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Abstract

Angiogenesis is a crucial process whereby new blood vessels are formed from pre-existing vessels
and occurs under both normal and pathophysiological conditions. The process is precisely
regulated through the balance between pro-angiogenic and anti-angiogenic mechanisms, and many
of these mechanisms have been well-characterized through extensive research; however, little is
known about how angiogenesis is regulated at the transcriptional level. We have recently shown
that deletion of the Forkhead box (Fox) transcription factor Foxcl in cells of neural crest (NC)
lineage leads to aberrant vessel growth in the normally avascular corneas of mice, and that the
effect is cell-type specific, because the corneas of mice lacking Foxcl expression in vascular
endothelial cells remained avascular. The NC-specific Foxcl deletion was also associated with
elevated levels of both pro-angiogenic factors, such as the matrix metalloproteases (MMPS)
MMP-3, MMP-9, and MMP-19, and the angiogenic inhibitor soluble vascular endothelial growth
factor receptor 1 (SVEGFR-1). Thus, FoxC1 appears to control angiogenesis by regulating two
distinct and opposing mechanisms; if so, vascular development could be determined, at least in
part, by a competitive balance between pro-angiogenic and anti-angiogenic FoxC1-regulated
pathways. In this review, we describe the mechanisms by which FoxC1 regulates vessel growth
and discuss how these observations could contribute to a more complete understanding of the role
of FoxC1 in pathological angiogenesis.

Introduction

Under both physiological and pathological conditions, new blood vessels are formed from
pre-existing vessels through a process called angiogenesis, which is precisely controlled by
the balance between pro-angiogenic and anti-angiogenic factors. Vascular endothelial
growth factor (VEGF)-A is perhaps the best known angiogenic factor described thus far, and
alternative splicing of the VEGF-A gene transcript generates several VEGF-A isoforms
(e.9., VEGF121, VEGF145, VEGF1g5, VEGF g9, and VEGFyggin humans) with different
activities and bioavailabilities (Woolard et al., 2009). The translated VEGF-A proteins are
stored in the extracellular matrix (ECM), and their bioavailability is enhanced by matrix
metalloproteases (MMPs), which catalyze the proteolytic release or cleavage of VEGF-A
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from the ECM (Arroyo and Iruela-Arispe, 2010; Bergers et al., 2000; Ferrara, 2010). Free
VEGF-A is responsible for controlling multiple processes of angiogenesis, whereas VEGF-
A bioavailability is also negatively regulated by a soluble form of VEGF receptor 1 (see
below).

VEGEF-A promotes angiogenic activity in vascular endothelial cells by binding to either of
two tyrosine kinase receptors, VEGF receptor 1 (VEGFR-1, also known as Flt-1) or
VEGFR-2 (also known as KDR in humans and as Flk-1 in mice), which stimulates
endothelial-cell proliferation, migration, and tube formation (de Vries et al., 1992; Terman
et al., 1992). Soluble VEGFR-1 (SVEGFR-1 or sflt-1) (Wu et al., 2010) is a truncated splice
variant that binds VEGF-A with high affinity but lacks the transmembrane region and
intracellular tyrosine-kinase domain of VEGFR-1; consequently, SVEGFR-1 functions as an
angiogenesis inhibitor by sequestering VEGF-A in the ECM. sVEGFR-1 is highly expressed
in the human cornea (Ambati et al., 2007), where it is crucial for maintaining corneal
avascularity (Ambati et al., 2006), and disruption of the balance between pro-angiogenic and
anti-angiogenic factors such as SVEGFR-1 can lead to abnormal growth of vessels from the
limbus of the eye into the cornea (i.e., corneal neovascularization), which affects millions of
people and is a leading cause of blindness or impaired vision (Regenfuss et al., 2008; Sassa
and Hata, 2010; Tolentino, 2009). Furthermore, because the cornea is uniquely avascular
and easily accessible, many pro/anti-angiogenic agents (including SVEGFR-1) have been
identified by evaluating their ability to influence the growth of corneal vessels (Montezuma
et al., 2009) in animal models of alkali burn injury (Ambati et al., 2003a; Ambati et al.,
2003b), corneal suture placement (Corrent et al., 1989; Williams and Coster, 1985), or the
corneal micropocket assay ( Kenyon et al., 1996; Rogers et al., 2007).

Forkhead box (Fox) transcription factors in vessel formation

Members of the Fox transcription factor family, including FoxC and FoxO, have been
implicated in vascular formation (Papanicolaou et al., 2008). During early stages of vascular
development, FoxC transcription factor interacts with the Ets transcription factor Etv2
(Etsrp71, ER71) to regulate endothelial-specific gene expression such as Flk-1 and VE-
cadherin (De Val et al., 2008). In fact, FoxC expression precedes £fv2in the lateral plate
mesoderm of the zebrafish embryo, and FoxC can bind to the £#v2enhancer (Veldman and
Lin, 2012). Morpholino knockdown of the zebrafish FoxC genes (foxclaand foxc1b) leads
to a reduction in Efv2expression, suggesting that in addition to the shared role in endothelial
gene regulation (De Val et al., 2008), FoxC functions upstream of Etv2 to control formation
of endothelial cell precursors (angioblasts) from the mesoderm during vasculogenesis
(Veldman and Lin, 2012). Interestingly, the primitive erythroid lineage is also affected in
FoxC morphant zebrafish, although it might be due to defective paraxial mesoderm
(Veldman and Lin, 2012). Lack of FoxC in zebrafish also results in defects in angiogenic
vessel patterning, disruptions in vascular basement membrane integrity, and increased
vascular permeability, as well as arteriovenous malformations (Skarie and Link, 2009).
Similarly, mice deficient for the FoxC homologs (FoxcI and Foxc2) show abnormal vessel
morphogenesis/remodeling and impaired arterial cell determination (Kume et al., 2001; Seo
et al., 2006). Taken together, FoxC acts as a key regulator for vascular development.

FoxC1 and corneal vessel growth

Axenfeld-Rieger Syndrome (ARS) is an autosomal-dominant genetic disorder characterized
by a variety of malformations in the anterior ocular segment (Alward, 2000; Chang et al.,
2012; Tumer and Bach-Holm, 2009), and patients whose ARS pedigree evolves from
mutations in FOXCI or from changes in FOXCI gene copy number often display evidence
of pathological corneal vessel growth (Seo et al., 2012). As described above, the
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involvement of FoxC1 in vascular formation during development has been demonstrated
previously, and we have recently shown that Foxcl is also a key inhibitor of corneal
neovascularization in mice (Seo et al., 2012). Mice homozygous for either a global FoxcI-
null mutation (i.e., Foxc1™'~ mice) (Kume et al., 1998) or for a FoxcI-null mutation in
neural crest (NC) cells (i.e., NC-FoxcI™~ mice) (Seo et al., 2012) die postnatally, but the
embryos displayed prominent evidence of vessel growth throughout the cornea, whereas the
corneas of mice that expressed a vascular endothelial-specific FoxcI-null mutation were
avascular. Furthermore, ocular abnormalities similar to those associated with FOXC1
mutations in patients with ARS were observed in homozygous NC-FoxcZ-null embryos or
heterozygous NC-FoxcI-null (NC-FoxcI*™) adult mice, and the limbal vessels of
heterozygous mutant embryos were disrupted (Seo et al., 2012). Collectively, these results
suggest that the abnormal corneal neovascularization observed in patients with FOXC1
mutations could be caused by the impairment of FOXCI regulatory activity in NC-derived
corneal stromal cells.

The growth of corneal vessels in response to alkali burn injury was also enhanced in adult
NC-FoxcI*'~ mice, and this enhancement was abolished by VEGF blockade, which suggests
that FoxC1 regulates corneal angiogenesis through a VEGF-dependent pathway. However,
corneal levels of VEGF expression in NC-Foxc1™/~ embryos were normal, while the
expression of MMP-3, MMP-9, and MMP-19, which are known to cleave and release
VEGEF-A from the ECM (Arroyo and lruela-Arispe, 2010; Ferrara, 2010; Lee et al., 2005),
were significantly upregulated. This apparent link between MMP proteins and FoxC1 or
other Fox transcription factors has been reported previously (Table 1): MMP7 is a key
component of the signaling pathway that mediates the FOXC1-induced invasion of breast
cancer cells (Sizemore and Keri, 2012), MMP-9 and MMP-13 expression are regulated by
FOXO03a (Storz et al., 2009), and the transcription of MMP-9 is activated in response to
tumor necrosis factor (TNF)-a by interactions between FoxO4 and Sp1 (Li et al., 2007).
Thus, FoxC1 appears to limit corneal angiogenesis by reducing MMP expression, which
subsequently limits the bioavailability (but not the amount) of VEGF in the ECM.

The Foxcl-null mutations in mice were also associated with elevated corneal levels of
SVEGFR-1 (Seo et al., 2012), which is counterintuitive, because sSVEGFR-1 is an
angiogenesis inhibitor. Thus, FoxC1 appears to control corneal vessel growth by regulating
at least two competing mechanisms: pro-angiogenic MMP-mediated increases in VEGF
bioavailability and anti-angiogenic sSVEGFR-1 upregulation (Fig. 1). MMP activity also
stimulates endothelial cell migration by degrading the ECM, and Foxcl deficiency in the
corneal stroma resulted in disorganization of the ECM (Seo et al., 2012). The mechanisms
by which FoxC1 influences sSVEGFR-1 levels have yet to be identified and may only be
induced during pathological corneal vessel growth; if so, SVEGFR-1 could be primarily
responsible for limiting vessel growth in the cornea, and its anti-angiogenic activity may be
impaired by the loss of FoxC1 expression.

Like FoxC1, the SOX (SRY [sex determining region Y]-related HMG [high mobility
group]-box) transcription factors are crucially involved in vascular development, and
abnormal corneal vascularity has been observed in mice heterozygous for the Ragged
Opossum (Ra®P) mutation (Francois and Ramchandran, 2012), which is a dominant-
negative Sox18 truncation that is believed to suppress the function of F-group SOX
members (Sox7, Sox17, and Sox18) (Francois et al., 2008; James et al., 2003). Thus, the
SoxF transcription factors may also function as angiogenic inhibitors in the developing
cornea, but whether SoxF interacts synergistically with FoxC1 or must be expressed in the
NC-derived corneal stroma to maintain corneal transparency has yet to be determined.

Trends Cardiovasc Med. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Koo and Kume Page 4

Future perspectives

Because FoxC1 is expressed in vascular endothelial cells, where it promotes angiogenic
activity (De Val et al., 2008; Hayashi and Kume, 2008; Kume et al., 2001; Skarie and Link,
2009), and our recent findings indicate that FoxC1 expression in the corneal stroma prevents
the growth of vessels from the limbus, the regulation of angiogenesis by FoxC1 appears to
be cell-type dependent. In the kidneys, hearts, and lungs of adult mice, Foxc1 is expressed
both by cells that are positive for CD31 expression, a marker for vascular endothelial cells,
and by CD31 ~ cells, which include fibroblasts and other types of nonvascular cells (Sasman
et al., 2012). Collectively, these observations suggest that the vasculature of these organs
could be determined, at least in part, by a balance between pro-angiogenic FoxC1 activity in
the vascular endothelium and anti-angiogenic FoxC1 activity in the surrounding fibroblasts
and nonvascular stromal cells. FOXC1 has also been shown to regulate the invasiveness of
basal-like breast cancers (Sizemore and Keri, 2012), and recent studies have linked the
survival of patients with breast cancer to variations in FOXC1 expression (Bloushtain-
Qimron et al., 2008; Muggerud et al., 2010). Thus, ablation of FoxC1 expression in specific
cell types could yield new insights into the growth of vessels both during normal
development and under pathological conditions.
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Figure 1.

FoxC1 regulates the precisely controlled balance between pro-angiogenic pathways (e.g.,
MMP-mediated ECM degradation and release of VEGF from the ECM, which increases
VEGF bioavailability) and anti-angiogenic pathways (e.g., SVEGFR-1-mediated VEGF
sequestration) in the cornea [This figure is adapted from ( Seo et al., 2012)].
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Regulation of MMP Expression by Fox Transcription Factors
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Fox Protein | MMP Tissueor Cell Type Reference
FoxC1 MMP7 Breast cancer tissue and breast cancer cell lines (Sizemore and Keri, 2012)
FoxM1 MMP9 Human colorectal tissue samples, pancreatic cancer cells, (Ahmad et al., 2010; Ahmed et al., 2012;
papillary thyroid carcinoma, and breast cancer cell lines (MDA- Uddin et al., 2011; Wang et al., 2010)
MB-231 and SUM149)
MMP2 Glioma cells, oral cavity squamous cell carcinoma, and (Chen et al., 2009; Dai et al., 2007; Wang et
pancreatic cancer cells al., 2007)
FoxO3a MMP9 Cancer cell lines (HeLa and MDA-MB-435) (Storz et al., 2009)
MMP13
MMP3 Endothelial cells (human umbilical vein endothelial cells) (Lee et al., 2008)
FoxO4 MMP9 Rat aortic smooth muscle cells, COS cells, and C2C12 cells (Li etal., 2007)
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