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Development of the cerebral vessels, pharyngeal arch arteries
(PAAs). and cardiac outflow tract (OFT) requires multipotent neural
crest cells (NCCs) that migrate from the neural tube to target tissue
destinations. Little is known about how mammalian NCC develop-
ment is orchestrated by gene programming at the chromatin level,
however. Here we show that Brahma-related gene 1 (Brg1), an
ATPase subunit of the Brg1/Brahma-associated factor (BAF) chro-
matin-remodeling complex, is required in NCCs to direct cardiovas-
cular development. Mouse embryos lacking Brg? in NCCs display
immature cerebral vessels, aberrant PAA patterning, and shortened
OFT. Brg1 suppresses an apoptosis factor, Apoptosis signal-regulating
kinase 1 (Ask1), and a cell cycle inhibitor, p21°?, to inhibit apoptosis
and promote proliferation of NCCs, thereby maintaining a multipotent
cell reservoir at the neural crest. Brg1 also supports Myosin heavy
chain 11 (Myh11) expression to allow NCCs to develop into mature
vascular smooth muscle cells of cerebral vessels. Within NCCs, Brg1
partners with chromatin remodeler Chromodomain-helicase-DNA-
binding protein 7 (Chd7) on the PlexinA2 promoter to activate Plex-
inA2, which encodes a receptor for semaphorin to guide NCCs into
the OFT. Our findings reveal an important role for Brg1 and its
downstream pathways in the survival, differentiation, and migra-
tion of the multipotent NCCs critical for mammalian cardiovascular
development.

N eural crest cells (NCCs) originate from the neural crest of
the dorsal neural tube and migrate to many regions of the
embryo, where they differentiate into a variety of local cells,
including cardiovascular tissues (1). NCCs that emigrate from
the neural crest of rhombomere 6-8 to pharyngeal arches and
the heart are essential for the patterning of pharyngeal arch
arteries (PAAs) and the cardiac outflow tract (OFT) (2, 3).
These NCCs also differentiate into vascular smooth muscle cells
(SMCs) of PAAs and the muscular septum of the aorta and
pulmonary trunk (4, 5). In contrast, NCCs from the cephalic
neural tube migrate to the face and forebrain to form craniofa-
cial bones, as well as SMCs of facial and forebrain vessels (6).
Thus, NCCs are critical for the formation of cardiac OFT and
vascular supplies of large areas of the body.

Disruption of NCC development, either directly or indirectly,
results in many forms of human birth defects with cardiovascular
malformations, including Alagille, Carpenter, Ivemark, Leopard,
Williams, DiGeorge, and CHARGE syndromes (7). These syn-
dromes involve defects in PAAs or cardiac OFT, such as co-
arctation of the aorta, interrupted aortic arch, pulmonary artery
stenosis, double-outlet right ventricle, tetralogy of Fallot, or
persistent truncus arteriosus. During PAA and OFT de-
velopment, NCCs are regulated by numerous transcription fac-
tors, including Pax3, Pbx1/2/3, Tbx1/2/3/20, Msx1/2, Hand2, AP-
2a, Cited2, Pitx2, Sox4, Foxcl/c2/d3/h1, Fog2, Gata3/4/6, and
Notch/NICD (8). Such extensive involvement of transcription
factors indicates the importance of gene programming in NCC,
PAA, and OFT development.

DNA s tightly packed by chromatin, and the access of tran-
scription factors to genomic loci depends on the chromatin
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structure. Chromatin thus acts as a major controller of gene
expression. Chromatin structure can be altered by covalent his-
tone modifications through histone-modifying enzymes or by
changes in nucleosome position and composition through ATP-
dependent chromatin-remodeling factors. Despite the importance
of chromatin regulation and NCC-related human diseases, little is
known about how NCCs are programmed at the chromatin level
for cardiovascular development (8-10). Our studies demonstrate
a cell-autonomous function of a chromatin remodeler, Brgl, in
NCCs and downstream pathways to orchestrate NCC development
in mice.

Brahma-related gene 1 (Brgl) is an essential ATPase subunit
of the Swi/Snf-like BAF chromatin-remodeling complex in ver-
tebrates (11). Brgl hydrolyzes ATP to drive the chromatin
remodeling activity of the BAF complex. A recent study in-
directly linked Polybromo-BAF (PBAF) (containing Brgl) to the
pathogenesis of CHARGE syndrome (12), characterized by
coloboma, heart defects, atresia choanae, retarded growth and
development, genital hypoplasia, and ear abnormalities/deaf-
ness. CHARGE syndrome is caused by haploinsufficiency of a
chromodomain chromatin-remodeling factor, Chromodomain-
Helicase-DNA-binding protein 7 (CHD7) (13), and includes
cardiovascular defects in PAA and OFT (14). Although Chd7
knockdown in frog embryos causes abnormal OFT positioning,
and Chd7 associates with PBAF in frog embryos (12), there is no
direct evidence of the need for Brgl in NCCs for PAA and OFT
development in frogs or mice.

Through tissue-specific deletion of Brgl in NCCs, our studies
demonstrate a cell-autonomous role of Brgl in NCCs for the
development of cerebral vessels, PAAs, and cardiac OFT in
mice. In addition, we identified molecular pathways downstream
of Brgl that control cell apoptosis, proliferation, differentiation,
and migration of NCCs.

Results

Deletion of Brg1 in NCCs Results in Embryonic Lethality. To test Brgl
function in NCCs, we deleted Brgl by crossing mice carrying
a loxP-flanked allele of Brgl (Brgl’) (15) with mice harboring
WntlCre, whose Cre is active in NCCs (4, 16). To confirm Brgl
deletion in NCCs, we immunostained Brgl of embryonic day (E)
10 Wnt1Cre;Brgl’ embryos and found that Brgl proteins were
absent in NCCs and NCC-derived tissues, including dorsal root
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Fig. 1. Wnt1Cre;Brg1” embryos lack Brg1 in NCCs and NCC-derived tissues
and die between E11.5 and E12.5. (A-H) Immunostaining of Brg1 (green) in
neural crest, dorsal root ganglia, cardiac OFT, and forebrain of E10 Wnt1Cre;
Brg1™ embryos (A, C, E, and G) and Wnt1Cre;Brg1™ embryos (B, D, F, and H).
DAPI (DNA): blue. Dashed lines (A and B) denote the site of neural tube dorsal
to which Brg1 is deleted. Brg1-null NCCs that have reached the distal OFT are
circled (F). (/ and J) Gross morphology of control (Wnt1Cre;Brg1™*) and mu-
tant (Wnt1Cre;Brg1™) embryos at £10.5 (/) and E11.5 (J). (K) Frequency of live
Whnt1Cre;Brg1™ embryos harvested at different embryonic dates.

ganglia, cardiac OFT, and forebrain vessels (Fig. 1 A-H). The
Wit1Cre;Brgl’’ embryos developed grossly normally up to E11.5,
when bleeding occurred in the forebrain but nowhere else in the
body (Fig. 1 I and J); these embryos died between E11.5 and
E12.5, with none surviving to E12.5 (Fig. 1K).

Brg1 Is Essential for Cerebral Vessel, PAA, and Cardiac OFT Development.
To investigate the cause of embryonic lethality, we analyzed ce-
rebral vessels, PAAs, and cardiac OFTs in Wnt]Cre;Brglﬂf em-
bryos. Bleeding consistently occurred bilaterally in the forebrain of
WatICre;Brgl”’ embryos at E11.5 (Fig. 1J). By Indian ink angiog-
raphy (17), we observed that E10.5 WntICre;Brgl’”’ embryos dis-
played defects in PAAs, characterized by the near absence of PAA
3 and PAA 4 and enlargement of PAA 6 (Fig. 24 and B). Through
lineage tracing using WantlCre;R26R mice (4, 16), we found that
the cardiac OFTs of E10.5 WntICre;Brgl”’ embryos was shortened
by 41% (P < 0.0001), and the depth of NCC penetration into the
heart was reduced by 52% (P < 0.0001) (Fig. 2 C=F). Thus, Brgl
functions in NCCs to regulate cerebral vessel function, PAA pat-
terning, and OFT development. The massive forebrain bleeding
will likely cause embryonic death.

Brg1 Inhibits Apoptosis and Promotes Proliferation and Differentiation
of NCCs. To identify the cellular basis of these phenotypes, we
tested the function of Brgl in NCCs for cell apoptosis, pro-
liferation, and differentiation. To test cell death, we examined
E9 or E10 embryos by activated Caspase3 and TUNEL staining
and found increased apoptosis in the neural crest and NCC-
derived pharyngeal arch and dorsal root ganglia of WntICre;
Brgl"! embryos (Fig. 3 4 and B and Fig. S1 4A-F). These findings
suggest that Brgl suppresses apoptosis of NCCs in vivo. For cell
proliferation, we labeled E10 embryos with BrdU for 2 h and
stained the embryos with BrdU antibody. The incorporation of
BrdU in WntlICre;Brgl’”’ NCCs was reduced by 45% P <
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0.0001) (Fig. 3 C-E), indicating that Brgl is essential for NCC
proliferation in vivo.

To explore the cause of forebrain bleeding, we tested the
differentiation of endothelium and SMCs of anterior cerebral
vessels at E10.5. Immunostaining with endothelial and SMC
markers identified normal endothelial marker Pecam1 and early
SMC marker Vimentin in the cerebral vessels of E10.5 WntlCre;
Brgl”' embryos (Fig. S2 A-D). This finding suggests that endo-
thelial differentiation and early differentiation of SMCs are
normal in mutant embryos. However, the cerebral vascular
SMCs of WntlCre;Brgl’”’ embryos had severely diminished ex-
pression of smooth muscle myosin heavy chains (Myhl1), a dif-
ferentiation marker of mature SMCs (18) (Fig. 3 F—-H). Because
SMCs, but not endothelial cells, of forebrain vessels are derived
from NCCs (6, 19), these results suggest that Brg/-null SMCs
failed to mature to form a strong vessel wall. Such immature
vascular wall may be fragile, leading to severe bleeding and em-
bryonic lethality.

To further test the cell-autonomous role of Brgl and develop
cellular assays to study Brgl biology in NCCs, we knocked down
Brgl in Jomal.3 cells, a transformed murine NCC line that
expresses early NCC markers and can be induced to differentiate
into SMCs (20). We generated stable Jomal.3 NCCs by infecting
these cells with lentivirus that allowed doxycycline (Dox)-in-
ducible expression of ShRNA against Brg/ (designated siBrgl
NCCs), as well as a scrambled control shRNA (designated siCtrl
NCCs) (Fig. 3 I and J). To test the efficiency of Brgl knockdown,
we used quantitative RT-PCR (qRT-PCR) to quantitate Brgl
mRNA in these stable NCCs. Within 48 h of Dox treatment, Brgl
mRNA was knocked down by 58% in cultured NCCs (Fig. 3K),
which was confirmed by Western blot analysis of Brgl protein
(Fig. 3L). This Brgl knockdown resulted in a 40% reduction (P <
0.01) in the number of NCCs within 3 d of culture (Fig. 3M),
suggesting that Brgl triggers NCC death, inhibits NCC pro-
liferation, or both. TUNEL staining revealed that Brgl
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Fig. 2. Brg1 is essential for the development of PAAs and cardiac OFT. (A
and B) India ink injection of the PAAs in Wnt‘ICre;Brgl"/+ (A) and WntiCre;
Brg1™ E10.5 (B) embryos. The PAAs are numbered according to pharyngeal
arch origin. (C and D) Whole-mount p-galactosidase staining (blue) of
Wnt1Cre;Brg1™*;R26R (C) and Wnt1Cre;Brg1”":R26R (D) embryos at E10.5.
The bracketed regions indicate the length of cardiac OFT. The dashed lines
denote the range of NCCs in the OFT. (E and F) Quantitation of the length of
cardiac OFT (E; distance within the brackets) and NCC penetration into the
OFT (F; distance between the dashed lines). The relative cardiac OFT length
or NCC penetration into the OFT in Wnt1Cre;Brg1™ embryos at E10.5 is set
at 1. Error bar indicates SEM. *P statistically significant, Student t test. LV,
left ventricle; LA, left atria.
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Fig. 3. Brgl is essential for apoptosis inhibition, 7 E10
proliferation, and differentiation of NCCs. (A and B)
Activated Caspase3 immunostaining (red) of control
(A) and mutant (WntICre;Brg1ﬂf) (B) embryos in the
neural crest region at E10. DAPI (DNA), blue. (C and
D) BrdU (green) and Brg1 (red) coimmunostaining of
control (C) and mutant (Wnt1Cre;Brg1™) (D) em-
bryos in the neural crest region at E10. DAPI (DNA),
blue. (E) Quantification of BrdU incorporation in the
neural crest region of control and mutant (Wnt1Cre;
Brg1™) embryos at E10. (F~H) Myh11 immunostain-
ing (brown) of control (F) and mutant (Wnt1Cre;
Brg1™) (G and H) embryos in the anterior cerebral
arteries at E10.5. The counterstain was hematoxylin.
() Schematic representation of the Dox-inducible
lentiviral construct. The ubiquitin C (UBC) promoter
drives the expression of reverse tetracycline trans-
activator 3 (rtTA3) along with the puromycin re-
sistance gene used for selection of transduced cells.
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control shRNA-transduced Joma1.3 NCCs with or

n=3, each in triplicates E‘!D n=3, each in triplicates

without Dox. (V) TUNEL staining of Brg1 and control shRNA-transduced Joma1.3 NCCs with or without Dox. (O and P) Quantification of BrdU incorporation

(0) and phosphohistone H3 (pHH3) immunostaining (P) of Brg1 and control

shRNA-transduced Joma1.3 NCCs with or without Dox. (Q) Quantitation of

apoptosis-related gene expression by qRT-PCR in Joma1.3 NCCs infected with lentivirus expressing control or anti-Brg1 shRNA. (R) Ask1 immunostaining
(brown) of control (Wnt1Cre;Brg1”*) and mutant (Wnt1Cre;Brg1™) embryos in the neural crest region at E10. The counterstain was hematoxylin. (S)
Quantitation by gRT-PCR of genes regulating proliferation in Joma1.3 NCCs infected with lentivirus expressing control or anti-Brg1 shRNA. (T) p21¢P!
immunostaining (brown) of control (Wnt1Cre,'Brg1ﬂ+) and mutant (Wnt1Cre,'Brg1ﬂf) embryos in the neural crest region at E10. The counterstain was he-
matoxylin. (U) Quantitation of Myh11 expression by gRT-PCR in Joma1.3 NCCs infected with lentivirus expressing control or anti-Brg1 shRNA with or without

Tgfp. Error bar indicates SEM. *P statistically significant, Student t test.

knockdown led to apoptosis of NCCs (Fig. 3N), whereas BrdU
incorporation and phosphohistone H3 (pHH3) staining were
associayed with 27% and 28% decreases in proliferation, re-
spectively, with Brgl knockdown (Fig. 3 O and P). These findings
indicate that the decrease in siBrgl NCCs is caused by a com-
bination of increased cell apoptosis and decreased cell pro-
liferation, consistent with the in vivo observations.

We then used qRT-PCR to identify factors contributing to the
apoptosis of Brgl-deficient NCCs. We tested the expression of
apoptosis-regulating genes Traf2, Traf6, Parpl, Atf6, Askl, Ask2,
Dapkl, and Apafl in siBrgl NCCs (21-28). Of these genes, only
Askl (apoptosis signal-regulating kinase 1) exhibited increased
expression (a 1.65-fold increase; P < 0.03) in siBrgINCCs; the
other genes showed no significant changes (Fig. 3Q). We then
tested the in vivo role of Askl by immunostaining. Askl proteins
were minimal or absent in the control but were abundant in
WatlCre;Brgl’”! NCCs (Fig. 3R). Given that Askl activates cas-
pase to execute apoptosis (24), and that both Askl and Caspase3
were activated in Brgl-null NCCs (Fig. 3 B and R), our in vitro
and in vivo findings suggest that Brgl suppresses Askl in NCCs
to prevent Askl from activating caspase to cause cell apoptosis.

We also used qRT-PCR to identify factors contributing to NCC
proliferation. We examined siBrgl NCCs for the expression of cell
cycle-regulating genes p21°?!, p27°?! | Cdk4, Cyclin D1 (Cendl),
and Cyclin D2 (Cend2) (29, 30). Of these genes, only p21°7
(Cdknla), which inhibits cyclin E-Cdk2 and cyclin D-Cdk4/6 (29),
showed a significant increase (4.03-fold; P < 0.001) in siBrgl
NCCs; the other genes exhibited no significant changes (Fig. 35).

1740 | www.pnas.org/cgi/doi/10.1073/pnas.1218072110

To test whether p21°P! was up-regulated in VlVO we immunos-
tained p21°P! in the NCCs of WntlCre;Brgl” mice. Immunos-
taining indeed showed an increase of p21c'p1 in Brgl-null NCCs
(Fig. 3T). Given that p21°P! is a cell cycle inhibitor, these find-
ings suggest that Brgl suppresses p21CP in NCCs to promote
cell proliferation in vivo. The suppression of Ask1 and p21°P! by
Brgl provides a mechanism by which Brgl inhibits apoptosis and
maintains proliferation of NCCs in vivo.

To test the effect of Brgl on the differentiation of NCCs into
SMCs, we treated siBrgl NCCs with Tgfp to induce their dif-
ferentiation into mature SMCs expressing Myhll (20). qRT-
PCR showed that Tgfp induced Myhl1 expression in siCtrl NCs,
but not in siBrgl NCCs (Fig. 3U), suggesting that Brgl is nec-
essary for the differentiation of NCCs into mature SMCs, con-
sistent with in vivo observations (Fig. 3G). Collectively, both the
in vivo and culture studies indicate that Brgl functions in a cell-
autonomous manner through distinct pathways to regulate the
survival, proliferation, and differentiation of NCCs.

Brg1 Is Essential for PlexinA2 Activation and NCC Migration. By Brgl
immunostaining and lineage tracing of NCCs, we observed
a 44% reduction of NCCs in the cardiac OFT (Fig. S3) and
a failure of Brgl/-null NCCs to migrate deeply into the proximal
OFT (Fig. 2 C-F). We hypothesized the presence of additional
migratory defects in Brgl/-null NCCs. Because Alk2/Tgfp and
PlexinA2 are essential for NCC migration44 into the OFT (31—
33), we tested Whether expressmn of these genes was changed in
WntlCre;Brgl’ embryos. RNA in situ hybridization showed that
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Alk2 and Tgfp2 were normally expressed in the OFT (Fig. S4 A-
D). In contrast, PlexinA2 was severely reduced in Brg/-null NCCs
at the neural crest of rhombomere 6-8 and in the OFT of
WntlCre;Brgl”" embryos (Fig. 4 A-D). These observations in-
dicate that Brgl is essential for Plexin42 expression in NCCs,
consistent with the failed migration of Brgl-null NCCs into the
proximal OFT.

To test if Brgl was essential for NCC movement in culture, we
first examined siBrgl NCCs for PlexinA2 expression. qRT-PCR
showed that Brgl knockdown reduced PlexinA2 by 29% (P <
0.02) without changes of other migratory factors such as Plex-
inDI and Nipl (33) (Fig. 4E). Next, we used microscopy to live
image and measure the migratory speed of Jomal.3 NCC in
response to the chemokine Sema3C, which promotes NCCs
migration into cardiac OFT (34). We found that Sema3c proteins
increased the speed of Jomal.3 cell migration by 4.14 folds;
however, with Brgl knockdown, Sema3c increased the migratory
speed by only 1.36 folds (Fig. 4F). Therefore, Brgl knockdown
reduced the cell migration by 67% (from 4.14- to 1.36-fold; P <
0.001). The requirement of Brgl for the migratory response of
NCCs to Sema3C is consistent with the reduction of PlexinA2 in

Brgl-deficient NCCs. Collectively, the reduced penetration of
Brgl-null NCCs into the OFT and the reduction of PlexinA2 in
Brgl-null NCCs, as well as the reduced movement of Brgl-de-
ficient NCCs support that Brgl is required for migration of
NCCs into the proximal OFT in vivo.

PlexinA2 Is a Direct Target of Brg1. To test if Brgl directly activated
PlexinA2, we used ChIP and quantitative PCR (qPCR) to ex-
amine the binding of Brgl to PlexinA2 promoter. With sequence
alignment (www.dcode.org), we identified nine regions (pl-p9)
in the proximal 9.5-kb promoter of mouse PlexinA2 that are
evolutionarily conserved among mouse, dog, monkey, rat, or
human (Fig. 4G). After validating Brgl, Chd7, and PlexinA2
expression in the neural crest (Figs. 1A and 4A and Fig. S54), we
dissected neural crest tissues from rhombomere 6-8 region of E9
embryos as indicated (Fig. 4H). ChIP-qPCR analyses of cardiac
neural crest tissues (~25-30 embryos per ChIP reation) using
anti-Brgl antibody (35, 36) showed that Brgl was highly enriched
within the conserved p1-p9 regions, but not in the nonconserved
region of PlexinA2 (Fig. 4 I and J). In Jomal.3 NCCs that also
had Brgl, Chd7, and PlexinA2 (Fig. S5 B and C), ChIP analysis
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demonstrated similar Brgl enrichment within the PlexinA2 pl-
P9, but not within nonconserved regions (Fig. 4 K and L). No
Brgl enrichment was detected on the negative control g-MHC
(35) (Fig. S6). Therefore, in NCCs, Brgl proteins are present on
the conserved regions of proximal PlexinA2 promoter.

To study the activity of Brgl on the PlexinA2 promoter, we
cloned the full-length proximal PlexinA2 promoter (—9394, +463)
and truncated PlexinA2 promoters (—5754, +463), (—2103, +463),
and (—193, +463) into an episomal luciferase reporter pREP4
(Fig. 4M). The pREP4 plasmid is an Epstein-Barr virus-based
episomal vector that undergoes chromatinization after trans-
fection into mammalian cells (37) and thus is suitable for studying
the chromatin and transcription activity of Brgl on gene pro-
moters (35-37). Given the resistance of Jomal.3 NCCs to trans-
fection, the PlexinA2 reporter plasmids and Brgl-expressing
plasmids (35) were cotransfected into 293T cells as a surrogate
for reporter assays. Measuring the luciferase activity driven by
PlexinA2 reporter revealed that Brgl activated the PlexinA2 full-
length promoter activity by 3.24-fold. Deletional analysis (35) of
PlexinA2 promoter showed a length-dependent induction of
promoter activities by Brgl, with 4.01-fold for the (5754, +463)
promoter, 2.70-fold for the (2103, +463) promoter, and 1.55-
fold for the (—193, +463) promoter (Fig. 4N), suggesting Brgl
activity on multiple binding sites (p1-p9). These results, together
with ChIP analysis results, indicate direct transcriptional activa-
tion of PlexinA2 by Brgl.

Brgl Cooperates with Chd7 to Activate PlexinA2. Because Chd7
mutations causes CHARGE syndrome with PAA and OFT
defects (13), we asked whether Brgl cooperated with Chd7 to
regulate NCC development. We first investigated the direct
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Fig. 5. Brg1 cooperates with Chd7 to activate PlexinA2. (A) qPCR quantifi-
cation of Chd7 antibody-immunoprecipitated chromatin from E9 cardiac
neural crest tissues using primers targeting PlexinA2 promoter [p1-p9 and
nonconserved (nc)]. Signals were standardized to the percentage of input
DNA. *P < 0.05, statistically significant from respective 1gG controls (Fig. 4/).
(B) gPCR quantification of Chd7 antibody-immunoprecipitated chromatin
from Joma1.3 NCCs using primers targeting PlexinA2 promoter (p1-p9 and
nc). Signals were standardized to the percentage of input DNA. *P < 0.05,
statistically significant from respective 1gG controls (Fig. 4K). (C) Coimmu-
noprecipitation of Brg1 and Chd7 in E9 cardiac neural crest tissues. (D) Lu-
ciferase reporter assays of PlexinA2 promoter (-9394, +463) in 293T cells
cotransfected with Brg1 and/or Chd7 at indicated amounts. Error bar indi-
cates SEM. *P statistically significant, Student t test. (E) Functions of Brg1 in
NCC survival, migration, and differentiation. (F) Model of molecular inter-
actions of Brg1 in NCCs. Brg1 partners with Chd7, histone modifiers, and
transcription factors to program gene expression in NCCs.
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binding of Chd7 and Brgl on the PlexinA2 promoter. Interest-
ingly, ChIP analysis of cardiac neural crest tissue (Fig. 54) and
Jomal.3 NCCs (Fig. 5B) using anti-Chd7 antibody showed that
Chd7, like Brgl, was highly enriched within the conserved p1-p9
regions of PlexinA2 promoter, but not in the nonconserved re-
gion and not in the negative control f-MHC promoter (Fig. S6).
This Chd7 ChIP pattern suggests that Brgl and Chd7 are in close
proximity on the PlexinA2 promoter. To further test the physical
interaction of Brgl and Chd7, we performed coimmunoprecipi-
tation (co-IP) using cardiac neural crest tissues (~10-15 E9 em-
bryos for each reaction) and found that Chd7 formed complexes
with Brgl in the neural crest (Fig. 5C).

To test Brgl-Chd7 transcriptional interaction on PlexinA2, we
overexpressed Brgl, Chd7, or both in different amounts in 293T
cells and performed reporter analysis of the PlexinA2 promoter.
PlexinA2 promoter activity was activated in a dose-dependent
manner by Brgl and by Chd7 (Fig. 5D), and coexpression of Brgl
and Chd7 had roughly twofold synergetic effects on promoter
activation (Fig. 5D). Collectively, the results of our ChIP, co-IP,
and reporter assays indicate the presence of Brgl-Chd7 complex
on the PlexinA2 promoter to activate PlexinA42, essential for
navigation of NCCs into proximal OFT.

Discussion

Our findings demonstrate a unique role of Brgl and its down-
stream pathways for NCC survival, differentiation, and migration
(Fig. 5 E and F). Brgl inhibits NCC apoptosis at least in part by
suppressing Askl, an apoptosis-signal regulating kinase that
activates the caspase pathway to trigger cell apoptosis (24). In
parallel, Brgl promotes NCC proliferation partly through its
suppression of p21P, a cell cycle inhibitor (29). Brgl also pro-
motes the differentiation of NCCs into mature vascular SMCs.
Brgl-null NCCs are unable to differentiate into Myh11-express-
ing SMCs, resulting in weakened vessel walls, massive bleeding,
and embryonic death. In addition, Brgl in NCCs is required for
PAA patterning. The near absence of PAA 3 and 4 arteries,
which are precursors of common carotid arteries and aortic arch,
suggests that aberrant great arteries would develop in NCC Brgl-
null embryos if these embryos could survive the bleeding. Finally,
Brgl is essential for navigating NCCs to the heart for OFT de-
velopment. Brgl-deficient NCCs fail to express PlexinA2, which
encodes a coreceptor for semaphorin signaling molecules to
guide NCCs into the proximal OFT (32-34). The vital role of
Brgl in multiple NCC functions indicates that active chromatin
restructuring is essential for NCCs to execute their various de-
velopmental tasks.

Gene programing in NCCs at the chromatin level is largely
unknown (8-10). Hdac3 in NCCs is required to regulate PAA
and OFT development; however, its direct target genes are un-
known (38). Some histone-modifying enzymes are also known to
regulate OFT development, but their cellular sites of actions are
undefined. Germ line deletion of Jarid2/Jumonji or Jmid6/Ptdsr
causes double-outlet right ventricle (39, 40), whereas the dis-
ruption of Phcl (Rae28), encoding a member of the polycomb
repressive complex 1, results in tetralogy of Fallot and double-
outlet right ventricle (41). Tissue-specific disruption of these
histone modifiers in NCCs will be necessary to test their cell-
autonomous roles in NCCs for heart development. Brgl is the
sole ATP-dependent chromatin-remodeling factor known to have
an intrinsic role in NCCs for mammalian heart development.
Assembly of the Brgl-Chd7 complex on the chromatin of Plex-
inA2 promoter to activate Plexin42 and navigate NCCs suggests
that Chd7 also has a cell-autonomous role in NCCs for PAA/
OFT development. Tissue-specific gene deletion of Chd7 in mice
will be essential to precisely define the action site(s) of Chd7 for
heart development. Further studies of the interactions among
Brgl, Chd7, Hdac3, and other histone modifiers will provide
a deeper understanding of how the epigenome of NCCs is
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dynamically programmed for to perform a multitude of develop-
mental functions.

Chromatin regulators interact with transcription factors to
control gene expression. Gata6, a transcription factor with muta-
tions identified in patients with OFT defects, is essential for the
activation of PlexinA2 in NCCs (42, 43). Other transcription fac-
tors, such as Pax3 and Pbx1, are required to program NCCs for
PAA/OFT development (16, 44-46). Determining how the Brgl-
Chd7 complex interacts with these transcription factors will be
crucial to elucidating the gene programming mechanism in NCCs
for cardiovascular development.

Our findings provide direct evidence in mammalian heart de-
velopment to strengthen the mechanistic links among Brg1, Chd7,
NCC, and CHARGE syndrome. However, many cells besides
NCCs are required for cardiac OFT development, including
second heart field progenitor cells, endocardial cells, and myo-
cardial cells (8). Further investigation of whether Brgl interacts
with Chd7 in those non-NCC tissues for heart development will
provide a better understanding of the interactions of chromatin
remodelers relevant to CHARGE syndrome. These studies will
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also elucidate how those cells are programmed by chromatin
remodelers to non—cell-autonomously influence NCC survival,
differentiation, or migration during embryonic development.

Materials and Methods

Immunostaining, RNA in situ hybridization, gRT-PCR, ChIP, and reporter
assays have been described previously (47), as have Brg1ﬂf (15), Wnt1Cre (16),
and R26R (48) mice. The date on which a vaginal plug was observed in the
mice was set as E0.5. Animal care and handling were in accordance with the
regulations of Administrative Panel for Laboratory Animal Care at Stanford
University and guidelines of the National Institutes of Health. Detailed in-
formation on materials and experimental procedures is provided in S/
Materials and Methods.
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