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Abstract Vascular development is a dynamic process

that relies on the coordinated expression of numerous

genes, but the factors that regulate gene expression during

blood vessel development are not well defined. ATP-

dependent chromatin-remodeling complexes are gaining

attention for their specific temporal and spatial effects on

gene expression during vascular development. Genetic

mutations in chromatin-remodeling complex subunits are

revealing roles for the complexes in vascular signaling

pathways at discrete developmental time points. Pheno-

typic analysis of these models at various stages of vascular

development will continue to expand our understanding of

how chromatin remodeling impacts new blood vessel

growth. Such research could also provide novel therapeutic

targets for the treatment of vascular pathologies.

Keywords ATP-dependent chromatin-remodeling

complex � Embryo � Angiogenesis � Blood vessel �
SWI/SNF � NuRD

Abbreviations

SWI/SNF Mating type switching/sucrose nonfermenting

NuRD Nucleosome remodeling and deacetylase

ISWI Imitation switch

CHD Chromodomain helicase DNA-binding

INO80 Inositol autotroph 80

BRM Brahma

BRG1 Brahma-related gene 1

PECAM-1 Platelet endothelial cell adhesion molecule-1

HDAC Histone deacetylase

MBD Methyl-CpG-binding domain

BAF BRG/BRM-associated factor

VEGF Vascular endothelial growth factor

Introduction

Developmental programs require exquisite temporal and

spatial regulation of gene expression. In the developing

vascular system, for example, a carefully orchestrated

series of signal transduction events leads to the formation

of a primary vascular plexus, which further differentiates

into an arborized vascular network comprised of vessels

with different sizes and functions. Mutations of single

genes within these signaling cascades can result in dys-

morphic blood vessels and embryonic lethality [1]. What

regulates and coordinates expression of the many genes

required for building a functional vascular system? Several

transcription factors have been identified that influence

expression of genes essential for blood vessel development

C. D. Curtis � R. B. Davis � K. G. Ingram � C. T. Griffin (&)

Cardiovascular Biology Research Program, Oklahoma Medical

Research Foundation, 825 NE 13th Street, Oklahoma City,

OK 73104, USA

e-mail: courtney-griffin@omrf.org

C. D. Curtis

e-mail: carol-curtis@omrf.org

R. B. Davis

e-mail: reema-davis@ouhsc.edu

K. G. Ingram

e-mail: kyle-ingram@ouhsc.edu

R. B. Davis � K. G. Ingram � C. T. Griffin

Department of Cell Biology, University of Oklahoma Health

Sciences Center, PO Box 26901, Oklahoma City,

OK 73190, USA

Cell. Mol. Life Sci. (2012) 69:3921–3931

DOI 10.1007/s00018-012-1023-4 Cellular and Molecular Life Sciences

123



[2]. In addition, epigenetic regulators are gaining recogni-

tion for the important roles they play in modulating gene

expression during vascular development [3–6].

Epigenetic regulators affect developmental gene

expression by influencing the ability of general transcrip-

tional machinery, transcription factors, and coregulatory

proteins to access genomic DNA. Almost 2 m of genomic

DNA are tightly packaged into a three-dimensional chro-

matin structure in order to fit within the confines of each

eukaryotic cell nucleus. Nucleosomes, which are the basic

subunits of chromatin, consist of 147 base pairs of DNA

wrapped around a scaffold of histone proteins. As nucle-

osomes are further compacted into a final chromatin

structure, DNA becomes inaccessible for critical cellular

processes like transcription. Epigenetic regulators such as

histone-modifying enzymes and ATP-dependent chroma-

tin-remodeling complexes impact DNA accessibility by

altering local chromatin structure. Histone-modifying

enzymes generate or remove chemical moieties from his-

tone tails, thereby changing the biochemical properties of

chromatin and affecting its condensation. ATP-dependent

chromatin-remodeling complexes transiently disrupt DNA-

histone contacts and slide nucleosomes closer together or

further apart. Both types of epigenetic regulators influence

the binding of additional regulatory proteins to DNA or

histones within promoter or enhancer regions and thereby

impact transcription. This review will focus on the role of

ATP-dependent chromatin-remodeling complexes in coor-

dinating temporally and spatially specific transcriptional

events and will examine their influence on embryonic

vascular development.

ATP-dependent chromatin-remodeling complexes

ATP-dependent chromatin-remodeling complexes are

comprised of varying numbers of proteins, but each complex

contains a catalytic ATPase that drives displacement or

compaction of nucleosomes [7]. These catalytic ATPases are

related to the yeast Swi2/Snf2 ATPase, which is essential for

transcription of genes involved in mating type switching and

nutrient metabolism [8–10]. Through ATP hydrolysis, they

generate energy required for altering chromatin accessibility

by breaking histone-DNA contacts, sliding nucleosomes

along DNA, and removing or exchanging nucleosomes. The

biological mechanisms underlying these processes are

described in several other reviews [7, 11–14].

The human genome contains almost 30 Swi2/Snf2-like

ATPases, which all share an evolutionarily conserved

DEAD/H (Asp-Glu-Ala-Asp/His) box domain [7, 15].

While chromatin-remodeling activity has not been assigned

to all of these ATPases, several of them have been

described in protein complexes with chromatin-remodeling

capacity. These chromatin-remodeling complexes are

subclassified into four groups based on the presence of

additional functional domains within the ATPases: mating

type switching/sucrose nonfermenting (SWI/SNF), imita-

tion switch (ISWI), chromodomain helicase DNA-binding

(CHD), and inositol autotroph 80 (INO80) (Fig. 1).

In addition to their catalytic ATPases, mammalian

chromatin-remodeling complexes contain varying numbers

of non-catalytic proteins. Some complexes contain invari-

ant core proteins that enhance the nucleosome-remodeling

activity of the ATPases [16]. However, other non-catalytic

proteins are encoded by multiple genes and are mutually

exclusive within a given complex [17, 18]. Based on the

potential combinations of these alternative proteins, it is

estimated that hundreds of mammalian SWI/SNF, CHD,

ISWI, and INO80 complexes exist [18].

ATP-dependent chromatin-remodeling complexes play

critical roles throughout mammalian development [19–23].

Their influence on transcriptional regulation impacts

cellular differentiation in a variety of tissues from the

single-cell gamete stage through postnatal developmental

processes. Many of these influences have been elucidated

through genetic studies on chromatin-remodeling complex

proteins in vertebrate organisms. Global knockouts of the

ATPases and non-catalytic subunits frequently have early

and lethal consequences for developing mouse embryos

[24–40]. Conditional knockouts, however, yield tissue-

specific phenotypes that shed light on the mechanisms by

which chromatin-remodeling complexes regulate distinct

developmental processes [41–60]. In the following section,

we will highlight the phenotypes that have emerged from

the deletion of chromatin-remodeling complex components

in developing embryonic vasculature.

Chromatin-remodeling complexes and vascular

development

The circulatory system is the first functional organ system

to develop in vertebrate embryos. It is required for

embryonic survival because blood vessels carry oxygen

and nutrients necessary for sustaining rapidly developing

tissues. Vascular development is a highly dynamic process

that can be subdivided into two stages: vasculogenesis and

angiogenesis (Fig. 2). During vasculogenesis, blood ves-

sels arise from progenitor cells that coalesce into a

primitive vascular plexus. Angiogenesis refers to the

growth of new vessels from pre-existing ones and provides

a mechanism by which a primitive vascular plexus expands

and differentiates into a mature vessel system.

Both vasculogenesis and angiogenesis are orchestrated

by regulatory factors that coordinate cell signaling events

and gene expression changes. Genetic studies in mice and
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zebrafish have confirmed the importance of multiple

growth factors (i.e., VEGF, FGF, TGFb, and PDGFb) and

their receptors in vascular development [1]. Although these

and many other genes and signaling pathways are recog-

nized for their roles in developing vessels, little is known

about what governs their temporal and spatial expression

patterns. Mounting evidence indicates that epigenetic reg-

ulators—including chromatin-remodeling complexes—

influence the transcriptional regulation of vascular devel-

opment. For this review, we have catalogued the

embryonic blood vessel phenotypes resulting from muta-

tion of chromatin-remodeling complex components

(Table 1). We do not summarize the growing number of

developmental cardiac phenotypes associated with chro-

matin-remodeling complex mutants but instead refer the

reader to recent reviews [3, 4, 6].

SWI/SNF

Mammalian SWI/SNF complexes contain one of two

mutually exclusive ATPases: BRM and BRG1 (Fig. 3).

When targeted for global deletion in mice, the functional

distinctions between the ATPases become apparent.

Brm-/- mice survive development and are overtly normal

except for a slight increase in weight when compared to

their control littermates [35]. Brg1-/- embryos die around

implantation, several days before blood vessel develop-

ment begins [25]. Because BRG1 is upregulated in Brm-/-

mice, it is hypothesized that BRG1 can functionally sub-

stitute for BRM in SWI/SNF complexes from Brm-/- mice

[35]. However, Brg1-/- lethality demonstrates that BRM

cannot functionally substitute for BRG1 at the implantation

stage of embryonic development.

Evidence of a possible role for SWI/SNF complexes in

vascular development first arose from expression data

reported for their ATPases in developing embryos [61]. By

immunofluorescence, BRM is expressed in the developing

allantois, the inner layer of the yolk sac and amnion, the

developing heart, and the vitelline artery and umbilical

veins of the early midgestation embryo. BRM expression

overlaps with that of PECAM-1, an endothelial cell mar-

ker, specifically in the yolk sac and vitelline artery but not

in the dorsal aorta or heart. These data indicate that BRM

expression predominates in extraembryonic rather than

embryonic vasculature at midgestation (embryonic day

8.5 = E8.5). In the same study, BRG1 is ubiquitously

Fig. 1 Subfamilies of mammalian SWI2/SWF2-like chromatin-

remodeling complexes. The four subfamilies of mammalian SWI2/

SNF2-like chromatin-remodeling complexes (green) contain well-

characterized complexes (red). Each complex contains at lease one

ATPase protein (yellow) that is critical for its function. The

subfamilies are defined by distinct protein domains contained within

the ATPases (blue), some of which mediate interactions with other

epigenetic factors. SWI/SWF ATPases posses a bromodomain that

binds acetylated histones [84]. ISWI ATPases have a SANT–SLIDE

domain that binds histone tails [85]. CHD ATPases contain tandem

amino-terminal chromodomains that interact with DNA, RNA, and

methylated histone tails [86–88], and INO80 ATPases have a highly

conserved ATPase domain that is split by a spacer region [89]
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expressed at midgestation. Since vascular development is

essential for embryonic survival, and Brm-/- mice survive

development, the expression data reported by Dauvillier

and colleagues suggest that BRM plays an important role in

extraembryonic vascular development but that BRG1 can

functionally compensate for BRM in Brm-/- embryos.

To address this hypothesis, a comparison was made

between embryos missing Brg1 in vascular endothelial

cells and embryos missing both Brg1 and Brm in the vas-

culature [44]. Floxed Brg1 alleles were deleted from

endothelial cells using a Tie2-Cre transgenic line, which is

expressed in developing endothelial and hematopoietic

cells [62]. Surprisingly, Brg1fl/fl:Tie2-Cre? embryos dis-

play abnormal yolk sac angiogenesis, but concomitant

deletion of Brm does not exacerbate the vascular phenotype

in Brm-/-;Brg1 fl/fl:Tie2-Cre? embryos [44]. These data

indicate that BRG1 plays its own role in extraembryonic

vascular development that is independent of BRM. Indeed,

these genetic data do not indicate that BRM plays any

recognizable role in midgestational vascular development,

so the significance of its restricted expression pattern in

developing vascular tissues is unclear.

Brg1fl/fl:Tie2-Cre? embryos undergo normal yolk sac

vasculogenesis; they develop a vascular plexus that is

comparable to that seen in control embryos at embryonic

day 8.5 (E8.5) [44]. However maturation of the vascular

plexus is abnormal in Brg1fl/fl:Tie2-Cre? yolk sacs. Mutant

vessels are thin, disconnected, and display failed sprouting

or regression. Notably, vascular patterning and maturation

are grossly normal in Brg1fl/fl:Tie2-Cre? embryos [44, 53],

indicating that BRG1 is more important for angiogenesis in

extraembryonic tissues than in the embryo proper.

Brg1fl/fl:Tie2-Cre? embryos eventually die from failed

primitive erythropoiesis by E11.5 [44, 53]. Tie2-Cre is

expressed in hematopoietic cells as well as endothelial

cells, and deletion of Brg1 in developing erythroblasts

leads to downregulated embryonic globin expression and

subsequent apoptosis [44]. Since yolk sac angiogenesis is

partially subject to regulation through hemodynamic forces

[63], it is possible that Brg1fl/fl:Tie2-Cre? yolk sac vascular

abnormalities are secondary to failed primitive hemato-

poiesis. However, more recent work demonstrates that

misregulated vascular Wnt signaling plays a key role in the

Brg1 mutant yolk sac vascular phenotype and is indepen-

dent of the hematopoietic phenotype [64]. BRG1

modulates Wnt signaling in yolk sac vasculature at two

levels: it promotes transcription of multiple frizzled (Fzd)

receptors, and it directly coactivates transcription of certain

Wnt target genes. When Wnt signaling is pharmacologi-

cally stimulated in vivo, vascular patterning is significantly

Fig. 2 Model of blood vessel development. Blood vessel formation

initiates when precursor angioblast cells coalesce to form a primitive

vascular plexus through the process of vasculogenesis. A mature

vascular network forms through the process if angiogenesis which

involves sprouting and branching of pre-existing vessels to form new

ones. Both vasculogenesis and angiogenesis are influenced by known

genes and signaling pathways [1], and epigenetic mechanisms for

regulating those genes are currently those genes are currently being

investigated

Table 1 Subunits of chromatin-remodeling complexes that influence embryonic blood vessel development

Subfamily Subunit Mutation Vascular phenotype References

SWI/SNF BRG1 Endothelial cell knockout (Tie2-Cre?) Yolk sac angiogenesis defects due to downregulated

vascular Wnt signaling; hypotrabeculation of the

heart due to overexpression of Adamts1;

lethality between E10.5-11

[44, 53, 64]

BAF180 Global knockout Defective coronary vascular development due to failed

EMT and migration of epicardial cells

[66]

BAF155 Global knockout with partial transgenic rescue Yolk sac angiogenesis defects [65]

CHD CHD4 Endothelial cell knockout (Tie2-Cre?) Rescues Brg1fl/fl:Tie2-Cre? yolk sac angiogenesis defects [74]

ISWI No blood vessel phenotypes currently described

INO80 No blood vessel phenotypes currently described
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rescued in Brg1fl/fl:Tie2-Cre? yolk sacs, although primitive

hematopoiesis is still compromised. These data indicate

that Brg1fl/fl:Tie2-Cre? yolk sac vascular abnormalities are

predominantly driven by downregulated Wnt signaling

rather than reduced hemodynamic forces.

Further support for the role of mammalian SWI/SNF

complexes in extraembryonic vascular development comes

from deletion of the core non-catalytic subunit Srg3

(Baf155). Global deletion of Srg3 results in embryonic

lethality around the implantation stage [30], which is the

same stage at which Brg1-/- embryos die. However, par-

tial rescue of Srg3-/- embryos with an exogenous, global

Srg3 transgene allows the embryos to survive until E11.5

[65]. Srg3-/-:Tg? embryos are developmentally delayed

beginning at E8.5 and harbor numerous morphological

defects. Among these, the Srg3-/-:Tg? yolk sacs have

defective vascular development. While Srg3-/-:Tg? yolk

sac vessels undergo normal vasculogenesis to form a

primitive plexus, the plexus fails to develop into a mature

vascular network. Several genes involved in angiogenesis

are downregulated in Srg3-/-:Tg? yolk sacs by RT-PCR,

including members of the Angiopoietin/Tie2, Hedgehog,

Eph/ephrin, and Notch signaling pathways. However,

genes analyzed within the VEGF pathway are expressed at

normal levels, which is consistent with the normal vascu-

logenesis observed in the mutant yolk sacs. Because the

Srg3-/-:Tg? mutations are global and the mutant embryos

display numerous developmental defects, including aber-

rant yolk sac visceral endoderm morphology, it is difficult

to know whether the yolk sac vascular defects are primary

or secondary in nature. A conditional deletion of Srg3 in

embryonic vasculature would be important for determining

whether SRG3 plays a direct role in yolk sac vascular

development. Nevertheless, the similar defects in yolk

sac (but not embryonic vasculature) in both Srg3-/-:Tg?

and Brg1fl/fl:Tie2-Cre? mutants suggest that SWI/SNF

complexes predominantly impact extraembryonic vascular

development at midgestation.

Although this review does not summarize the many

intriguing cardiac phenotypes that have been documented

from mutations in SWI/SNF complex members (see [3, 4,

6] for reviews), it is worth mentioning a specific cardiac

defect that is seen in Brg1fl/fl:Tie2-Cre? mutants because it

definitively stems from loss of BRG1 in endocardial cells.

Brg1fl/fl:Tie2-Cre? embryos undergo hypotrabeculation of

the heart ventricles beginning at E9.5 due to a deficit of

extracellular matrix material (cardiac jelly) that separates

the ventricular endocardium from the myocardium [53].

This phenotype arises when Brg1 is deleted from endo-

thelial/endocardial cells and not from myocardial cells. The

hypotrabeculation results from upregulation of the extra-

cellular protease ADAMTS1 in Brg1fl/fl:Tie2-Cre?

endocardial cells. BRG1 binds the Adamts1 promoter in

endocardial cells and represses its transcription at midg-

estation; loss of Brg1 results in overproduction of

ADAMTS1 and aberrant degradation of the cardiac jelly

that supports trabeculation. This work supports a role for

BRG1 in embryonic (cardiac) vasculature and demon-

strates how chromatin remodeling in the vasculature can

affect morphogenesis of adjacent tissues.

Another example of a role for SWI/SNF in embryonic

vessels comes from mutation of the non-catalytic subunit

Baf180. Global deletion of Baf180 results in placental

defects, hypoplastic ventricle development in the heart, and

embryonic lethality by E15.5 [40]. Furthermore, Baf180-/-

embryos have defective coronary vessel development

around the ventricle and within the myocardium of mutant

hearts [66]. Since coronary vessels derive from epicardial

cells surrounding the developing heart [67], the coronary

abnormalities in Baf180-/- embryos are believed to stem

from defective epithelial-to-mesenchymal-transition and

migration of epicardial cells. These data reveal an addi-

tional role for SWI/SNF complexes in specific sites of

embryonic vascular development and demonstrate how

chromatin remodeling in a progenitor tissue can impact the

downstream development of blood vessels.

Fig. 3 Mammalian SWI/SNF and NuRD chromatin-remodeling com-

plexes. a SWI/SNF complexes contain one of two core ATPase catalytic

subunits, BRG1 or BRM (yelllow). Additional catalytic core subunits

include BAF155, BAF170, and BAF47 (italics), which are sufficient for

remodeling nucleosomes in vitro [16]. Other non-catalytic subunits,

some of which have multiple isoforms, complex with the core subunits

in differing cell types to provide additional regulatory functions.

b NuRD complexes contain at least one ATPase catalytic subunit,

CHD3 or CHD4 (yellow). Additional NuRD subunits include the

histone deacetylases 1 and 2 (HDAC1/2) and the methyl-CpG-binding

domain proteins 2 and 3 (MBD2/3), which interact with covalent

epigenetic marks on histone tails and DNA, respectively

Chromatin-remodeling in angiogenesis 3925
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Finally, since SWI/SNF complexes modify expression of

smooth muscle-specific genes in vitro [68, 69], it is impor-

tant to address the impact of these complexes on vascular

smooth muscle development in the embryo. Brg1 was con-

ditionally deleted using a transgenic line in which Cre

recombinase is expressed under the control of the transgelin

(SM22a) promoter [45, 53]. This SM22a-Cre transgene is

expressed in adult arterial smooth muscle cells and in E10.5

myocardium, aortic vascular smooth muscle cells, and aortic

endothelial cells [53, 70, 71]. The extent of its expression in

embryonic vascular smooth muscle cells apart from those

associated with the developing aorta is unclear. Brg1fl/fl:

SM22a-Cre? embryos die by E11.5 with thin myocardium

and septation defects, presumably due to excision of Brg1 in

cardiomyocytes [45]. Since no hemorrhage or vascular

dilation were reported for these mutants, BRG1 is either

unnecessary for smooth muscle cell function in developing

blood vessels or this SM22a-Cre line fails to excise Brg1 in

vascular smooth muscle cells outside of the heart at midg-

estation. Brg1 was also excised later in development using a

transgenic line in which Cre recombinase is driven by the

smooth muscle myosin heavy-chain promoter (smMHC)

[56]. This smMHC-Cre line is first expressed around the

aorta and major airway at E12.5 and becomes more fully

penetrant in differentiated smooth muscle cells by E16.5

[72]. However, no vascular abnormalities were noted in

E17.5 Brg1fl/fl:smMHC-Cre? embryos or in double-deficient

Brg1fl/fl:smMHC-Cre?:Brm-/- embryos [56]. Therefore,

SWI/SNF does not appear to play a critical role in main-

taining differentiated vascular smooth muscle cells, but its

role in proliferating smooth muscle cells during embryonic

blood vessel development requires further elucidation.

CHD

The best-characterized complexes within the CHD sub-

family of ATP-dependent chromatin-remodeling

complexes are the nucleosome remodeling and deacetylase

(NuRD) complexes (Fig. 3). NuRD complexes contain the

ATPases CHD3 (Mi-2a) or CHD4 (Mi-2b), and it is not yet

clear whether these proteins are mutually exclusive within

a single complex. NuRD complexes also contain histone

deacetylases (HDAC1 or HDAC2) and methyl-CpG-bind-

ing domain proteins (MBD2 or MBD3) in addition to other

non-catalytic proteins. Because histone deacetylation and

DNA methylation are typically associated with transcrip-

tional repression, NuRD has historically been considered a

repressive complex. However, mounting evidence supports

a role for NuRD in mediating transcriptional activation in

certain contexts, so NuRD—like SWI/SNF—can promote

or repress transcription at specific target genes [73].

No global or conditional mutations of Chd3 have yet

been described in the mouse. However, a floxed allele of

Chd4 has been generated and used for deleting the gene in

thymocytes, bone marrow, and epidermis [48, 54, 55].

Very little information is available about the expression

patterns or function of CHD4 in early embryonic devel-

opment; however, evidence for its participation in

extraembryonic vascular development comes from its

deletion with the Tie2-Cre transgene [74]. Chd4fl/fl:Tie2-

Cre? yolk sacs have normal vascular development and

patterning through E10.5, as assessed by whole mount

immunostaining for the endothelial cell marker PECAM-1.

However, deletion of both Chd4 and the SWI/SNF ATPase

Brg1 in endothelial cells rescues the vascular abnormalities

seen in Brg1 fl/fl:Tie2-Cre? yolk sacs. These genetic data

indicate that CHD4 does play a role in yolk sac vascular

patterning, although this role is not revealed by mutation of

the ATPase alone.

Importantly, the defective primitive erythropoiesis

associated with Brg1fl/fl:Tie2-Cre? mutants is not rescued

in Brg1fl/fl;Chd4fl/fl:Tie2-Cre? mutants, providing further

evidence that the vascular phenotypes in Brg1fl/fl:Tie2-

Cre? yolk sacs are not secondary to anemia. Instead, since

Brg1fl/fl:Tie2-Cre? yolk sac vascular abnormalities are

largely attributed to downregulated Wnt signaling [64], it

was hypothesized that deletion of Chd4 upregulates Wnt

signaling to rescue vascular patterning and morphology in

Brg1fl/fl;Chd4fl/fl:Tie2-Cre? yolk sacs. Indeed, deletion of

Chd4 results in upregulation of several Wnt target genes in

yolk sac vascular endothelium [74]. This phenotype is

explained by the finding that CHD4 directly inhibits

expression of the Wnt-responsive transcription factor Tcf7

as well as a subset of Wnt target genes. Although BRG1

and CHD4 have been shown to act in opposition on specific

target genes in non-vascular cells [75, 76], these data

provide the first evidence that the enzymes can antago-

nistically regulate the same signaling pathway via different

target genes. Further work will be required to determine if

BRG1 and CHD4 maintain their antagonistic relationship

with the Wnt signaling pathway in other vascular beds and

at later developmental time points.

Chromatin-remodeling complexes and target gene

specificity

Chromatin-remodeling complexes are not indiscriminate

mediators of transcription but rather exercise precise tem-

poral and spatial control over gene expression. Given that

the core subunits of the complexes—including the ATP-

ases—are often ubiquitously expressed, how do the

complexes impart such specific regulation over their tar-

gets? Typically, the alternative non-catalytic subunits have

been attributed with this role [18] (Fig. 4). These proteins

are often mutually exclusive and many contain protein
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123



domains that allow them to differentially bind DNA, pro-

teins, or posttranslational histone/DNA modifications,

which help direct the complexes to distinct target genes

[77]. In addition, the non-catalytic subunits can impart

temporal and spatial specificity on the function of a chro-

matin-remodeling complex if their expression patterns are

restricted. For example, the mammalian SWI/SNF subunits

BAF45a and BAF53a are expressed in neural stem and

progenitor cells at various sites and times during devel-

opment but are replaced by the subunits BAF45b, BAF45c,

and BAF53b in postmitotic neurons [50]. This switch in the

expression and utilization of SWI/SNF non-catalytic sub-

units is required for neuronal differentiation and

presumably for targeting distinct genes in progenitor and

postmitotic neurons.

However, evidence from vascular mutations of chro-

matin-remodeling complex ATPases suggest that these

broadly expressed proteins also play instructive roles in

dictating the complexes’ specificity for target genes. Con-

ditional deletions of SWI/SNF and NuRD ATPases in the

mouse result in distinct phenotypes that are not only tem-

porally and spatially restricted but are also attributed to a

surprisingly small group of target genes. For example,

BRG1 and CHD4 appear to regulate vascular Wnt signal-

ing in the yolk sac but not the embryo proper at

midgestation, since Brg1 and Chd4 mutant embryos do not

have vascular phenotypes resembling those seen in

embryos with a deficit or overabundance of Wnt signaling

[78, 79]. Although the enzymes are broadly expressed,

their specificity for Wnt signaling targets appears to be

spatially restricted at midgestation. This specificity could

still be due to spatial restriction of non-catalytic subunits in

the complexes. For example, a blood-vessel specific SWI/

SNF component could be restricted in expression to the

yolk sac at midgestation where it mediates interactions

between BRG1 and Wnt pathway target genes. A precedent

for this scenario lies in the developing heart where the

SWI/SNF component BAF60c is specifically expressed and

mediates interactions between BRG1 and cardiac tran-

scription factors [80]. Alternatively, tissue-specific

transcription factors may play a critical role in recruiting

chromatin-remodeling complexes to their target genes in

the vasculature. Precise combinations of transcription fac-

tor binding sites are found in the promoters of many

vascular-specific genes [81], so combinatorial transcription

factors could influence the temporal and spatial specificity

of the chromatin-remodeling complexes with which they

interact. Finally, functional redundancy with other chro-

matin-remodeling complexes could factor into the spatially

restricted phenotypes seen in Brg1 and Chd4 vascular

mutants. It is possible that BRG1-containing and CHD4-

containing complexes target Wnt pathway genes in the

embryo as well as the yolk sac but that other complexes can

functionally compensate for their loss in the embryo. This

idea was genetically addressed by simultaneous deletion of

both SWI/SNF ATPases Brg1 and Brm in developing

vessels [44]. The double-mutants did not display additive

or exacerbated phenotypes over those seen in Brg1 mutants

Fig. 4 The protein composition of chromatin-remodeling complexes

influences temporal and spatial expression of target genes. The

functional diversity of mammalian chromatin-remodeling complexes

is often attributed to their non-catalytic proteins. a In this schematic a

non-catalytic protein (blue) is critical for expression of Gene X while

an alternative protein (green) is required for expression of Gene Z.
These proteins may impart target gene specificity by recognizing

different DNA sequences, epigenetic tags, or chromatin-binding

proteins at the two loci. b If the alternative non-catalytic proteins are

expressed in different tissues at a particular developmental time point,

they can influence the spatial specificity of target gene expression. c If

the alternative non-catalytic proteins are expressed at different

developmental stages, they can impact the temporal specificity of

target gene expression
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alone, indicating that BRM does not functionally com-

pensate for BRG1 in embryonic vascular Wnt signaling.

However, other known or novel complexes may regulate

Wnt signaling in the embryo proper at midgestation, with

or without a coordinated effort from BRG1- or CHD4-

containing complexes.

Another indication of chromatin-remodeling complex

specificity for vascular target genes comes from the sur-

prising lack of early vascular phenotypes in Brg1fl/fl:Tie2-

Cre? or Chd4fl/fl:Tie2-Cre? mutants [44, 53, 74]. Both

embryonic and yolk sac vascular plexus formation appears

normal in these mutants, indicating that neither of these

ATPases mediates transcription of genes—such as those in

the vascular endothelial growth factor (VEGF) signaling

pathway—required for vasculogenesis. Unless VEGF path-

way genes are immune to transcriptional regulation by

chromatin-remodeling complexes, this begs the question of

why vasculogenesis is unaffected in Brg1 and Chd4 mutants.

One possibility is that Brg1 and Chd4 are not excised early or

efficiently enough by the Tie2-Cre transgene to impact

transcription of VEGF pathway genes. Alternatively, it is

possible that BRG1 and CHD4 do not belong to complexes

that mediate VEGF pathway gene transcription. In this case,

mutational analysis of more chromatin-remodeling complex

ATPases will be required to identify complexes involved in

early vascular development. Likewise, genetic analyses

using temporally inducible Cre recombinases will help elu-

cidate the role of chromatin-remodeling enzymes at later

stages of vascular development.

Implications for chromatin-remodeling complexes

and pathological vascular development

Angiogenesis has been scrutinized as a therapeutic target

for combating cancer ever since it was first proposed to

play a critical role in tumor growth [82]. In addition to

cancer, other diseases associated with misregulated vas-

cular growth include diabetic retinopathy, rheumatoid

arthritis, and obesity. To date, multiple anti-angiogenic

therapies—primarily targeted against growth factors and

their receptors—have been introduced into clinical prac-

tice, although the efficacy of these therapies has been

limited [83]. We propose that epigenetic machinery—such

as chromatin-remodeling complexes—could serve as novel

targets for anti-angiogenesis therapy if the complexes are

utilized during pathological angiogenesis in the adult as

they are during physiological angiogenesis in the embryo.

One example of this type of reutilization of chromatin-

remodeling complexes under embryonic and postnatal

pathological conditions occurs in developing myocardium

and stressed adult hearts [45]. The SWI/SNF ATPase

BRG1 mediates expression of b-myosin heavy chain (b-

MHC) and promotes proliferation of embryonic cardio-

myocytes. BRG1 is typically turned off in adult

cardiomyocytes, and a-MHC replaces b-MHC expression.

However, postnatal cardiac stresses cause BRG1 to

reactivate, initiate a pathological shift from a-MHC to

b-MHC expression, and drive hypertrophic proliferation of

cardiomyocytes. We hypothesize that BRG1 and other

chromatin-remodeling enzymes may play analogous roles

in promoting angiogenesis in embryonic vessels and post-

natal pathological vessels. Future work will require genetic

analysis of temporally specific vascular mutants for chro-

matin-remodeling complex subunits to determine if

vascular phenotypes are discernable under postnatal path-

ological angiogenic conditions.

Conclusions

A dynamic developmental process such as angiogenesis

that requires rapid and coordinated gene expression chan-

ges is well suited to regulation by ATP-dependent

chromatin-remodeling complexes. However, we have only

just begun to comprehend the impact of these complexes

on vascular development. An important goal for this field is

to generate more vascular mutations in chromatin-remod-

eling enzymes and non-catalytic subunits. Such mutations

will reveal vascular phenotypes in developing embryos,

which can be exploited for identifying misregulated target

genes of chromatin-remodeling complexes (Fig. 5). This

approach serves two important purposes: it distinguishes

genes that are epigenetically modulated by chromatin-

remodeling complexes and it defines the function of these

genes in developing blood vessels. Importantly, this unbi-

ased approach can greatly expand our understanding of

vascular development because it provides an opportunity

for identifying genes with previously unrecognized roles in

vascular development.

So far, the available vascular mutants for chromatin-

remodeling complex components have yielded spatially spe-

cific phenotypes, with extraembryonic blood vessels affected

more visibly than embryonic vessels. Future work will likely

reveal which chromatin-remodeling complexes mediate vas-

cular development in the embryo proper and in postnatal

models of physiological and pathological vascular develop-

ment. A combination of genetic mutations and biochemical

assays can provide powerful tools for assessing the temporal

and spatial influence of chromatin-remodeling complexes on

vascular development. New insight may require simultaneous

mutations of subunits from two or more complexes to reveal

functional interactions between different complexes on spe-

cific genes or signaling pathways in blood vessels.

Importantly, isolation of vascular cells from genetic mutants

will allow for functional analysis of vascular gene expression,

3928 C. D. Curtis et al.

123



nucleosome density, covalent chromatin modifications, and

recruitment of core transcriptional machinery at specific

developmental time points. Such analysis on physiologically

relevant cells rather than a static cell line will elucidate how

chromatin-remodeling complexes impact their target genes

during blood vessel development in vivo.
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