
from the Fgf2 KO (all FGF2 isoforms ablated) and the LMW FGF2 isoform KO (only
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HMW isoforms present) mouse models developed by the Doetschman group, the Arnal
group (Garmy-Susini et al., 2004) showed that up-regulation of intact FGF2 HMW isoforms
by E2 promotes cell migration in culture regardless of LMW FGF2 expression. On the other
hand, DNA synthesis could not be induced by E2, but was induced by exogenous
recombinant LMW FGF2 administration, in both Fgf2 KO and LMW KO cells, suggesting
that LMW FGF2 is required for E2-dependent proliferation observed in wild-type
endothelial cells. Signaling through the estrogen α receptor accomplished a switch in
predominant FGF2 protein isoform expression from LMW to HMW, concurrent with a 2.5-
fold decrease in FGF2 mRNA expression, perhaps by increasing reliance on 3′ untranslated
region elements for translation at upstream CUG sites. Estrogen also increased expression of
high-affinity FGFR1IIIc receptors whose subsequent loss did not affect cell migration,
suggesting the possibility of an altered response to extracellular LMW FGF2. A previously
unknown FGF2-interacting factor was also identified in the study, which is up-regulated by
estrogen receptor signaling and required for the nuclear effects of the remaining FGF2
HMW isoforms in LMW KO mice. Overall, these results are consistent with a requirement
for all protein isoforms of FGF2 in estrogen-dependent angiogenesis.

Conflicting evidence regarding the synergistic and antagonistic actions of LMW and HMW
FGF2 isoforms raised interest in the spatiotemporal profile of the angiogenic actions of
FGF2. Furthermore, previous models did not directly account for the context of tissue
injury, such as that encountered during atherosclerosis and MI. Thus, an in vivo model of
perivascular electric injury was used in conjunction with reciprocal bone marrow
transplantation involving Fgf2 KO (all isoforms ablated) and wild-type mice. The Arnal
group (Fontaine et al., 2006) determined that Fgf2 gene expression was required in bone
marrow, but not in the remainder of the animal, for vascular repair. Furthermore, they found
that estrogen signaling increased expression of all FGF2 protein isoforms in the bone
marrow, but only HMW FGF2 in aortic-derived endothelial cells cultured from the mice.
These findings suggest that FGF2 expression by endothelial progenitor cells from the bone
marrow are responsible for formation of new vessels, while FGF2 in the damaged or
stressed existing vessel may promote recruitment of the progenitors. Additionally, the
Pintucci group (Yu et al., 2008) demonstrated cleavage of HMW FGF2 by thrombin to a
LMW-like form with a short N-terminal extension, ELF-2. The stimulation of endothelial
cell migration and proliferation by ELF-2 suggests a possible FGF2 HMW isoform-
mediated recruitment mechanism.

Findings regarding FGF2 isoform action in the context of cancer may also provide insight
for developing effective methods to induce reparative angiogenic activity on a background
of cardiovascular injury. In estrogen-responsive pituitary tumors, vascular channels
increased in number and diameter after 20 days of treatment with estrogen, commensurate
with LMW FGF2 expression and localization of FGF2 to the mitochondria and euchromatin
in the pituitary lactotrophs and gonadotrophs (Mukdsi et al., 2006). The proposed
mechanism of FGF2 in this model, including cell communication loops involving Src
kinase, Ras-p21, MAPK-p44/42, and cFos that maintain the lactotroph phenotype, may also
be involved in communication between endothelial and vascular smooth muscle cells. A
recent investigation, in which human melanoma cell lines transfected with vectors encoding
only LMW FGF2 or all FGF2 isoforms were used as tumor grafts, showed increased density
and smaller diameter of tumor vasculature attributable to LMW FGF2 in one cell line
(Fontijn et al., 2007). However, some HMW isoform expression was permitted in the LMW-
transfected clones. The differences between the cell lines may a reveal dependence of FGF2
isoform actions on the overall gene expression profile, including levels of other growth
factors, which could correlate to regional physiological differences in vascular expression of
FGF2 isoforms and their angiogenic effects.
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PERSPECTIVES ON FGF2 ISOFORMS IN THE CARDIOVASCULAR SYSTEM
Several investigators have independently produced Fgf2 knockout mice (Zhou, 1997; Dono
et al., 1998b; Ortega et al., 1998). These mice have revealed important roles of FGF2 in
cardiac hypertrophy (Schultz et al., 1999), I-R injury and myocardial infarction (House et
al., 2003; Kardami et al., 2007), neuronal regeneration (Vaccarino et al., 1999), bone
development and remodeling (Coffin et al., 1995; Montero et al., 2000), and vascular
remodeling and vascular tone control (Zhou et al., 1998). FGF2 has the potential to be a
powerful molecular therapeutic tool in the treatment of cardiovascular disease. Although
FGF2 has been a candidate for treatment of ischemic heart disease for some time, clinical
trials using FGF2 for gene therapy have been disappointing (Simons et al., 2002; Syed et al.,
2004). The discovery of multiple isoforms of this growth factor has opened the possibility of
therapeutic strategies that take advantage of the individual actions of each isoform to treat
various cardiovascular diseases with regional or end-organ effects in mind. Exercise and
statin treatments are regularly used in the management of cardiovascular disease,
particularly in atherosclerosis. The proposal of the Arnal group (Fontaine et al., 2006), that
the estrogen signaling-based induction of FGF2 may apply to other stressors or mitigants of
stress, should be explored. Particular attention should be paid to addressing the roles that
individual FGF2 isoforms may play in each context. Clearly, a better understanding of
isoform-specific function of FGF2 in cardiovascular development and adult physiology will
provide useful information that would be helpful in further advancing the field and realizing
its clinical benefits.

This review provides evidence that the FGF2 LMW isoform and HMW isoforms have
opposing roles in I-R injury and cardioprotection, which may be a reason that several
ongoing clinical trials do not observe a sustained improvement in cardiac function (Sellke et
al., 1998; Laham et al., 1999, 2000; Udelson et al., 2000; Simons et al., 2002). Most of the
studies ignore the presence of the endogenous FGF2 HMW isoforms, which may counteract
the beneficial role of the administered FGF2 LMW isoform. Also, a significant limiting
factor to clinical trials on the safety and efficacy of FGF2 has been the inability to stably
deliver any HMW isoform directly to patients. The development of noncleavable human
recombinant HMW FGF2 with isoform specificity and nuclear delivery could provide some
insight into the role of this isoform in cardiovascular protection. Additionally, further study
of the thrombin-cleaved form of HMW FGF2, ELF-2, could help to delineate the dynamic
effects of FGF2 isoforms. The apparent paradox of context-dependent synergy and
antagonism between LMW and HMW FGF2 could also be clarified by exploring both acute
and chronic changes in gene expression upon introduction of FGF2 isoform overexpression,
particularly with regard to the presence and absence of the nuclear FGF2 interacting factor.
If a therapy can harness the beneficial effects of both isoforms, it will produce greater
cardioprotection. Furthermore, the inhibitor of FGFR (PD173074), which demonstrated that
FGFR1 is necessary for LMW-induced postischemic recovery of cardiac function, is
currently being evaluated in a clinical trial for cancer treatment (Sessa et al., 2006).
However, potential actions of the inhibitor in the cardiovascular system, particularly
abrogation of the cardioprotective effects of FGF2, needs to be taken into consideration
when considering its usage in cancer treatment. Similarly, it is necessary to consider and
account for the cardiovascular effects of both FGF2 LMW and HMW isoforms to develop
effective therapies for treating ischemic heart disease.

Finally, development of novel mouse models with targeted ablation and transgenic
overexpression of LMW and HMW isoforms of FGF2 have provided new avenues for
determining the in vivo developmental and physiological function of these isoforms in the
cardiovascular and other systems. Overexpression of human FGF2 isoforms on a murine
Fgf2 KO background, as previously proposed (Davis et al., 1997), would likely yield great
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insight into isoform function without the mitigating factor of endogenous expression.
Inducible and/or knockin models may represent direct approaches to delineating and
differentiating acute and chronic FGF2 isoform effects.
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Fig. 1.
Low and high molecular weight isoforms of fibroblast growth factor 2 (FGF2). A:
Schematic depicting the multiple FGF2 isoforms in mouse (m) or human (h) arising from
different translational start sites. B: Representative Western blot of FGF2 isoform
localization in nonischemic wild-type (Wt), FGF2 low molecular weight knockout
(LMWKO) and FGF2 high molecular weight knockout (HMWKO) adult mouse hearts. In
Wt hearts, the LMW, 18-kDa isoform was localized to the cytosolic (Cy) and nuclear (N)
fractions of the heart; whereas, the HMW, 20.5 and 21 kDa, isoforms were nuclear
localized. In the absence of the LMW isoform (FGF2 LMWKO), the HMW isoforms were
only expressed in the nucleus. In the absence of the HMW isoforms (FGF2 HMWKO), the
LMW isoform was localized in the cytoplasm and nucleus of the heart. β-actin is a cytosolic
protein and used as a measure of cytosolic fraction enrichment. The cytosolic fraction
depicts cytosolic FGF2 and extracellular FGF2. Histone-1 is a nuclear protein and used as a
measure of nuclear fraction enrichment. n = 3 per group.
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Fig. 2.
Gene targeting scheme for generating fibroblast growth factor 2 (FGF2) isoform knockout
mice. A: Tag and Exchange gene targeting strategy for producing the Fgf2lmw-ko exchanged
allele. The ATG site in the genomic DNA is mutated, which also results in a diagnostic PstI
site. B: Representative Western blot showing the complete absence of all FGF2 isoforms in
Fgf2−/− mice and of the low molecular weight (LMW) isoform in Fgf2lmw-ko/lmw-ko mice.
B, BamHI; H, HindIII; N, NarI; P, PstI; S, SacI; Sm, SmaI; X, XbaI. Asterisk in the
exchange construct and exchanged allele indicates the mutations and the resulting PstI site.
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Fig. 3.
Immunohistochemical (IHC) localization of fibroblast growth factor 2 (FGF2) isoforms in
wild-type fetal cardiovascular tissues at embryonic day (E) 18.5 day of gestation. A–C:
Cardiac muscle actin (HHF-35) IHC. D: Smooth muscle (SM) actin (1A4) IHC. E,J,O,S:
Rabbit IgG control antibody staining for the FGF2 IHC. F–I,K–N,P–R: FGF2 IHC in fetal
cardiovascular tissues using a rabbit anti-FGF2 antibody. J–N: Magnified images from the
boxes in E–I, respectively. IgG isotype control antibody staining reveals no significant
background staining. Brown color in A–S indicates horse-radish peroxidase staining, and
blue color shows nuclei stained with hematoxylin. Fibrous valve leaflets in A–C show
marked absence of muscle actin, whereas ventricular myocardium is strongly stained with
muscle actin marker. The walls of aortic arch are marked with significant SM actin
expression (D). FGF2 is predominantly localized in the nucleus in mesenchymal cells of the
aortic (F,K), mitral (G,L), tricuspid (H,M) and pulmonary (I, N) valves. Nuclear FGF2
staining in valve endothelium is reduced in comparison to the valvular mesenchyme (arrow
in L,N). The fibrous continuity (arrowhead in B,H) of the arteriovenous septum and fibrous
annulus of both aortic (arrow in F) and pulmonary (arrows in I) valves are also stained
strongly with nuclear FGF2. The adjacent myocardium (F–H,M) exhibit predominantly
cytoplasmic FGF2. Epicardium (arrow in P) exhibits strong nuclear FGF2 signal.
Epicardium-derived cells (arrowheads in P) in ventricular myocardium and which surround
the developing coronary vasculature are also predominantly stained with nuclear FGF2. The
subcellular localization of FGF2 is predominantly cytoplasmic in the ventricular
myocardium (asterisk in P). The wall of aortic arch shows significant FGF2 predominantly
in the nucleus of SMC (Q,R,D), whereas FGF2 is not detectable in endothelium of the
vascular wall of aortic arch (arrow in R). Scale bars (μm) are indicated in all micrographs.
m, myocardium; aov, aortic valve; tv, tricuspid valve; mv, mitral valve; pv, pulmonary
valves; aoa, aortic arch.
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Fig. 4.
Percent recovery of postischemic contractile function in wild-type (Wt, black bar), Fgf2
knockout (KO; gray bar), fibroblast growth factor 2 (FGF2) low molecular weight (LMW)
KO (striped bar), FGF2 high molecular weight (HMW) KO (dark gray bar), and NTg (black
bar) and 24-kDa Tg (line 20: light gray bar, line 28: white bar) hearts following 60 min
global low-flow ischemia and 120 min reperfusion. Recovery of cardiac function was
calculated using +dP/dt at 120 min reperfusion as a percent of its baseline measure. A: There
was a significant decrease in postischemic recovery of contractile function in Fgf2 KO and
FGF2 LMW KO hearts; whereas, an increase in recovery of postischemic contractile
function was observed in FGF2 HMW KO hearts compared with Wt hearts. B: There was a
significant decrease in recovery of postischemic contractility in 24-kDa HMW Tg (line 20
and line 28) hearts compared with NTg hearts. n = 5 for Wt and FGF2 HMWKO hearts, n =
6 for Fgf2 KO and FGF2 LMW KO hearts, n = 7 for NTg hearts, n = 5 for 24 kDa HMW Tg
line 20 hearts, and n = 6 for 24-kDa HMW Tg line 28 hearts. *P < 0.05 vs. Wt hearts.
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