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Cranial neural crest cells (crNCCs) migrate from the neural tube to
the pharyngeal arches (PAs) of the developing embryo and, sub-
sequently, differentiate into bone and connective tissue to form the
mandible. Within the PAs, crNCCs respond to local signaling cues to
partition into the proximo-distally oriented subdomains that convey
positional information to these developing tissues. Here, we show
that the distal-most of these subdomains, the distal cap, is marked
by expression of the transcription factor Hand1 (H1) and gives rise to
the ectomesenchymal derivatives of the lower incisors. We uncover
a H1 enhancer sufficient to drive reporter gene expression within
the crNCCs of the distal cap. We show that bone morphogenic pro-
tein (BMP) signaling and the transcription factor HAND2 (H2) syner-
gistically regulate H1 distal cap expression. Furthermore, the
homeodomain proteins distal-less homeobox 5 (DLX5) and DLX6
reciprocally inhibit BMP/H2-mediated H1 enhancer regulation. These
findings provide insights into how multiple signaling pathways di-
rect transcriptional outcomes that pattern the developing jaw.
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After migrating to specific locations within the developing
embryo, neural crest cells (NCCs), a multipotent cell pop-

ulation originating from the dorsal lip of the neural tube, respond
to local morphogenetic signaling cues to pattern and differentiate
(1). Following migration to the pharyngeal arches (PAs), cranial
NCCs (crNCCs) respond to endothelin 1 (EDN1) and bone mor-
phogenic protein (BMP) signaling from surrounding pharyngeal
epithelia to subdivide the PA ectomesenchyme into discrete
proximo-distal domains (2). In the mandibular arch (MD1),
these nested PA subdomains, characterized by the expression of
DLX homeobox and/or HAND basic helix–loop–helix (bHLH)
transcription factors, are integral to the development of specific jaw
structures, including bone, tongue mesenchyme, and heteroge-
neous teeth (3). HAND factors regulate mandibular incisor de-
velopment (4), whereas DLX proteins influence maxillary molar
development (2). The mechanisms by which DLX- and HAND-
dependent transcriptional programs establish proximo-distal PA
subdomains are poorly understood. Indeed, the dearth of identified
cis-regulatory elements active in postmigratory NCCs has ham-
pered the elucidation of the gene regulatory networks that establish
regional identity within the developing mandible.
BMP and EDN1 signaling initially overlaps within the distal

murine MD1, but by embryonic day (E)10.5, these signaling path-
ways become spatially segregated. The distal-most tip of the PAs,
known as the distal cap, is transiently devoid of active EDN1 sig-
naling. BMP signaling is ostensibly restricted to this distal cap by the
localized expression of Bmp antagonists (3). Here, we provide evi-
dence that DLX5 and DLX6 act as transcriptional repressors of
BMP signaling specifically within the cranial PAs. We show that,
within the crNCCs, the BMP-dependent transcription factors

Smads, H2, and GATA2/3 provide positive transcriptional inputs
that serve to counteract the activity of Dlx proteins, thereby re-
lieving EDN1-meditated repression. Together, these findings in-
tegrate the communication between BMP and EDN1 signaling
that establishes the distal cap of the mandible.

Results
The H1Cre Lineage Gives Rise to the Lower Incisors, in a HAND Factor-
Dependent Manner. H1 expression is confined to the distal cap ecto-
mesenchyme (4, 5). H1 dimer mutants display noncell-autonomous
craniofacial phenotypes outside of the distal cap (6). The H1Cre

knock-in allele provides a tool with which to interrogate cell-
autonomous roles of Hand factors within the MD1 (7, 8). To ex-
amine the development of the H1 lineage relative to the developing
incisors, we performed X-Gal staining of R26RlacZ/+;H1Cre/+ embryos
at E15.5. Consistent with H1lacZ expression, the H1 lineage is re-
stricted to the midline of the tongue and Meckel’s cartilage within
the developing jaw; however, the dental papilla (dp) of the man-
dibular incisors, which exhibits undetectable H1lacZ expression (4)
(Fig. S1A) is derived from H1Cre-marked cells (Fig. S1B). These
findings suggest that Hand factors function cell-autonomously during
early mandibular incisor development.

Significance

Within the developing mandible, proper specification and po-
sitioning of bone, tongue, and teeth are controlled by secreted
morphogens. Among these morphogenetic cues, endothelin
1 (EDN1) and bone morphogenic proteins (BMPs) divide the
nascent mandible into subdomains along a proximo-distal axis.
The transcriptional mechanisms by which mandibular pro-
genitor cells interpret morphogenetic signals to establish these
subdomains are poorly understood. Here, we characterize a
Hand1 enhancer that drives gene expression specifically within
the distal-most of these subdomains, the distal cap. Our find-
ings show that Bmp-dependent transcription factors provide
positive transcriptional inputs that serve to counteract the re-
pressive activity of EDN1-dependent transcription factors within
the distal cap, thus integrating the communication between BMP
and EDN1 signaling that patterns the mandible.

Author contributions: J.W.V. and A.B.F. designed research; J.W.V., J.J.C., R.M.B., and J.W.
performed research; J.W.V., J.Q., and A.B.F. contributed new reagents/analytic tools; J.W.V.,
D.E.C., J.W., and A.B.F. analyzed data; and J.W.V. and A.B.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. Email: tfirulli@iu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1603930113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1603930113 PNAS | July 5, 2016 | vol. 113 | no. 27 | 7563–7568

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 3
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603930113/-/DCSupplemental/pnas.201603930SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603930113/-/DCSupplemental/pnas.201603930SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1603930113&domain=pdf
mailto:tfirulli@iu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603930113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603930113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1603930113


www.manaraa.com

To test this hypothesis, we generated H1Cre;H2 conditional
knockouts (CKOs) within the distal cap (Fig. S1C–E). Because the
H1Cre allele is a knock-in, the resulting embryos are both null for
H2 and heterozygous for H1 within these cells. Histological and
marker analyses show that, in contrast to E12.5 control embryos, in
which thickened dental laminae of two prospective incisors are
evident in the mandible (Fig. S1 F, H, and J, arrowheads), a single,
arrested lamina is observed in H2fx/-;H1Cre/+ CKOs (Fig. S1 G, I,
and K, arrowheads). Collectively, these data show that distal cap
H1-lineage cells within the MD1 compose a subdomain of the
ectomesenchymal component of the mandibular incisors in a
HAND factor-dependent manner.

A H1 Distal Cap Enhancer Is Located Within a 443-Bp Bmp-Responsive
Element. To characterize the transcriptional mechanisms that
define distal cap, we used promoter deletion analyses to identify
the cis-regulatory elements that drive H1 gene expression within
crNCCs. Comparative genomic analyses identified conserved
noncoding regions (>75% conserved between mouse and human
across >100 bp; red boxes in Fig. 1A; ref. 9); that were isolated
and assayed for enhancer activity via transgenic reporter analysis.
F0 transgenic analyses identified a 2.4-kb enhancer sufficient to
drive gene expression in both crNCCs and cardiac NCCs (caNCCs;
n = 16/20), as well as the myocardial cuff (MC; n = 16/20), and
septum transversum (ST; n = 15/20) consistent with expression of
H1lacZ and H1Cre alleles (Fig. 1 G–K) (7, 8, 10).
BMP4 lies upstream of H1 in NCCs (11, 12). Bmp7 knockouts

display mandibular incisor phenotypes similar to Hand factor
mutants (13). To test the BMP responsiveness of this full-length
H1 enhancer, it was cloned into a luciferase (luc) reporter con-
struct (#13; Fig. 1L). Construct #13 was cotransfected with con-
stitutively active BMP type I receptors (caBmpr1a or caBmpr1b)
and BMP transcriptional effectors (Smad1 or Smad5, and Smad4).
BMP robustly up-regulated Construct #13 (Fig. 1M). Deletion
analyses reveal that the 3′ 1.0 kb of the H1 enhancer is BMP-
responsive, whereas the remaining 5′ 1.4 kb of H1 enhancer se-
quence is not (Fig. 1M; #15 and #14). Serial deletions of Construct
#15 (Fig. 1L) revealed a 443-bp fragment (Construct #20; Fig. 1L,
green highlight) sufficient to convey BMP responsiveness (Fig. 1N).
We next tested whether this 443-bp Bmp-responsive element is

sufficient to drive gene expression in NCCs (Fig. 1O). X-Gal
staining of four independent E10.5 F0 embryos confirmed that the
443-bp Bmp-responsive element (Fig. 1O, green) was sufficient to

drive robust reporter expression within the crNCCs (Fig. 1Q, white
arrowhead), caNCCs (Fig. 1R, white arrow), andMC (Fig. 1R, black
arrow) in a domain comparable to that of endogenous H1 (Fig. 1
B–F). X-Gal staining was not observed within the ST or lateral
mesoderm (LM). The remaining 5′most fragment (Construct #21)
drove only ST-specific gene expression (Fig. 1 T–W, black arrow-
head). Thus, the 443-bp H1 enhancer (H1PA/OFT enhancer) is
BMP-responsive and sufficient to drive gene expression within
postmigration NCCs and the MC.

Smad Factors Directly Regulate the H1PA/OFT Enhancer to Define the
Distal Cap. To test whether BMP signaling directly regulates the
H1PA/OFT enhancer, we individually mutagenized four putative
SMAD cis elements (14, 15) (numbered 1–4, Fig. S2) in luc-reporter
constructs corresponding to Construct #15 (Fig. 2A). Mutation of
the 5′-most Smad site (15.S1) reduced BMP responsiveness by 44%.
Individual mutation of each of the remaining three Smad binding
sites (15.S2, S3, and S4) eliminated BMP responsiveness (Fig. 2B).
P-SMAD1/5/8 chromatin immunoprecipitation (ChIP) from iso-
lated E10.5 facial primordia confirmed that P-SMAD1/5/8 binds
within this H1 genomic region (Fig. 2C). We next mutagenized the
3′ critical sites within the full-length 2.4-kb reporter construct
(Construct #13.S2-4; Fig. 2D), showing that resulting F0 embryos
lack lacZ expression in NCCs (Fig. 2 E–H). Abolishing BMP re-
sponsiveness within NCCs by conditionally deleting Smad4 (Smad4
NCC CKO) revealed that Construct #20 reporter transgene ex-
pression requires SMAD4 (Fig. 2 M–P). Conversely, NCC-specific
expression of a constitutively active Bmpr1a (ref. 16; Bmpr1a NCC
ca) caused proximally expanded NCC Construct #20 expression
(Fig. 2 Q–T). These findings establish that the H1PA/OFT enhancer is
directly regulated through SMAD-mediated BMP signaling.

H2 Acts Synergistically with Smads to Directly Regulate the H1PA/OFT

Enhancer. BMPs directly regulate Msx2 expression within the PAs
(17). Msx2 expression is broader than H1, hinting that additional
transcription factors regulate each gene. H1 expression is lost
in crNCCs when H2 is ablated (18). Luc assays using Construct
#15 indicated that, although H2 is not sufficient to up-regulate
H1PA/OFT enhancer expression on its own, H2 synergizes with
BMP signaling to up-regulate expression ∼threefold greater than
BMP alone (Fig. 3A). We next sought to genetically and molec-
ularly characterize H2 and SMAD interactions. Although H2
loss-of-function does not disrupt BMP signaling in the PAs, H2

Fig. 1. A 443-bp BMP-responsive H1 cis-regulatory element drives gene expression in NCC and MC. (A) Murine H1 locus and reporter constructs. Red boxes
indicate regions of genomic conservation. (B–K) X-Gal staining of an E10.5 H1lacZ/+ embryo (B–F) and Construct #13 F0 transgenic reporter (G–K) in whole
mount (B, C, G, and H) and transverse section (D–F, I, and J). (L) Schematic of Construct #13–Construct #20. (M and N) Luc assays show the 443-bp Construct #20
conveys BMP responsiveness. 1a, caBmpr1a; 1b, caBmpr1b. (O) Transgene reporter Constructs #20 and #21. (P–W) X-Gal staining of F0 Construct #20 (P–S) and
#21 (T–W) transgenics in whole-mount (P and T) and transverse sections (Q–S and U–W). Dashed lines in B denote level of sections in D–F. *, punctate ex-
pression; †, broad expression in the ST; HE, hepatic endoderm; I2, MD1; LV, left ventricle; RV, right ventricle; #TG, number of F0s.
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and BMP signaling does converge to regulate the expression of a
subset of distal cap target genes (11) (Fig. S3 C–L). Coimmuno-
precipitation experiments revealed that H2 interacts with SMAD1
(Fig. S3M). To confirm that H2 directly binds to the H1PA/OFT

enhancer, we identified E-box and D-box consensus motifs (19)
(Fig. S2, turquoise and dark red). Three pairs of palindromic D
boxes overlapped with SMAD cis elements 2–4 (Fig. S2, dark
blue). Electrophoretic mobility shift assays (EMSAs) confirmed
specific H2-E12 heterodimer binding to each of these D boxes
(Fig. S3 P–R). Published H2 ChIP-Seq data confirms significant
enrichment within the H1PA/OFT enhancer (20). These data sup-
port that H2 and SMAD1 are components of a transcriptional
complex that directly regulates the H1PA/OFT enhancer.
The proximity of the D boxes and SMAD cis elements 2–4

precluded mutagenizing these sites to confirm their necessity;
however, crNCC expression of Construct #20 was lost when bred
onto a H2CKO background (Fig. 3 E and F, white arrowhead),
whereas MC (Fig. 3G, black arrow) and, importantly, caNCC
(Fig. 3G, white arrow) expression was unaffected.
We next hypothesized that H2 functions in the MD1 to inhibit

a Bmp antagonist. Twist1 is broadly expressed in crNCCs within
the MD1, but is excluded from the distal cap (21, 22). TWIST1
inhibits BMP signaling within the forming cranial sutures (23)
and antagonizes H2 within the developing limb (24). Although
Construct #20 crNCC reporter expression did appear broader in
the PAs of E10.5 Twist1fx/-;Wnt1-Cre(+) embryos (Fig. S4), the
PAs are markedly dysmorphic (25), complicating interpretation.
In contrast, conditional Twist1 overexpression within NCCs us-
ing a CAG-CAT-Twist1 allele (26, 27) caused a loss of Construct
#20 crNCC reporter expression (Fig. 3 H and I, white arrowhead).
Importantly, caNCC H1PA/OFT enhancer expression was unaffected
by altered Twist1 expression (Fig. 3 G and J and Fig. S4). Twist1 is
endogenously expressed in caNCCs within the OFT (21). Thus, if
TWIST1 functioned as the primary BMP antagonist, H2 inactiva-
tion would result in the loss of H1PA/OFT enhancer activity in both
crNCCs and caNCCs.

Dlx5/6 Antagonizes Bmp Responsiveness of the H1PA/OFT Enhancer.
DLX5/6 are induced by EDN1 signaling and directly regulate
H2 expression within the rostral PAs (28). H2 then feeds back
to repress both Dlx5/6 expression within the distal cap (18). Al-
though Dlx5/6 are both expressed in crNCCs, neither is expressed in
caNCCs (29, 30). We therefore explored the regulatory influence of

DLX5/6 on the H1PA/OFT enhancer. Luc assays showed that both
Dlx5/6 strongly antagonized H2/BMP H1PA/OFT enhancer trans ac-
tivation (Fig. 4A).
If DLX5/6 represses the H1PA/OFT enhancer in vivo, it would

follow that BMPs and/or H2 must antagonize these factors
within the distal cap. In situ hybridization showed that H2 ex-
pression is lost in NCC-specific Smad4 CKOs (Fig. 4C). Con-
versely, Dlx5 expression, which is normally excluded from distal
cap crNCCs, expanded, and was uniformly expressed throughout
the PAs in these CKOs (Fig. 4E). We have reported that a
similar distal expansion of Dlx5/6 occurs in H2CKO mice along
with loss of H1 expression (18). We reasoned that H1 could be
necessary for restriction of Dlx5/6; however, examination of Dlx5/6
in NCC H1CKOs revealed no changes in expression domain
(Fig. S5). We next investigated whether activating BMP signaling
antagonizes Dlx5 expression. As expected, H1 expression ex-
panded proximally in the NCCs of Bmpr1a ca embryos (Fig. 4G).
Consistent with a model in which DLX5/6 restricts H1 expression
to the distal cap, Dlx5 (Fig. 4I) expression was further restricted
within the proximal PAs in Bmpr1a NCC ca embryos.
We next asked whether DLX proteins directly mediate BMP

antagonism. No homeodomain consensus sequences (31) were
found within the H1PA/OFT enhancer, so we divided the enhancer
into five 89-bp fragments and assessed DLX5 binding by EMSA.
DLX5 directly binds to three discrete sites within this sequence
(Fig. 4J). DLX3 binds the consensus site (ACG)TAATT(GA)(CG)
(32). Two similar sites, referred to as DLX 5′ and DLX 3′, appear
within the H1PA/OFT enhancer (Fig. S2). EMSAs confirmed direct
DLX5 DNA binding (Fig. 4J). The third DLX5 binding site over-
laps with a GATA consensus site (Dlx/Gata 5′), located directly 5′ to
the Smad site 3 (Fig. S2 and Fig. 4J). Mutation of these sites ablated
their ability to compete for DLX5 DNA binding (Fig. 4J) and ab-
lated DLX5 direct DNA binding (Fig. S6A).
We next interrogated whether these DLX-binding sites are re-

quired to confer transcriptional repression. Mutation of the 5′-most
site, Dlx 5′, had no effect upon DLX-mediated repression (Fig.
S6B). Mutation of the 3′-most site, Dlx 3′, also did not affect DLX-
mediated repression, but instead diminished Bmp responsiveness
(Fig. S6B). Mutation of Dlx/Gata 5′ eliminated BMP responsiveness
(Fig. S6B). Thus, we cannot conclude that these DLX-binding sites
are required for transcriptional repression, because positive tran-
scriptional regulators require these sites to trans-activate H1PA/OFT.

Fig. 2. Mutation of H1PA/OFT Smad cis elements abolishes responsiveness to BMP. (A) Each of four conserved SMAD consensus motifs (green) have been
individually mutagenized in Construct #15 (Constructs #15.S1-4). (B) Luc assays show that SMAD site mutation either reduces (15.S1) or abolishes (15.S2, S3,
and S4) BMP-responsiveness. (C) ChIP from E10.5 facial primordia confirms SMAD DNA occupancy. (D) H1 locus and Construct #13.S2-4 in which the SMAD sites
2–4 are mutagenized within Construct #13. (E–T) X-Gal staining of F0 Construct #13.S2-4 (E–H) Construct #20 line bred onto a Control (I–L), a NCC-specific
Smad4 NCC CKO (M–P), or Bmpr1a NCC ca (Q–T). *, weak expression. I2, MD1; LV, left ventricle; RV, right ventricle.
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Gata Factors Are Necessary for H1PA/OFT Enhancer Activity Within the
Distal Cap. We sought to identify the transcriptional regulator(s)
that up-regulate the H1PA/OFT enhancer via elements overlapping
with the DLX cis elements. The DLX binding site Dlx/Gata 5′ is
required for trans activation. This site and a second, 3′ GATA cis
element flank SMAD site 3 (Fig. S2). GATA2 and GATA3 are
related transcription factors important for jaw development
(22, 33) and for proper H2 and Dlx5 PA expression (22). Im-
portantly, Gata2/3 PA expression is BMP-dependent (11).
We tested whether these GATA cis elements are required for

H1PA/OFT enhancer activity. We performed luc assays, observing
that individual mutation of either of these sites abolished BMP
responsiveness in vitro (Fig. 4K). EMSA confirmed that GATA2/3
bound to both H1PA/OFT enhancer GATA sites (Fig. 5A). We next
generated transient transgenics in which the GATA sites have been
mutated. These F0 embryos displayed a complete loss of H1PA/OFT

enhancer activity within crNCCs but displayed expression within
caNCCs (Fig. 5C). These results support a model wherein positive

GATA factor inputs directly drive H1PA/OFT enhancer activity,
precluding assessment of their requirement for H1 repression.

Discussion
We identify a complex H1 enhancer, which models the tran-
scriptional mechanisms that define the distal cap of the rostral
PAs (Fig. S7). The distal cap domain, in turn, gives rise to the
mandibular incisor ectomesenchyme. These studies are the first
to our knowledge to demonstrate that cells within the distal cap
of MD1 directly contribute to the mandibular incisors. These
findings expand on published reports (4), and reveal that loss of
HAND factors does not disrupt mandibular incisor development
via defective midline development, but rather disrupts the de-
velopment of a key cell-lineage necessary for lower incisor
morphogenesis. Given that H1 crNCC transcriptional regulation
directly depends on BMP signaling, and this H1 lineage coincides
with the distal cap domain, we conclude that H1 marks the distal
cap and its lineage is required for mandibular incisor formation.
Indeed, Bmp7 mutants show similar incisor defects (13), and
both H1 and H2 are down-regulated in Bmp4CKOs (11). In-
creased BMP signaling results in both an up-regulation of H1
and H2 and MD1 incisor abnormalities (11, 34). Moreover, H2
NCC CKOs exhibit fused, hypoplastic incisors (18), whereas H1
is not required for incisor development, because NCC H1CKOs
displays no phenotypes (4), and does not affect the Dlx5/6 distal
cap expression (Fig. S5). H1 haploinsufficiency on a H2CKO
background yields a single lower incisor (Fig. S1), revealing a
HAND factor dosage relationship. Indeed, loss of H2 within the
MD1 does not alter SMAD1/5/8 phosphorylation, but alters H1
expression and allows for Dlx5/6 expansion into the distal cap
(Fig. 3 and Fig. S3) (18). Because Hand expression is lost in
Smad4CKOs, it is unclear whether SMAD factors themselves
directly contribute to Dlx5/6 repression. SMADS are clearly not
sufficient for Dlx5/6 repression; rather, it is the cooperative
overlap of BMP signaling and HAND factor expression that
defines the distal cap. This observation reframes mandibular
patterning in the context of the BMP/H2-defined distal cap cell
lineage, rather than gene expression within the PA primordia.
The mechanisms uncovered in this study show that positive

and negative feedback regulation, initiated through the EDN1-
induced endothelin receptor A (EDNRA) signaling cascade,
ultimately pattern the distal cap of MD1. Within crNCCs,
EDNRA function is required for the expression of Dlx5/6 and
Bmp4 (22). DLX5/6 are then required for H2 expression (28).
Although DLX5/6 exert a repressive influence upon the H1PA/OFT

enhancer, DLX5/6 are required to up-regulate H2, a necessary H1
trans activator (Fig. 3; ref. 18). This indicates that the reduced H1
expression observed in the distal cap of Dlx5/6−/− mutants (35)
results from the loss of H2 (Fig. 3 E–G). Furthermore, EDNRA is
necessary to exclude Twist1 expression from the distal cap (22).
These findings support a TWIST1/H2-mediated negative-feedback
loop that proximally expands the BMP signaling domain and re-
stricts the EDN1 signaling domain.
EDNRA signaling components are thought to be transcrip-

tionally downstream of GATA2/3 (36). In support of this, Gata3
expression is unperturbed by the disruption of EDNRA signaling
(22). However, BMP4 regulates Gata3 expression in the MD1
(11). The findings reported here demonstrate that these factors
exert either positive (BMP, H2, Gata2/3) or negative (TWIST1,
DLX5/6) influences upon H1 transcription, thereby restricting H1
expression to the distal cap (Fig. S7).
The Hinge and Caps model of proximo-distal domain speci-

fication within the MD1 posits a combination of transcriptional
cross-talk and positive and negative feedback among EDNRA,
BMP, and FGF signaling (1, 3, 37). In this model, EDN1 and
Bmps have overlapping distal cap functions, but as PA development
proceeds, their functions resolve into distinct intermediate and
distal domains. The BMP antagonists GREMLIN2, CHORDIN,

Fig. 3. H2 and Twist1 directly modulate Bmp-mediated H1PA/OFT expression.
(A) Luc assays show that H2 by itself has no transcriptional effect on the
H1 enhancer; however, H2 and activated BMP signaling synergistically up-
regulate luc reporter expression ∼threefold over BMP transactivation alone. A
DNA binding-deficient H2 mutant (H2Δb) does not synergize. (B–J) X-Gal
staining of the Construct #20 transgenic reporter line bred onto a Control
(B–D), NCC-specific H2CKO (E–G), or onto a NCC-specific Twist1-over-
expressing background (H–J). I2, MD1; LV, left ventricle; RA, right atrium;
RV, right ventricle.
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and NOGGIN are proposed to regulate this transcriptional
resolution (3). The PA domain of BMP signaling responsiveness
is presumed to be regulated at the chromatin level such that
high levels of Bmp signaling are required for SMAD factors
DNA binding (11). Indeed, in fish, high levels of exogenous
Bmps can rescue h2 expression in edn1−/− mutants (3). Here, we
report that the EDNRA signaling effectors DLX5/6 can tran-
scriptionally antagonize BMP signaling. These findings provide
new insight into the mechanism by which Bmp and EDNRA
signaling, initially redundant in the distal PAs, use cross-inhibitory
interactions to become spatially and functionally segregated dur-
ing PA development.
At the hinge, FGF8 signaling establishes both anterior-pos-

terior and proximo-distal polarity (1, 37). Importantly, FGF8 is
partially required for expression of both Edn1, which is solely a
proximo-distal morphogen, and Dlx1, which establishes the most
proximal domain of MD1. These studies reveal that early spec-
ification of MD1 progenitors by hinge signals and/or by the

homeostatic integration of hinge and cap signaling segregates
EDN1/EDNRA- and BMP-signaling programs, orchestrating
proximo-distal MD1 patterning. BMP4 both activates and re-
presses Fgf8 expression dosage-dependently (38). It is likely that
the disruption of BMP signaling and downstream BMP targets
such as H1 and H2 feeds back upon Fgf8 hinge expression. Indeed,
in H1 dimer mutants, Fgf8 levels are markedly increased (6).
Finally, this study is the first to our knowledge to draw defined

distinctions between the transcriptional pathways active in crNCCs
and caNCCs postmigration. These studies show that BMP signaling
is required for H1PA/OFT enhancer up-regulation in both cell pop-
ulations; however, Dlx5/6 antagonism only occurs in crNCCs, not
caNCCs. As such, H2 inputs are required to antagonize DLX re-
pression in crNCCs (18), but are dispensable for H1PA/OFT enhancer
activity in caNCCs. This transcriptional divergence is key to our
understanding of how, despite similarities, crNCC fate determination
ultimately drives these cells to form, primarily, bone and connective
tissue, whereas, caNCCs ultimately form, primarily, smooth muscle.

Fig. 4. Dlx5/6 represses the H1PA/OFT enhancer within
crNCCs. (A) Luc assays show that DLX5/6 represses
H2/BMP synergistic activation of theH1PA/OFT enhancer.
(B–E) In situ hybridization shows that crNCC H2 ex-
pression (B and C) is lost in Smad4CKOs, whereas Dlx5
expression (D and E) is uniformly expressed through-
out MD1. (F–I) H1 expression is expanded proximally
in caBmpr1a F0 embryos (F and G) and Dlx5 expression
(H and I) is further restricted to the proximal PAs.
(J) EMSAs show that DLX5 can bind to three discrete
sites within the H1 enhancer. *, bound DNA com-
plexes. Dotted lines denote where gel lanes were
rearranged. Unlabeled competitors are as follows: 5′m,
DLX/GATA 5′mut; 3′m, GATA 3′mut; 5′/3′m, DLX/GATA
5′, GATA 3′mut; I2, MD1mut; mutant; WT, wild-type.

Fig. 5. Mutation of Gata cis-binding elements in the H1PA/OFT enhancer disrupts expression in crNCCs. (A) EMSAs show that GATA2 binds to both H1 enhancer
GATA sites. (B) H1 locus and Construct #13.G1,2-containing GATA mutants within the context of Construct #13. (C–F) X-Gal staining of F0 Construct #13.G1,2. I2,
MD1; LV, left ventricle; RV, right ventricle.
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Materials and Methods
Transgenic Mice. Genotyping of all alleles was performed as described and is
detailed in SI Materials and Methods and Tables S1 and S2.

Cloning. The 2.4-kb H1 enhancer, corresponding to −34,680 to −32,285 bp from
the transcription start site, was amplified from genomic DNA by using the pri-
mers BoxZ(F/XhoI); 5′-AATCTCGAGCAATCCTGATTCCTCTGC-3′ and BoxZ(R/SalI);
5′-GCAGTCGACTTCATCACAAAGGGGAAG-3′, and subcloned into pCRII-TOPO
(Thermo Fisher). Luc and β-galactosidase reporter constructs are detailed in SI
Materials and Methods and Table S3.

X-Gal Staining. X-Gal staining of whole-mount and sectioned embryos was
performed as described (7, 10). All embryo sections are transverse unless
otherwise indicated.

In Situ Hybridization. Section in situ hybridizations were performed on 10-μm
paraffin sections as described (21). Digoxygenin-labeled riboprobes were
synthesized by using T7, T3, or SP6 polymerases (Promega) and DIG-Labeling
Mix (Roche). Probe templates are detailed in SI Materials and Methods.

Immunohistochemistry. Immunohistochemistry was performed as described
(21) α-P-SMAD1/5/8 (AbCam) and DyLight secondary (Thermo Scientific) an-
tibodies were used.

Immunoblotting and Coimmunoprecipitation Experiments. Coimmunoprecipi-
tation experiments were performed in CaPO4-transfected HEK 293 cells by
using α-Myc and α-Flag (Sigma) as described (39).

Transactivation Assays. Luciferase assays were performed in CaPO4-trans-
fected HEK293 cells as described (19). Error bars denote SE. Asterisks denote
P ≤ 1.0 × 10−3. NS, not significant.

Bioinformatics. Sequences were obtained by Ensembl BLASTN search (www.
ensembl.org) against human H1 sequence. PATTERNMATCH and CLUSTALW
analyses used the San Diego Supercomputer Center Biology Workbench
(workbench.sdsc.edu).

EMSA. EMSAs were performed as described (27) by using the TnT rabbit
reticulocyte lysate in vitro transcription system (Promega). γ32P ATP 5′ end-
labeled double-stranded probes were mixed with 1 μg of poly(dG-dC) and
either specific or nonspecific unlabeled DNA-binding oligos. Reactions were
incubated for 30 min at room temperature and run on nondenaturing gels.
Gels were dried and phosphoimaged.

Ethics Statement. Mouse experiments follow approved animal protocol
10809 from the Indiana University Institutional Animal Care and Use
Committee.
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