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The search for developmental mechanisms driving vertebrate
organogenesis has paved the way toward a deeper understanding
of birth defects. During embryogenesis, parts of the heart and
craniofacial muscles arise from pharyngeal mesoderm (PM) pro-
genitors. Here, we reveal a hierarchical regulatory network of a
set of transcription factors expressed in the PM that initiates heart
and craniofacial organogenesis. Genetic perturbation of this net-
work in mice resulted in heart and craniofacial muscle defects,
revealing robust cross-regulation between its members. We iden-
tified Lhx2 as a previously undescribed player during cardiac and
pharyngeal muscle development. Lhx2 and Tcf21 genetically inter-
act with Tbx1, the major determinant in the etiology of DiGeorge/
velo-cardio-facial/22q11.2 deletion syndrome. Furthermore, knock-
out of these genes in the mouse recapitulates specific cardiac fea-
tures of this syndrome. We suggest that PM-derived cardiogenesis
and myogenesis are network properties rather than properties
specific to individual PM members. These findings shed new light
on the developmental underpinnings of congenital defects.

mbryonic development encompasses an orchestrated series of

cellular events; even subtle alterations in this process can lead
to serious disorders. Gene regulatory networks are thought to
play key roles during organogenesis. Such developmental net-
works have been identified in Echinoidea (sea urchin), Drosophila,
Ciona intestinalis, and Caenorhabditis elegans (1); the characteri-
zation of gene regulatory networks during vertebrate organogen-
esis lags behind.

Pharyngeal mesoderm (PM) cells are a subset of the head me-
soderm, contributing to broad regions of the heart and head
musculature. The PM contains initially both paraxial and splanchnic
mesoderm cells surrounding the pharynx. Later, these cells mi-
grate to fill the core of the pharyngeal arches, also known as
branchial arches (2). Before their differentiation, PM cells ex-
press both skeletal muscle and second-heart field markers. Thus,
the genetic program controlling early pharyngeal muscle de-
velopment overlaps with that of the heart; the major molecular
players include the transcription factors Tbx1, Pitx2, Tcf21 (cap-
sulin/Pod1), Isletl, and Msc (MyoR) (2-5).

In addition to pharyngeal muscles, PM cells also contribute to
the arterial pole of the heart, following the formation of the linear
heart tube. Perturbations in the recruitment of PM-derived cells
to the heart tube can lead to a wide range of congenital heart
defects. Such defects occur in nearly 1% of live births, reflecting
the complex cellular processes underlying heart development (6—
8). Cardiac and craniofacial birth defects are often linked, be-
cause of their anatomical proximity during early embryogenesis
and overlapping progenitor populations (2-4). One such con-
genital defect is DiGeorge syndrome (DGS), the most frequent
microdeletion syndrome in humans, with an estimated incidence
of 1 in 4,000 live births (9, 10). The clinical features of DGS vary,
and may include cardiac defects, craniofacial and aortic arch
anomalies, and thymus and parathyroid gland hypoplasia.

www.pnas.org/cgi/doi/10.1073/pnas.1208690109

The T-box transcription factor 1 (TBX1) is located in the 22q11.2
deleted region, and mutations in 7BX! have been found in some
patients with DGS-like phenotype; therefore, TBX7 haploinsuf-
ficiency is probably a major contributor to human del22q11 phe-
notypes and to murine models of the syndrome (11-14).

How does a set of PM transcription factors execute myogen-
esis and cardiogenesis? What are the relationships between these
factors? Could we identify new PM regulators? In this study we
have addressed these questions in mice by revealing a hierarchi-
cal regulatory network, composed of a set of transcription factors
expressed in PM progenitors. Our comprehensive genetic study
uncovered molecular evidence for the involvement of the PM
regulatory network in myogenesis and cardiogenesis, as well as in
the etiology of DGS.

Results

To identify unique regulators of PM myogenic progenitors, we
compared gene-expression patterns of PM-derived progenitors,
to those derived from the trunk (somites) at early stages of
embryonic (E) development in the mouse (E9.5-E11.5). Myf5 is
the earliest marker of myogenic commitment (15). In Myf5<™;
Rosa26"™" double-heterozygous embryos the entire skeletal
muscle lineage is YFP* (Fig. 14’). We FACS-purified PM and
trunk myogenic progenitors separately, and evaluated their gene
expression profiles using an Affimetrix array (Fig. 1 A-D). Our
results confirmed the differential expression of previously de-
scribed PM-specific transcription factors, such as Tcf21, Isli,
Tbx1, Msc, Pitx2, and Nkx2.5 (Fig. 1E and Fig. S1). Other markers,
such as Tlx! (16), Six2 (17), the endothelial marker Lmo2 (18), the
endothelin signaling component Ednl (19), and retinoic acid-
related genes were identified in our screen, and were enriched in
PM, compared with the trunk progenitors (Fig. 1E and Fig. S1).
As expected Pax3, the key myogenic regulator of trunk skeletal
muscles, was not expressed in PM progenitors. Consistent with
the fact that myogenic differentiation in head muscle progenitors
lags behind that of the trunk, we observed delayed activation of
muscle contractile genes, such as myosins (e.g., Myh3) and tro-
ponins (e.g., Tnnil) in the PM, relative to trunk muscle progen-
itors (Fig. 1E). In addition, we identified LAx2, a LIM domain-
containing transcription factor, as a unique PM-specific gene. In
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Fig. 1. Lhx2, a unique PM regulator. (A-D) Experimental design: a Myf5<";
Rosa26" E11.5 embryo is shown under bright light and a fluorescence
microscope (A and A’). Dotted lines indicate the dissected regions of the
pharyngeal arches (B and B’) and interlimb somites (C and C'). YFP* cells from
these two tissues were isolated by FACS (indicated as R1 in D), and used for
RNA transcriptome analysis (E). A comparison of gene expression profiles
from head (PM, blue) and trunk (somites, magenta) muscle progenitors. The
fold-change corresponds to the difference in signal intensities (E). In situ
hybridization for Lhx2 at E8.75 (F), E9.5 (G), E10 (H), and E11 (/) embryonic
stages matches the microarray data. (J-L) Transverse sections of control E9.5
embryos, representing the area depicted in G, costained with Lhx2 and ei-
ther AP2 (J) or Isl1 (K and L). Dotted lines in L indicate the continuum of PM
between the pharyngeal arches and the heart. Black arrowheads indicate
Lhx2 expression in the PM (F-/), whereas white arrowheads indicate lack of
expression in the interlimb somites (G). first/second/third: first/second/third
pharyngeal arches. (Scale bars, 300 um.) Error bars indicate SE.

situ hybridization revealed that Lhx2 is expressed in the meso-
dermal core of the pharyngeal arches (Fig. 1 F-I), but is com-
pletely absent from the somites. In mice, Lhx2 is a prerequisite
for the development of several organs, including the eye, telen-
cephalon, and blood system (20-22), which fits its expression in
these tissues (Fig. 1 F-I).

To obtain detailed expression relationships of Lhx2 relative to
other lineages within the pharyngeal arches, we immunostained
control E9.5 embryos with antibodies to Lhx2, Isll, AP2, and
Pecaml (Fig. 1 J-L and Fig. S2). Most cells in the core of the
arch express both Lhx2 and Isll. In contrast, Lhx2 is not ex-
pressed in neural crest (AP2) or endothelial (Pecam1) cells (Fig.
1J-L and Fig. S2). Isll is expressed in, and required for, a broad
subset of cardiac progenitors in the mouse (23, 24). Isll is
expressed in the distal part of the PM and these cells contribute
to both pharyngeal muscles (and their satellite cells) as well as
to the heart (2). A stream of Lhx2* Isl1* PM cells can be seen
connecting the second pharyngeal arch and the outflow tract
(OFT). Taken together, the expression pattern of Lhx2 in Isl1 ™
PM progenitors suggests that this gene might play a role in both
myogenesis and cardiogenesis.

Next, we determined the genetic interactions between the
major PM factors at E9.5 (Fig. 2). To systematically examine the
epistatic relationships between the major PM regulators, we used
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several mouse knockout models (Fig. 2 and Fig. S3). Although
Tbx1 and Tcf21 expression patterns remained unchanged in LAx2
mutant embryos (Fig. 2 A-B’), Lhx2 expression was reduced in
the PM of 7bx] mutant embryos at the same developmental
stage (Fig. 2 C and C’). These results suggest that Lhx2 acts
downstream of Tbx1. The expression levels of Tcf21, Msc, and
Pitx2 were slightly increased in the PM of Tbx/ mutant embryos,
consistent with findings from a recent screen for Tbxl target
genes (25) (Fig. 2 D and D', and Fig. S3), suggesting that these
factors are regulated by Tbx1.

Next we examined how the bHLH factor Tcf21 affects the PM
regulators. It was previously shown that a subgroup of pharyn-
geal muscles was absent in 7¢f21/Msc double-knockout embryos
(26). Furthermore, these two genes have been shown to regulate
the expression of MyoD and Myf5 in craniofacial muscle pro-
genitors (27). The expression of Lhx2, Tbxl, and Pitx2 was re-
duced in the PM of Tcf21 mutant embryos (Fig. 2 E-F’ and Fig.
S3). These findings place Tcf21 in the upper tier of the PM ge-
netic network.

Finally, we have characterized the bicoid-related homeodomain
transcription factor Pitx2. Both pharyngeal muscles (derived from
the first arch) and extraocular muscles (EOM) were affected in
Pitx2 knockout embryos (17, 28). Pitx2 and Tbx1 were shown to
be genetically linked in many developmental processes, includ-
ing cardiac and craniofacial muscle development (3). In Pitx2
knockout embryos, 7bx] was hardly detected in the PM and Lhx2
was diminished specifically in the mesoderm of the first pha-
ryngeal arch (Fig. S3). We confirmed the observed changes in
gene expression using quantitative RT-PCR (qRT-PCR) on iso-
lated pharyngeal arches (first-third) of various mutant embryos
(Fig. S4). The results are consistent with the gene-expression
patterns observed by in situ hybridization (Fig. 2 and Fig. S3).
Notably, some of the analyzed genes (e.g., Pitx2 and Thx!l) are
also expressed in the ectoderm and endoderm of the pharyngeal
arches; accordingly, their total levels were moderately changed

Gene expression changes in Lhx2, Thx1 and Tef21 mutants
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Fig. 2. Genetic interactions between members of the PM network. (A-F’)
Whole-mount in situ hybridization for the indicated genes (Left) in E9.5
embryos with the indicated genotypes (black rectangles). Arrows/Arrow-
heads mark the PM; white arrows, unchanged expression; black arrowheads,
down-regulated genes; white arrowheads, up-regulated genes. (G) A ChIP
experiment using pharyngeal arch tissues at E9.5 with Tbx1, Pitx2, and Tcf21
antibodies. (H) A ChIP-seq experiment using Pitx2 antibody on Pitx2*'* and
Pitx™~ pharyngeal arches, reveals specific interactions with Tcf21, Tbx1, and
Lhx2 regulatory regions. (/) A model summarizing direct (blue) and indirect
(gray) genetic interactions in the PM regulatory network. TSS, transcription
start site (or proximal promoter). Asterisks point to the indicated transcrip-
tion factor binding site. Number of embryos in each experiment was > 3.
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compared with the in situ hybridization results (Fig. S4). Notably,
despite some loss of PM cells in Pitx2 mutants at E9.5, which
underscores the importance of Pitx2 in PM cell survival (17, 28),
the observed changes in gene expression patterns could not be
attributed to loss of PM cells (Fig. S4B). Our findings reveal cross-
regulation between members of the PM network: Tcf21 and Pitx2
are linked to Tbx1, and Lhx2 lies downstream to these genes.

A key question regarding our findings is whether the observed
changes in PM gene expression (Fig. 2 A-F" and Fig. S3) are a
result of direct interactions between the PM transcription fac-
tors. ChIP was performed on isolated E9.5 pharyngeal arch tissues
using Tbx1, Pitx2, and Tcf21 antibodies to evaluate a potential
cross-regulation between PM members. Our results suggest sev-
eral interactions, the strongest of which are Tbx1, Pitx2, and Tcf21
with the Pitx2 proximal promoter (Fig. 2G). Because of the ex-
tensive interactions of Pitx2 with other PM members, we decided
to further characterize its specific binding sites using ChIP-seq.
Pitx2 binding to TbxI, Tcf21, and Lhx2 regulatory regions was
enriched in isolated E9.5 pharyngeal arch tissues (Fig. 2H). As
a control, we compared the binding of Pitx2 to these elements in
Pitx27/~-derived tissues, binding of Pitx2 to nonspecific genomic
sites, as well as binding of nonspecific antibody (Fig. 2H and Fig.
S5). Although Pitx2 did not bind to the 7hx! proximal promoter,
we could identify its binding to specific sites upstream to the
promoter using a ChIP-seq approach (Fig. 2H and Fig. S5). Taken
together, our findings suggest that the PM regulatory network in-
volves extensive genetic interactions between its members (Fig. 21).

The involvement of Lhx2 in cardiac and craniofacial devel-
opment was not previously examined, partly because of the fact
that LAx2 knockout mouse embryos die at E15.5 (20). Therefore,
we first sought to address its role during head muscle develo-
pment (Fig. 3). Pax7 marks muscle progenitors, whereas MyoD
defines a more committed myogenic state. At E11.5, the total
number of myogenic cells (Pax7* or MyoD™) in the PM of Lhx2
mutant embryos decreased by ~50% (Fig. 3 A-F). Comparing
the ratio between MyoD- and Pax7-expressing cells in control vs.
Lhx2 mutants revealed that the Pax7™ population was more af-
fected, suggesting that Lhx2 is required in PM-derived muscle
progenitors.

A decrease in the number of muscle progenitors could be
because of either a delay in the specification of PM cells toward
the myogenic lineage, a decrease in their proliferation, or ele-
vated apoptosis. To resolve this issue, we compared myogenic
(Pax7"-MyoD™) vs. premyogenic PM progenitors expressing
Isl1*. Isl1 expression is down-regulated rapidly as head myogenesis
ensues, and Isll overexpression in chicken embryos delayed
myogenic differentiation (29, 30). In LAx2 mutants, Isl1 expression
failed to be down-regulated in the core of the first pharyngeal
arch compared with controls (Fig. 3 G-I), but cell proliferation
and apoptosis remained comparable (Fig. 3 J-L and Fig. S6).
The observed increase in premyogenic Isll1™ cells in LAx2 mu-
tants was inversely correlated with the number of Pax7-express-
ing cells, suggesting that Lhx2 is involved in pharyngeal muscle
specification.

Myf5 is highly regulated, both spatially and temporally by
various factors (31). To further examine the role of Lhx2 during
head muscle specification, we used the Myf5"-*“ reporter (32).
Myf5 expression in the pharyngeal arches was reduced in Lhx2
mutant compared with control E11.5 embryos, but the trunk and
EOM remained unaffected (Fig. 3 M and N) (n > 12). These
findings demonstrate that Lhx2 is required for the early activa-
tion of Myf5 in the myogenic specification program within the
pharyngeal arches. The expression of Myf5 (LacZ staining) was
largely restored at E14.5, albeit with some patterning defects
(Fig. 3 O and P). Hence, the PM regulatory network acts to
provide robustness by allowing the activation of the myogenic
program in the absence of a single PM member, consistent with
previous studies (16, 33).

Next, we examined whether Myf5 is directly regulated by the
members of the PM network by in vivo ChIP. Tbxl1, Pitx2, and
Tcf21 were associated to the Myf5 evolutionary conserved region
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Fig. 3. Lhx2 is required for specification of pharyngeal muscle progenitors.
(A-C) Transverse sections of control (4) and Lhx2 mutant (B) E11.5 embryos,
showing the core of the first pharyngeal arch, as indicated in C. Dotted lines
in A and B represent the magnified areas in D-K. (D-F) Coimmuno-
fluorescence of Pax7 and MyoD in controls (D) and Lhx2 mutants (E), and
quantification of the results (F). (G-/) Coimmunofluorescence of myogenic
(Pax7 and MyoD) vs. premyogenic (IsI1) in controls (G) and Lhx2 mutants (H)
and quantification of the results (/). (J-L) Coimmunofluorescence of myo-
genic (Pax7-MyoD) and phosphorylated histone H3 (P-H3), which labels mi-
totic cells in controls (J) and Lhx2 mutants (K). The percentage of
proliferating myoblasts is quantified (L). Quantifications were performed on
greater than or equal to six sections from at least two different embryos, as
shown in A-L. Error bars indicate SD. Antibodies used and DAPI are written
in individual panels, in the color corresponding to the fluorescent staining.
(M and N) Myf5 expression (X-Gal staining) in Lhx2 control (M) and mutants
(N) E11.5 embryos, which are also heterozygous for the Myf5™3 reporter.
(M and N, Insets) The area depicted by the dotted line in M. (O and P) Myf5
expression (X-Gal) in Lhx2 control (O) and mutant (P) E14.5 embryos, which
are also heterozygous for the Myf5"2% reporter. Arrowheads indicate
change in muscle patterning. first/second, first/second pharyngeal arch
muscle progenitors; fl, forelimb; som, somites.

(ECR-84), which is part of the mandibular arch enhancer (MAE)
(Fig. S5) (31). To further explore the connection between Lhx2
and Myf5, we identified three putative Lhx2 binding sites within
the Myf5 MAE. Next, C2C12 cells, transfected with Lhx2-HA
construct were used for a ChIP experiment using anti-HA anti-
body. We found that Lhx2 can bind to one of these sites in C2C12
cells (Fig. S5).

To further validate the robust nature of the myogenic program
in the head we compared single knockouts of PM factors.
Knockout of Lhax2, Tbx1, and Tcf21 separately revealed muscle
patterning defects in all three mutants (Fig. 4 A-D). In agree-
ment with an earlier report (16), pharyngeal muscles are severely
perturbed, although not completely eliminated, in ThxI ™/~
mutants (Fig. 4C and refs. 16 and 33). To investigate the genetic
wiring of the PM regulators, we analyzed the muscle phenotype
in double-knockout embryos (Fig. 4 E-I). The muscle phenotyPe
in ThxI”~ mutants was comparable to that of ThxI~;
Lhx2™"* mutants (Fig. 4 C and E). Remarkably, pharyngeal arch
muscles were completely missing in 7bx] ~~:Lhx2”'~ double-
mutants (Fig. 4F) (n = 2/4). Similarly, pharyngeal muscles were
eliminated in most Thx]~'~;Myf5~'~ mutants (Fig. 4G) (n = 3/4),
in agreement with ref. 33.

Taken together, our findings reveal that the Tbx1, Lhx2, and
Myf5 genetic circuit is required for pharyngeal muscle specifi-
cation. Our findings suggest that in the absence of both Myf5 and
Lhx2, Tbx1 could initiate myogenesis by activating MyoD via a
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Fig. 4. Epistatic genetic relationships regulating pharyngeal muscle devel-
opment. Transverse craniofacial sections of E14.5 mouse embryos stained with
MyHC for single- (B-D) and double- (E-J) mutants for the indicated genotypes
(n > 4). Dotted line outlines the cleft palate seen in all three single mutants
(B-D). (J) A model summarizing the genetic interactions described above.
Dotted arrows indicate parallel regulatory interactions affecting head myo-
genesis, empty arrowheads indicate novel interactions. Skeletal muscle groups
are marked in white arrowheads, and their absence in black arrowheads. first/
second, first/second pharyngeal arch-derived muscles; tng, tongue.

parallel genetic pathway, as suggested by Sambasivan et al. (33).
Accordingly, pharyngeal muscles of ThxI~'~;MyoD~'~ double-
mutants were completely missing (with the exception of the di-
gastric muscles in the lower jaw) (Fig. 41) (n = 2/2). Hence, in the
absence of Tbx1 and another factor (e.g., Lhx2, Myf5, or MyoD),
pharyngeal muscles are severely perturbed. Consistent with the
key role of Tbxl in this genetic network, Myf5~~;Lhx2~'~ and
MyoD™~;Lhx2™'~ double-knockout embryos did not show an
enhanced muscle phenotype, compared with each knockout alone
(Fig. 4H and Fig. S4). Our findings suggest that the PM network
acts to ensure proper myogenesis in the absence of single PM
members (Fig. 4/).

DGS is a common congenital disease involving cardiac and
craniofacial defects. The major genetic determinant in its etiol-
ogy is TBX1, although other genes in the 22q11 region have been
shown to be involved. Because LAx2 lies downstream of Tbx1, we
hypothesized that LAx2 mutant embryos might display DGS
phenotypes. Lhx2 mutants die at E14.5-E15.5 from severe ane-
mia and developmental defects (20). The development of the
ventricular septum is completed at E15; thus, we analyzed both
standard and conditional Lhx2-null embryos around this stage.
Lhx2 was ablated in the cardio-craniofacial mesoderm using the
MesPI<"* mouse line (34), which prolongs their viability up to
birth. Indeed, at E17.5 about 50% of MesP1€""/~;Lhx2~loxed
(Lhx2™%°) mutants exhibited DGS-like cardiac defects, in-
cluding various OFT anomalies, such as ventricular septal defect
(VSD), tetralogy of Fallot, and double-outlet right ventricle (Fig.
5 and Table S1) (n = 7/13). Interestingly, aortic arch patterning,
one of the most common features of DGS, was normal in all
Lhx2™%© mutants (n = 13/13; and in E14.5 Lhx2™~ embryos n =
10/10) (Fig. 5 A-E and Table S1).

We next investigated the genetic interaction between Tbx1
and Lhx2, by measuring the frequency of VSD in compound
mutants. Although ThxI ™'~ heterozygous embryos had no detect-
able VSD (n = 11), 20% of ThxI*/~Lhx2*'~ double-heterozygous
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(compound) embryos had VSD (rn = 10) (Table S1). This func-
tional interaction strongly suggests that Tbx1 and Lhx2 are in the
same genetic pathway and synergistically regulate heart
morphogenesis.

To identify genes lying downstream of Lhx2, we examined the
expression of several possible candidates. The expression levels
of both Fgf8, which is genetically linked to Tbx1 in the context of
DGS (35), and Bmp4, which was shown to act downstream of
Lhx2 during eye development (36), were comparable in Lhx2
mutant and control embryos (Fig. S7.4-D). Several recent studies
have shown that both cardiac neural crest (affecting caudal PM
progenitors) and cranial neural crest cells (affecting rostral/cra-
nial PM progenitors) influence the migration of PM cells into the
looping heart, and their subsequent differentiation (2, 37). We
therefore examined the expression pattern of several neural crest
markers, DIx5, Twist, and Sox10, as well as the PM marker, Isl].
Although Is/1, DIx5, and Twist expression seemed to be comparable
in Lhx2 mutants and controls, SoxI0 expression pattern was slightly
perturbed in some mutants, suggesting that neural crest cell mi-
gration might play some role in the observed phenotype (Fig. S7
E-J). These findings suggest that perturbation of the PM regula-
tory network affects cardiac formation both cell-autonomously and
noncell-autonomously, via cross-talk with neural crest cells.

Given the regulatory interactions between various network
members, we hypothesized that elimination of each of the core

Control = T

Fig. 5. Lhx2 and Tcf21 mutant embryos display specific DGS-like cardiac
defects. (A-E) Whole-mount E17.5 controls (A and B) and Lhx2™%° mutants (D
and E), both displaying normally shaped aortic arches (B and D, respectively).
Note severe anemia in the mutant (D) embryo, compared with control (A). A
scheme illustrating the normal configuration of the aortic arch (C). (F and G)
H&E staining of heart paraffin sections in control hearts. (F-M) Lhx2™° mu-
tants display a simple VSD (H and /, arrow), schematically illustrated (H);
tetralogy of Fallot (TOF), characterized by both VSD and overriding aorta (J
and K, arrows); double-outlet right ventricle (DORV) (L and M). (N-S) E17.5
Tcf21 mutant embryos display TOF, VSD, and overriding aorta (O) compared
with a control heart (N). In addition E17.5 Tcf21 mutant embryos have
pulmonic stenosis, shown by vascular casting (Q) and H&E staining (S) com-
pared with controls (P and R, respectively). a, aorta; aa, aortic arch; Is, left
subclavian artery; Ic, left common carotid artery; la, left atrium; lv, left
ventricle; p, pulmonary artery; ra, right atrium rc, right common carotid
artery; rs, right subclavian artery; rv, right ventricle. The left side of the
mouse is displayed on the right side of the picture in all panels.
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factors, one-by-one, might elicit a DGS-like phenotype either
directly or by affecting Tbx1 levels. Consistent with this view,
Pitx2 is known to affect cardiac development (38, 39). Because
Tbx1 levels were reduced in Tcf21 mutants (Fig. 2), we sought to
better analyze the heart phenotype of these mutants. 7cf2]
mutants display tetralogy of Fallot, including VSD, overriding
aorta, pulmonic stenosis (Fig. 5 N-R, Fig. S8, and Table S1), as
well as cleft palates (Fig. 4D). Similar to Lhx2"*° mutant em-
bryos, the morphology of the aortic arch remained normal in
Tcf21 mutants. Furthermore, hearts of 7Tcf21~'~ mutants dis-
played regions of epicardial detachments (Fig. S8), in agreement
with a recent report (40). Taken together, insights from the PM
network composition led us to predict that both Tcf21 and Lhx2,
which are genetically linked to Tbx1, might cause cardiac defects.
We demonstrate such cardiac anomalies in both Tcf27 and Lhx2
mutant embryos, some of which are shared by DGS patients.

Discussion

Our results demonstrate that a set of transcription factors ex-
pressed in PM progenitors form a regulatory network that coor-
dinates normal heart and craniofacial development (Fig. 64). The
expression of PM members (7bx1, Pitx2, Tcf21, and Lhx2) is
regulated by other members of the network, and involves direct
genetic interactions. Lhx2 is a unique player within the PM net-
work; knockout of this gene resulted in a pharyngeal muscle
specification defect, as well as DGS-like phenotypes (Fig. 64).
We revealed epistatic relationships between Tbx1, Lhx2, and
Myf5 embedded within the PM network, affecting early pha-
ryngeal muscle specification and patterning. Thus, Lhx2 plays an
important role in PM progenitor cells, consistent with its roles in
the specification of other stem/progenitor cell populations, such
as telencephalic progenitors (41), retina progenitors (42), he-
matopoietic progenitors (43), and hair follicle progenitors (21).

In addition, we identified a genetic link between Tcf21, ThxI,
and Lhx2 in the PM transcriptional circuit. Genetic perturbation
of these factors resulted in specific DGS-like phenotypes. We
demonstrated, using single- and double-knockout experiments,
that Lhx2 removal has specific cardiac phenotypes, and it en-
hances the severity of both craniofacial muscles and heart phe-
notypes of Thx! mutants. This finding suggests that both genes
work in the same genetic pathway. Hence, Lhx2 can be included
within the growing list of transcription factors that have been
found to play important roles in second-heart field development,
based on the cardiac phenotypes of single and compound muta-
tions in these genes (44).

Although human 7CF2] and LHX2 do not map to chromo-
some 22q11.2, the shared morphological defects and link to Tbx1
suggest that these genes might be genetic modifiers of DGS.
Genetic variations in the ISLI locus in human were shown to be
linked to an increased risk for congenital heart defects (45).
Could LHX2 and TCF2I contribute to the variations in
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Fig. 6. PM progenitors form a regulatory network that coordinates early
cardiogenesis and craniofacial myogenesis, (A) A summary of the genetic
interactions of the PM transcriptional network and its impact on cardiogenesis
and myogenesis. (B) A proposed model for a domain-specific subdivision of
DGS-like anomalies in mouse models into rostral (heart and craniofacial) and
caudal (arch artery) phenotypes. The model is based on the progressive align-
ment of the pharyngeal arches with the heart tube during its looping stages
(50). The corresponding mouse knockout phenotypes are shown along these
two domains.

Harel et al.

cardiovascular phenotype seen in DGS patients? To draw ge-
notype-phenotype correlations in such patients, a genome-wide
association study, as well as a candidate gene approach, is cur-
rently underway. Results from this study could shed light on
whether common DNA variants alter the degree of expressivity
of the syndrome.

One of the enigmatic features of DGS is that it varies in its
penetrance from patient to patient. Importantly, some DGS
patients do not display either a deletion or a mutation in the Tbx/
locus (46). Changes in the levels of Tbx1, loss and gain, lead to
a dose-dependent spectrum of DGS malformations (47, 48).
Therefore, Tbx1 levels must be precisely regulated in order for the
pharyngeal apparatus and its derivatives to properly form. Our
study adds to the understanding of how Tbx1 levels could be fine-
tuned by interactions with other PM transcription factors (Fig. 64).

Tbx1 is expressed in both rostral and caudal PM cells. It has
been shown that cranial PM cells enter the arterial pole of the
heart to populate the right ventrical and OFT, and caudal PM
cells contribute to the myocardium at the base of the great
arteries (49). Previous studies addressing DGS etiology reported
various cardiac anomalies, including both aortic arch and cardiac
defects, for the following knockout models: Fgf8 and SixI/Eyal
(35), VegfA (50), and retinoic acid-related genes (51). We suggest
that Lhx2 and Tcf21, expressed in the cranial PM, function as
domain-specific modifiers of the Thx! pathway, as judged by the
uncoupling of the aortic arch phenotype from that of the outflow
tract (Fig. 6B). In sum, our study sheds light on the developmental
principles underlying the etiology of congenital birth defects.

Our findings imply that the heart and pharyngeal muscles show
varying degrees of sensitivity to early perturbations of the PM. For
example, although the pharyngeal muscle phenotypes of LAx2 and
Tcf21 mutants are largely restored, albeit with patterning/hypo-
plastic defects, the cardiac defects are beyond repair. Detailed
analyses of pharyngeal muscles in mouse and zebrafish DGS
models (or in human patients) have not been well-characterized.
Facial asymmetry, for example, is a rare symptom observed in
babies only when they cry, known as “asymmetric crying faces,” is
caused by the absence or hypoplasia of a pharyngeal muscle at the
corner of the mouth. This defect has been shown to be associated
with cardiovascular anomalies in DGS babies (52). Therefore, it
would be important to better characterize the linkage between
craniofacial muscle patterning and cardiovascular defects.

Regulatory networks of transcription factors have been found
in diverse organisms, from bacteria to humans. The network
architectures of the transcription factors function to enhance the
stability of gene expression and functional outputs. The PM
network characteristics that we (present study) and others (16,
17, 28, 33) have gradually uncovered in recent years seem to be
hierarchical, and involve extensive cis-regulatory interactions.
We propose that the overall biological outputs of the PM net-
work (e.g., cardiogenesis and myogenesis) and precise signal
strengths are network properties, rather than properties specific
to individual PM members.

Experimental Procedures

Mice. The following mouse transgenic lines and their genotyping have been
previously described: Myf5 (53), Rosa26"™ (54), Pitx2~"~ (55), Myf5"<Z
(32), MesP1<"® (34), Lhx2°%© (20), Lhx2?© (22), Tcf217'~ (56), and Thx1~~ (11).
All animal experiments were performed in accordance with the Weizmann
Institute of Science regulations for animal care and handling.

FACS, Microarrays, Staining, qPCR, and ChIP. Interlimb somites and pharyngeal
arches were dissected from E9.5, E10.5, and E11.5 Myf5%;Rosa""" mouse
embryos. RNA was purified amplified, and hybridized to Affymetrix arrays
(detailed in SI Experimental Procedures). X-Gal staining, histology, immu-
nohistochemistry, and whole-mount in situ hybridization were performed as
previously reported (29). Antibodies are listed in S/ Experimental Procedures.
cDNA or immunoprecipitated DNA was analyzed by qPCR using SYBR Green
methodology, as recommended by the manufacturer. Primers used are listed
in Table S2. ChIP was done according to ref. 57. Minor modifications and
antibodies used are detailed in S/ Experimental Procedures.
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