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Abstract
Foxcl and Foxc2 are closelyrelated members ofthe Forkhead/Fox transcription factor family.

The two Foxc genes have overlapping expression patterns in mesodermal and neural crest deriva
tives during development, as well as similar functions ofgene regulation. Consistently, mouse
mutants for each gene have similar abnormalities in multiple embryonic tissues, including the
eye, kidney and cardiovascular system. Analysis of compound Foxc1; Foxc2 mutant embryos
reveals that the two Foxc genes have dose-dependent, cooperative roles in development. In
particular, recent studies demonstrate that Foxcl and Foxc2 are essential for arterial cell speci
fication , lymphatic vessel formation, angiogenesis and cardiac outflow tract development. This
chapter will summarize and discuss current knowledge about the function ofFoxcl and Foxc2
in cardiovascular development.

Introduction
The cardiovascular system is the first functional unit to form in the developing vertebrate

embryo. The generation of the vasculature and heart requires a complicated series ofmorpho
genetic interactions involving cells of several embryonic origins. Indeed, congenital cardio
vascular defects represent the most common group ofhuman birth defects , but the molecular
mechanisms underlying the different anomalies still remain largely unknown. In particular,
many studies must be completed to fully understand gene regulation associated with critical
signalingpathways during cardiovascular development.This chapter will discuss recent findings
concerning the cooperative and overlapping roles of Foxcl and Foxc2 transcription factors in
this complex developmental process.

FoxCl and FoxC2 Proteins
Murine Foxc1 (formerly Mfl) and Foxc2 (formerly Mfbl] encode proteins with virtually

identical DNA binding domains (97% identity; 99% similarity), while the N- and C- terminal
flanking regions are somewhat diverse (56% and 30% homology, respectively).A duplication ofthe
ancestral FoxC gene is likely to have taken place in deurerostomes, ' as vertebrate speciesincluding
frog, chicken, mouse and human, possessthe two FoxC genes. Human FOXC1and FOXC2 genes
are located on chromosomes 6 (6p25) and 16 (16q22-q24), respectively, while mouse Foxc1 and
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Foxc2 genesare located on chromosomes 13 and 8 in regionsofconservedsyntenybetween hu
man and mouse,respectively (MouseGenome Informatics; http://www.informatics.jax.org).In
addition to in vitro DNA binding assays to determine the consensus DNA binding sequencefor
FOXCI,2 NMR structural analysis suggests that the two FOXC proteins act as monomers and
havethe samebinding specificity to target sequences.t Therefore, it is likely that the two proteins
regulate the samedownstreamrargeels) where they areco-expressed in the samecells.

Overlapping Expression ofFoxcl and Foxc2 during Development
While mouseFoxcl and Foxc2 are not transcribed in the axial-mesodermand its derivatives

such as the notochord, they showlargely overlapping domainsof expression in manyembryonic
tissues that arederivedfrom the nonaxialmesoderm, includingthe cardiovascular sysrem.r" For
instance,expression of Foxcl and Foxc2 is detected in endothelial and mesenchymal cells of the
developingheart and bloodvessels, secondheart field(SHF) progenitorsand their derivatives, as
wellas the proepicardium.Foxcl and Foxc2 areexpressed in arterialand venousendothelialcells
of the developingblood vessels.'? In addition, Foxcl and Foxc2 are co-expressed in neural crest
derivatives, includingcellspopulated in the pharyngealarchesand the endocardialcushionsof
the cardiacoutflowtract.13.14There are some regionsin which expression domainsofFoxcl and
Foxc2 do not overlap during development. Although transcriptsofboth Foxc genes are detected
in neuralcrest-derived periocularmesenchyme surroundingthe developing eye,15.16Foxcl, but not
Foxc2, isexpressed in mesoderm-derived periocularmesenchyme.15 Theonset of expression of the
Xenopus homologue of Foxc2 beforegastrulation is earlier than that of the Xenopus homologue
ofFoxclY

Developmental Defects in Foxc Mutant Mouse Embryos
While this chapter focuses primarilyon the functions of Foxcl and Foxc2 in cardiovascular

development, it shouldbenoted that single mousemutantsforeachgenesimilarlyexhibitnumerous
developmental abnormalities inaccordancewith theirbroadexpression patterns.Acomprehensive
summaryof the phenotypesofsingleFoxcmutant mice,aswellascompoundFoxcl;Foxc2 mutant
mice,is givenin Table 1.

Micethat arehomozygous for eitheraspontaneousmutation in Foxcl (congenital hydrocepha
lus, Foxclch) or an engineerednullmutation (Foxclla<Z) die prenatallyor perinatallywith identical
phenotypes.7.l8·19 Thesephenotypes include hemorrhagic hydrocephalus and multiple skeletal,
ocular, genitourinaryand cardiovascular defects, includingthe interruption or coarctationof the
aortic arch, ventricular septaldefects (VSD) and aortic and pulmonary valve dysplasia.6'8.16.2Q-22
Foxcl mutant micealsolackthe frontal bonesof the skullvault,derivatives of cranialneuralcrest
cells." Endothelial-specific Foxcl mutant mice have recently been generated and survive into
adulthood,but theseconditionalFoxcl mutant micehavedefects in thepostnatalmicrovasculature
(Table 1).24.25 In addition, a forwardgeneticscreenusingethylnitrosurea (END) mutagenesis has
recentlyidentifiedahypomorphicmousealleleforFoxcl (hole-in-the-head,Foxclhith) that survives
into adulthood."A missense mutation in the Foxcl hithalleleresultsin a Phe-to-Leusubstitutionat
amino acid 107within the secondhelixof the DNA bindingdomain,leadingto destabilizationof
the protein. Analysis ofFoxclhith hasrevealed that Foxcl playsa rolein meaningealdifferentiation,
thereby regulatingcorticaldevelopment.

Foxc2 null mutants alsodie pre or perinatallywith skeletal, genitourinaryand cardiovascular
defectssimilar to those seen in Foxcl homozygous mutants.5.6.8.12,13.27It isof interest to note that
Foxc2has been implicated in lymphaticvessel development. Heterozygous Foxc2 mutant mice
have hyperplasia of lymphaticvessels/" while homozygousFoxc2 mutant mice show defective
lymphaticvalves and abnormal pericyte recruitment oflymphatic vessels." Theseabnormalities
underlie congenital defects causedby FOXC2 mutations in humans (see below). Additionally,
endothelial cells isolated from heterozygous Foxc2 mutant mice exhibit impaired formation of
rnicrovessels." Together, thesefindings demonstrate that Foxcl and Foxc2 are requiredfor mam
malianembryonicdevelopment, includingthe cardiovascular system.
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Table 1. Developmentaldefects foundin Foxc mouse mutants
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Mutant

Foxct": (Foxe/ ch/»

Foxct": (Foxc1ch!ch)

Foxe/hUh/hUh

Conditional Foxcl
(Endothelial

specif ic)

Foxc?":

Foxcl:':

Foxcl:"; Foxc2<1

Foxcr"; Foxcr':

Phenotype

Delayed calvarial formation; Anterior segment abnorm alities

in the eye

Hydrocephalus; Malformations in the cranial and axial

skeleton; Duplex kidneys and double ureters; Impaired gonad

development; Anterior segment abnormalities in the eye

Hydrocephalus; Incomplete skull closure; Cortical dysplasia;

Microphthalmia

Reduced migration of endothelial cells; Reduced expression of
CXCR4 and Hey2

Hype rplastic lymphatic vessels; Extra eyelashes; Anterior

segment abnormalities in the eye; Impaired functions of

microvessels

Malformations in the cranial and axial skeleton; Hypoplastic

kidneys; Abnormal aortic arch pattern ing; VSD; Increased
pericyte investment and agenesisof valves of lymphatic

vessels; Abnormal glomerular development

Hypoplastic kidneys and a single hydroureter; Abnormal

aor tic arch patterning; VSD; Anterior segment abnormalities
in the eye

Die at around E12.5; Etiology of lethality is not determined

Small somites; expansion of intermediate mesoderm; Impaired

remodeling of blood vessels; Hypoplastic OFT; Apoptotic

neural crest; Abnormal epicardium

No somites formed ; Expansion of intermediate mesoderm;
Impaired remodeling of blood vessels; Disrupted arterial cell
specification; Absence of the OFT; Apoptotic neural crest
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Mutations in FOXCI and FOXC2 Genes Associated
with Developmental Disorders in Humans

Consistent with the importance ofFoxc genes in murine development, mutations of human
FOXCgenes have been found in individuals with congenital anomalies. Mutations ofthe human
FOXCl are associated with the dominantly inherited Axenfeld-Rieger anomaly (ARA), charac
terized by anterior chamber dysgenesis in the eye and congenital glaucoma [Online Mendelian
Inheritance in Man (OMIM) no. 601090].31.32 Foxcl+/- mice exhibit ocular abnormalities similar
to those seen in human ARA patients, but these Foxcl heterozygous mice do not show increased
intraocular pressure, the most important risk factor for glaucoma." Some humans heterozygous
for mutations in FOXCl have congenital heart defects such as mitral valve dysplasia and atrial
septal defects.13.3I.33

Mutations in human FOXC2 are responsible for the autosomal dominant syndrome,
Lymphedema-distichiasis (LD), characterized by the obstruction of lymphatic drainage of the
limbs and the growth ofan extra set ofeyelashes(0MIM no. 602402).34 In addition to lymphatic
valve failure, mutations of human FOXC2 are also associated with venous valve failure." while
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-15% of thesehumansexhibitconotruncalcardiacdefects," AlthoughFoxc2+/- micehavesimilar
ocularabnormalities asthoseseeninFoxc1+/- mice," LD patientswithFOXC2mutationspresent
mildanterior chamberabnormalities unassociated with glaucoma,"MutationsofhumanFOXCI
or FOXC2are likelyto lead to haploinsufficiency and no individuals that are homozygous for a
mutation of either FOXCI or FOXC2 havebeen found. Elucidationof overlapping functions of
the two FoxCgenesrequiredgeneticanalysis of compound Foxc1; Foxc2 mutant mice.

Cooperative Roles ofFoxc1 and Foxc2 in Cardiovascular Development
Todetermine functional interactionsbetweenFoxc1and Foxc2, the generationofcompound

Foxc1; Foxc2 mutant mice was performed. It is remarkable that the majority of compound
Foxc1; Foxc2 heterozygousmice from crosses of Foxc1+/-and Foxc2+/-mice die pre or peri
natally,whereas only a smallpercent of the compound hecerozygores surviveinto adulthood .
Most compound heterozygotesshow a similar spectrum of cardiovascular, genitourinary and
eye abnormalities like those seen in each single homozygous null mutant.6.13.22 These include
interruption/coarctation of the aortic arch, VSD, dysplasia ofthe aortic and pulmonary valves
and an abnormally thin myocardium.Thus, these findingsdemonstrate that the two Foxc genes
functionally overlapand cooperate with each other in vivoand that they playdose-dependent
roles in many aspectsofembryonic development.

Fromcrossing fertilecompoundFoxc1; Foxc2 heterozygores, compoundhomozygous and her
ere/homozygous embryos havebeen obtained and analyzed.8.10

•
11

.37 While compound Foxc1+/-;
Foxc2-/-andFoxc1-/-;Foxc2+/- mutantsdieat embryonic day12.0-12.5 (EI2.0-12.5),compound
homozygous embryosdie around E9.5 with a phenotype that is much more severe than that of
a single homozygote, a compound heterozygote, or a compound hetero/homozygous mutant
(Table1).Asdescribed below, compoundhomozygous embryosshowdisruptedarterialspecifica
tion.'? In addition, compound Foxc1+/-; Foxc2-/- mutants havea reduction in the number of
Proxl-positivelymphaticendothelialcells sproutingfrom the cardinalvein .!" Compound Foxc1;
Foxc2 mutantsalso have awidespectrumofearlycardiac abnormalities inadose-dependent manner. I I

Theseobservations further reinforce the ideaof gene-dosage effects of the two Foxc genes during
cardiovascular development. Ofinterest,zebrafish hasonlyonejoxC gene,joxCI, although,due to
genomeduplication, therearetwozebrafish homologues,jOxCl.l andflxCl .2.38GiventhatjOxC2
appearsto be absentfrom the zebrafish genome,39.40 knockdownofjOxCI.I, but not FoxCl.2, in
zebrafish resultsin the lackofsegmentedsornites,"a phenotypesimilarto that seenin compound
Foxc1; Foxc2 homozygous mousemutants (Table1).8It isthereforelikely that the cooperative roles
of the FoxC genes in development areconservedin vertebrates.

Foxc Function in Arterial Specification
During vasculardevelopment, angioblasts, which are rnultipotent endothelial progenitors

originatingfromthe mesoderm,coalesce and undergovasculogenesis to formtheprimitivecapillary
plexus. Angiogenesis, the subsequentprocessofvascularremodeling,whichgives riseto a mature
network of bloodvessels includingarteriesand veins, is regulatedin part byhemodynamicforces.
However, recent studiesin zebrafish and miceclearly demonstratethat in the developing embryo,
arterial and venous identity is establishedby genetic mechanisms before circulation begins.42.43
For arterialspecification (Fig. 1), vascular endothelialgrowth factor (VEGF) inducesexpression
ofNotch signalinggenes, includingNotchl and its ligand,Delta-like 4 (DIl4) and also triggers a
positive-feedbackloop by inducing expression of Neuropilin 1 (NrpJ), an arterial-specific core
ceptor for VEGF.Upon activationof Notch signaling, the Notch effectorgenes, Heyl/2 in mice
or gridlock in zebrafish, further promote arterialdifferentiation. In contrast, the orphan nuclear
receptor,COUP-TFII, is a determinant factor for venousspecification by inhibiting expression
of arterial specific genes, includingNrp1 and Notch/Dl14 (Fig. 1).44

Compound Foxc1; Foxc2homozygous mousemutants showdefective vascular remodelingof
primitive blood vessels and abnormalvascular connectionsbetweenarteriesand veins (socalled
arteriovenous malformations).8.10 Arteriovenousmalformations similarly developin endothelial
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Figure 1. Genetic program of arterial-venous specification during vascular development.
The VEGF and Notch pathways control the specification of arterial endothelial cells, wh ile
COUP-TF-II regulates venous cell fate. Foxcl and Foxc2 interact with VEGFand Notch signal
ing and thereby induce arterial-specific genes, DII4 and Hey2. Bi-directional Ephrin B2 and
EphB4 signaling is induced arterial and venous endothelial cells, respecti vely and is involved
in interactions between arter ies and veins.

cellsof mutant miceand zebrafish in which Notch signalingisdefective.45049 Endothelialcells of
compound Foxc1; Foxc2 homozygous mutants fail to express arterial-specific genessuchasNrp1
as wellas Notch signalingmolecules includingNotch1, DI14 and Hey2, whereas venousmarkers
such as COUP-TFII and EphB4 are normally expressed in compound homozygores." Most
significantly, Foxc1and Foxc2 candirectlyactivatethe DIUpromoter viaa Foxc-binding element
(FBE). Together, Foxcl and Foxc2 act upstreamof Notch signalingin arterial cellspecification
(Fig.1).10 Thisobservationisconsistentwith the roleofFoxc genesin regulationofNotch signaling
eventsduring the formation of the sornires,"

In addition to DIl4,a recent study has demonstrated that Foxcl and Foxc2 directly regulate
expression of the Notch target gene,Hey2 (alsocalledHRT2, HERP1, CHF1 and Hesr-2) , by
activatingits promoter in endothelialcells." Consistently, Foxc-mutant endothelialcells isolated
fromadult lungsofeitherendothelial-specific Foxc1 mutant miceor Foxc2+ /- miceshowreduced
expression of Hey2. The Hey2 promoter includes two FBEs that are adjacent to a binding site
for Suppressor of Hairless [Su(H)]. Upon activationof Notch signaling leadingto a proteolytic
cleavage to release the Notch intracellulardomain (NICD) into the cytoplasm, Su(H) interacts
with translocatedNICD in the nucleusand iscriticalfor Notch-mediatedHey2induction.When
Foxc2 is combined with NICD, the Hey2promoter is synergistically activatedas compared to
eitherFoxc2 or NICD. In contrast,Foxclshowsnosynergistic effects on NICD-induced promoter
activity.Thesedata, together with the fact that Foxc2, but not Foxc l ,directlybinds to Su(H) and
forms a protein complexwith Su(H) and NICD, suggest that Foxc2 functionallyinteractswith
Notch signalingto induceHey2 expression in endothelialcells."

Foxc-induced promoter activityof DIU and Hey2is significantly enhanced by VEGF in en
dothelialcells (Fig. 1).25 In in vitromammalian cellstudies,theVEGF-mediatedphosphoinositide
3-kinase (PI3K) pathwayinduces the transcription of Notch1, D1l4 and Hey2. 25•50 Interestingly,
modulation ofFoxcactivitybyVEGFisenhancedbythe PI3K pathwayor inhibited bythe extra
cellularsignal-regulated kinase/mitogen-activatedprotein kinase (ERK/MAPK) pathway. This
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suggests that Foxc1 and Foxc2 interact with VEGF signaling in arterial gene expression. However,
in the zebrafish embryo, the VEGF-activated PI3K pathway inhibits the stimulation ofthe ERK
signaling cascade, leading to suppression of arterial differennadon." Although reasons for the
discrepancy between the in vitro and in vivo results remain unclear, one possible explanation is that
these in vitro experiments were not conducted in uncommitted endothelial progenitor cells.25•5o

Since Foxcl and Foxc2 are expressed in both arteries and veins in the mouse embryo," it is pos
sible that VEGF-mediated posmanslational modifications, such as phosphorylation, are critical
for the activation ofFoxc proteins in the induction ofarterial-specific genes. Another interesting
aspect ofFoxc function in VEGF signaling is enhanced expression ofVEGFincompound Foxc1;
Foxc2 mutants compared with the wild-type," suggesting upregulation ofa feedback response to
impaired VEGF signaling.

There is now compelling evidence that arterial-venous cell fate determination is regulated by
the multi-step regulatory system associated with the VEGF and Notch pathways," A critical step is
the induction ofNeuropilin 1 (Nrp1),coreceptor for VEGF and VEG F signaling promotes arterial
differentiation as a positive feedback 100pY Nrp1expression is regulated by Foxc2 in endothelial
cells," Since COUP-TFII suppresses an arterial cell fate by inhibitingexpression ofNrpl.t' it will
be important to determine whether Foxcproteins functionally counteract with COUP-TFII in the
positive feedback loop ofVEGF signaling during arterial-venous specification. These observations
suggest that Foxc transcriptional factors control multiple steps of the VEGF-Notch/DIl4-Hey2
molecular cascade, thereby reinforcing arterial cell determination.

Foxc Function in Lymphatic Vessel Development
After arterial and venous endothelial cellsdifferentiate, a subpopulation ofvenous endothelial

cells is thought to become competent to acquire a lymphatic cell fate by progressively expressing
the transcription factors Soxl8 and Proxl to differentiate into lymphatic endothelial cells.53.54

The mammalian lymphatic vascular system originates solely from the venous endothelial cells.55

VEGF-C, a VEGF receptor 3 (VEGFR-3) ligand, is expressed mainly in mesenchymal cells
surrounding embryonic veins." ProxINEGFR-3-positive lymphatic endothelial progenitors
subsequently sprout from the veins via paracrine VEGF-C/VEGF-R3 signaling, leading to the
formation of the lymphatic network. a process called (developmental) lymphangiogenesis.

Compound Foxc1+/-; Foxc2-/- mutant embryos show a significant reduction in the number
ofProxl+ lymphatic endothelial cells sprouting from the cardinal vein (Fig. 2).10 Importantly,
SoxI8RaOP mutants have similar defects in lymphatic vessel formation and Sox18 can induce
Proxl expression in the cardinal vein.54 These data indicate that Soxl8 directly acts upstream of
Proxl in the specification oflymphatic cell fate. Although Foxc genes and SoxI8 are co-expressed
in lymphatic endothelial progenitors in the cardinal veins, the nature of functional interactions
between Foxcproteins and Sox18 in lymphatic specification remains to be elucidated. On the other
hand, expression domains ofFoxc1 and Foxc2 overlap with those ofVEGF-C in the mesenchyme
surrounding the cardinal vein. Since compound Foxc1-t-. Foxc2-/- mutant embryos exhibit
significant reduction in VEGF-C expression," it is possible that Foxcl and Foxc2 regulate the
paracrine signal ofVEGF-C in lymphatic vasculature development. This idea is supported by the
finding that Foxc-dependene regulation ofpotent angiogenic factors, including Angiopoietin-2,
in adipocytes influences vascular formation in a paracrine manner,"

Foxc Function in Angiogenesis
Angiogenesis isa critical process to grow new blood vesselsfrom pre-existingvesselsand involves

endothelial cell proliferation, sprouting, migration and vascular tube formation. Angiogenesis
is a necessary process in development, while pathological angiogenesis is involved in cancer and
other ischemic diseases. Although angiogenic factors such as VEGF are known to control various
processes ofangiogenesis, the mechanistic basis for the regulation ofendothelial gene expression
is largely unknown. Recent studies have demonstrated that Foxcl and Foxc2 control the process
of angiogenesis by directly regulating the expression of two cell surface proteins in endothelial
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+/+ +/-- -/-,

Figure 2. Compound Foxct-J-; Foxc2-/- mutants have defective lymphatic vesseldevelopment.
A-D) Immunohistochemical analysis to detect a lymphatic endothelial cell marker, Proxl, using
transverse sections at the level of the heart at ElO.S (A,B) and El1.S (C,D). A,B) Compound
Foxc1+/-; Foxc2-/- mutant embryo (B) shows a reduction in the number of Proxl-positive
lymphatic endothelial cells (arrows) from the card inal vein (cv), compared to the wild type (A).
C,D) At Ell .S, the wild-type embryo (C) has well-formed lymph sacs(asterisks) and the sprout
ing of lymphatic endothel ial cells (arrows). By contrast, abnormal formation of the lymph sacs
and the reduced sprout ing of lymphatic endothelial cells are observed in compound Foxc1+/-;
Foxc2-/- mutant D. da, dorsal aorta . Scale bars, 50 urn. Adapted from Seo et al,lO ©2006 with
permission from Elsevier.

cells, the chemokine receptor CXCR4 and integrin (33,24.30 which are essential for endothelial cell
migration.58•59 Upon bindingofthe CXCLl2ligand, CXCR4 activates downstream components
to induce cell migration. The integrin (33 subunit forms a heterodimeric complex with the integrin
av subunit to allow interaction with extracellular matrix components. The integrin (33 subunit
also functionally interacts with VEGF receptor 2 (VEGFR-2) in endothelial cells.Although Foxc2
does not enhance endothelial proliferation, Foxc2 increases endothelial cell migration, as well
as sprouting and microvessel formation in aortic ring assay (Fig. 3).30 In contrast, microvascular
endothelial cells isolated from either endothelial-specific Foxc1 mutant mice or Foxc2+/- mice
show reduced cell migration.24.30 These results indicate that Foxc transcription factors directly
regulate angiogenesis via induction ofintegrin (33 and CXCR4.60Consistent with these findings ,
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Figure 3. Foxc2 regulates angiogenesis. Aortic ring assay using adult aortas of wild-type
and Foxc2+/- mice. Data are presented as the relative number of microvessels sprouting
from aortic rings. Resultsare presented as the means ± S.D. (n = 9 or more). P values were
determined by the corresponding sample indicated using Student's t test. *, P < 0.05 versus
the corresponding control. Adapted from Hayashi et al,30 ©2008 with permission from The
American Society for Biological Chemistry.

Foxc2 has alsobeen shown to enhance the migration of Maden-Darbycanine kidney (MDCK)
epithelialcellsby upregulatingmatrixmetalloproteinase (MMP)-2, 9.61

The Notch-Dll4 pathwayis alsocriticalfor angiogenesis.f VEGF inducesvascular sprouting
through the filopodiaofendothelialtip cells at the beginningofangiogenesis. On the other hand,
Dll4 isinduced in the tip cellsbyVEGFand precisely controlsvessel branching.However, several
important questionsabout thisprocess need to be answered. For instance, it iscurrentlyunknown
whether endothelial tip cells are positivefor integrin av~3 during vascular sprouting. Similarly,
it remainsto be elucidatedwhether the expression and activityof Foxcl and Foxc2 are localized
in the tip cellsduring angiogenesis.

Foxc Function in the Second Heart Field
Thepopulationofcardiacprogenitors,derivedfrom the anterior lateralmesodermand located

symmetrically in the cardiaccrescent, isknown as the firstheart field(FHF) and gives riseto the
leftventricleof the mammalian heart. The second heart field(SHF), which is originallylocated
dorsaland medialto the FHF in the mesoderm, gives riseto cells that form the rightventricle, the
outflowtract (OFT) and portionsof the inflowtract.63The recentidentificationofgenesinvolved
in SHF progenitors,includingIslet 1 {lslJ),Fox genes (Foxa2,Foxc1/c2 and FoxhJ) and Tbx1, has
provided the geneticand molecularbasisfor transcriptionalregulationduringthe formation and
developmentof the FHF and SHF.63-66

Although the FHF and SHF lineages derivefrom a common progenitor probablybeforethe
cardiaccrescentstage{at the onset of gaserularion)," the two lineages diverge with distinct gene
expression patterns. Whereas Nkx2.5 and Mef2c are expressed in both lineages at the cardiac
crescentstage,other genesappearto be restrictedto either lineage. For instance,Is11 expression is
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primarily detectedin the SHF at thecardiac crescent stageandisdownregulated asSHF progenitors
migrate into the heart tube, although recent studiesshow that Is11 isdetected in both FHF and
SHF regionsat the cardiaccrescentstage.68 Togetherwith the GATA4 transcription factor, Is11
regulates the SHF-specific enhancerofMej'2c,69 whereas activityofanotherSHF-specific enhancer
ofMej'2c requires the combinationofNkx2.5,Foxh1andSmad,?" LikeMej'2cexpression in the SHF,
Is11 can alsocooperatewith GATA4 aswellas Thx20 to activate the SHF enhancerofNkx2.5.71

IslJ mutant embryoslack the OFT and right ventricleand Is11 is required for the proliferation
and survival of SHF cells as wellas transcriptional regulationof other SHF genes and signaling
molecules such as bone morphogeneticproteins (BMP) and fibroblast growth factors (FGF).72
Therefore, Is11 is a keyearlyregulatorfor the molecularhierarchyin SHF progenitors.Another
keymoleculeis Tbxl, which is lost in 22q11.2deletion syndromein humans and is requiredfor
the alignmentand separationof the OFT.?3Ofnote, Foxtranscription factors(Foxa2, Foxcl and
Foxc2) havebeen shown to activate an enhancersufficient to driveTbxl expression in the SHF,74
whileTbxl, in turn, regulates an enhancerof Fg{8 in the pharyngealmesoderm."

Compound Foxc1;Foxc2 mutant embryoshaveawidespectrumofearlycardiacabnormalities.
Theseincludehypoplasia or lackof the OFT, rightventricle and the inflowtract aswellasabnormal
formationof the epicardiumin adosedependent manner (Fig. 4).J1 InSHP progenitorsand their
derivatives in compound Foxc1; Foxc2 mutants, expression of Tbxl and Fg{8/10 is significantly

\

Figure 4. CompoundFoxel; Foxc2 mutantembryos have cardiac abnormalities. A-C) Histological
analysisof wild-type (A)and compoundFoxel+/-; Foxc2-/- (B) and Foxel-/-; Foxc2-/- mutant(C)
embryos atE9.0 atthelevelsof theheart.CompoundFoxel; Foxc2mutantembryos showhypoplasia
(B) or lack(C) of the OFT in a dose-dependent manner. Note thedirect connectionof thedisorga
nizedaortic sac (AS) to the ventricle (V) in compoundFoxel-/-; Foxc2-/- mutant(C). Dotted lines
indicatetheboundarybetween theaortic sac (AS) and outflow tract (OFT). D-G) Whole-mount in
situhybridizationat E9.0 to detectWntl1 expression in the OFT. Theexpression domainof Wnt11
is reduced in compoundFoxel+/-; Foxc2-/- mutant(E, right view), while it isnot detected in com
pound Foxel-/-; Foxc2-/- mutant(arrows) (F, rightview; G, front view).Dotted linesdemarcate the
expression domain of Wnt11 in theOFT. A, atrium; LV, leftventricle; RV, rightventricle; V,ventricle.
Scale bar, 100 urn, Adapted from Seo and Kume," ©2006 with permission from Elsevier.
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downregulared, whereas IslJ expression is slightly reduced but still remains. This observation sug
gests that Foxcl and Foxc2function upstream ofthe Tbd-FGF cascadeduring the morphogenesis
ofthe OFT. Since it is unknown whether Foxc proteins and Isll functionally interact with each
other in SHP progenitors, it remains to be determined whether a reduction in cellproliferation in
the SHF ofcompound Foxc1; Foxc2 mutants is due to a failure ofthe expansion ofthe Isll -posirive
SHP lineage. Foxcl and Foxc2 can directly regulate Tbxl expression in the SHF as well as head
mesenchyme by binding to multiple FBEs on its enhancers,?4.76 Since compound Foxc1; Foxc2
mutants have much more severe OFT defects than Tbxl mutants, it is plausible that in addition
to controlling Tbxl expression, Foxcl and Foxc2 are required for regulating additional genes/
pathways in SHF development.

Foxc Function in Cardiac Neural Crest Cells
Cardiac neural crest cells are a nonmesodermally derived cell population that significantly

contributes to the developing heart. They arise from the caudal hindbrain (rhornbomeres
6-8), migrate through the branchial arch 3, 4 and 6 and invade the aortic arch and OFT of the
heart." This cell population subsequently participates in OFT septation and differentiates into
the cardiac ganglia and the tunica media of the great vessels. Disruption of the cardiac neural
crest before migration in chick embryos leads to a variety ofmalformations such as interruption
or coarctation of the aortic arch, VSD and persistent truncus arteriosus (PTA).77.78 Ablation
of the cardiac neural crest is also associated with aplastic or hypoplastic thymus, parathyroid
and thyroid glands . These abnormalities are frequently seen in human congenital syndromes,
including DiGeorge syndrome, which in most cases results from chromosome 22q 11.2 dele
tion (deI22ql1). Moreover, cardiac neural crest cells influence cardiac development in a non
cell autonomous manner. Ablation of the cardiac neural crest in the chick results in a failure
to elongate the SHF-derived OFT myocardium.I?Although the precise effects of the cardiac
neural crest on SHF development remain unknown, this cell population alters the availability
ofFGF8 in the caudal pharynx.8o.8!

Besides the broad expression ofFoxc1 and Foxc2 in the mesoderm and it derivatives, the two
genes are also expressed in the neural crest cell lineage. As described above, singleFoxc mutant mice
exhibit abnormal aortic arch patterning, suggesting that Foxcl and Foxc2 in the neural crest play
a role in remodeling aortic arch arteries.S•B Furthermore, cardiac neural crest cells ofcompound
Foxc1; Foxc2 mutant embryos undergo abnormal apoprosis during migration, leading to a failure
ofthe OFT septation (PTA) , a characteristic phenotype of the ablation ofthis cell lineage in the
chick.F'Ihis observation indicates that Foxcl and Foxc2 are required for the survival for cardiac
neural crest cells. Despite extensive apoptosis, Foxc-mutant cardiac neural crest cells are able to
differentiate into smooth muscle. Compound Foxc1+/-; Foxc2-/- mutants also show lack ofthe
2nd pharyngeal arch, suggesting defects in cranial neural crest cells.! Although the indirect effects
of cardiac neural crest cells on the addition of SHF-derived myocardial cells to the developing
heart have been suggested,78.82 autocrine FGF signaling in the SHF is primarily required for OFT
morphogenesis." Thus, given the fact that reduced expression ofSHF markers such as Tbxl and
Fgf8/10 is already observed in compound Foxc1; Foxc2 mutant embryos at E8.5 before the onset of
cardiac neural crest migration, the 0 FT abnormalities in these Foxcmutants are likelyattributable
to defective SHF progenitors in a cell-autonomous manner.

Foxc Function in Epicardial-Derived Cells
Another tissue that is critical to form the heart is the epicardium, which is the epithelial cell

layer that covers the surface ofthe heart. The epicardium originates from a specific population of
mesothelial cells from the proepicardium (PE) .The epicardium plays an essential role in coronary
vessel development by providing a source ofvascular smooth muscle and endothelial cells after
epithelial to mesenchymal transformation (EMT).84.8s Importantly, multipotent epicardial progeni 
tor cells that differentiate into cardiac myocytes have recently been identified.86.8?
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Both Foxc1 and Foxc2 are expressed in a subset ofcells in the PE before the formation of the
epicardium, while transcripts of the Foxc genes appear to be downregulated in the developing
epicardium." Compound Foxc1+/-; Foxc2-/- mutant embryos have abnormal formation ofthe
epicardium, which is detached from the underlying myocardium, while Foxc single mutants or
compound Foxc1-/-; Foxc2+/- mutants normally form the epicardium. Although the epicardi
al-derived mesenchymal cells are generated over the entire surface ofthe heart through EMT, the
majority of these cells are produced at the atrioventricular junction." Intriguingly, compound
Foxc1+/-; Foxc2-/- mutants show abnormal accumulation ofmesenchymal cells that are particu
larly localized at the subepicardial space of the conoventricular region and some ofthese cells are
differentiated into either smooth muscle or endothelial lineage. I I It is, however, unclear whether
the mesenchymal cells at the subepicardial space of compound Foxc1; Foxc2 mutants are solely
derived from the epicardium.

Signal(s) from the myocardium are important for the initiation ofEMT in the epicardium"
and several molecular signals such as VEGF, FGF and TGF~ are critical for the regulation of
epicardial EMT.84.90 Since compound Foxc1+/-; Foxc2-/- mutants have the above-mentioned
defects in the OFT, the abnormal mesenchymal phenotype at the subepicardial space may result
from dysregulation ofmyocardially-derived signaling molecules. Another, nonexclusive possibil
ity is that compound Foxc1; Foxc2 mutants may lack proper cell-cell interactions between the
myocardium and epicardium. Further experiments are needed to clarify the nature ofepicardial
defects in compound Foxc1; Foxc2 mutants.

Future Directions
I have presented a summary ofthe current understandingofthe cooperative roles ofFoxc1 and

Foxc2 in cardiovascular development. Evidently, they are key transcriptional regulators control
ling multiple processes in this system. However, many important questions about the function
ofthe Foxc genes in cardiovascular development remain to be answered. At present, much ofour
knowledge about Foxc function has been obtained from the studies ofconventional Foxc mutant
mice. Given their broad expression in mesodermal and neural crest derivatives, tissue- and/or
time-specific ablation of Foxc genes will provide further invaluable information on the direct
involvement ofFoxc genes in the development of the cardiovascular system. For example, it has
recently been shown that cardiac neural crest cellsand SHF-derived cellsreciprocally interact with
each other during OFT morphogenesis." In addition, although the two Foxc genes have overlap
ping expression patterns in the cardiovascular system, an unsolved question is whether they have
similar but distinct functions. It is important to note that Foxc2, but not Foxc1, can functionally
interact with Notch-mediated transcription in endothelial cells." Moreover, given evidence that
other Fox genes are also expressed during cardiovascular development, functional redundancy
of the Fox gene family must be considered. For instance, Foxh1 is essential for the development
of the SHF,7° while Foxo1 mutant embryos have impaired angiogenesis.t' :? A new aspect of the
mechanism ofFoxc function in vascular development is the combinatorial activity of Foxc2 and
the Ets transcription factor Etv2 in regulating endothelial-specific gene expression during early
development." Further studies are needed to reveal the mechanisms oftranscriptional regulation
involving Foxc and other transcription factors/cofactors.

Although knockout and transgenic approaches in mice and other species have facilitated
cardiovascular research over the past decade, the utility of stem cell-based research on cardiac
and endothelial cell differentiation is likely to lead to significant progress in deciphering complex
networks of transcriptional events associated with multiple signaling pathways . In particular,
recent studies have shown that signaling pathways such as FGF, BMP and Wnt are critical for
the induction and expansion ofcardiac progenitor cells." Therefore , it is anticipated that future
studies using cell-based approaches will contribute to understanding the molecular mechanisms
that control the genetic program associated with the critical pathways and Foxc-mediared tran
scriptional regulation in cardiovascular progenitors.
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