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Codevelopment of the lungs and heart underlies key evolutionary
innovations in the transition to terrestrial life. Cardiac specializations
that support pulmonary circulation, including the atrial septum, are
generated by second heart field (SHF) cardiopulmonary progenitors
(CPPs). It has been presumed that transcription factors required in
the SHF for cardiac septation, e.g., Thbx5, directly drive a cardiac mor-
phogenesis gene-regulatory network. Here, we report instead that
TBXS5 directly drives Wnt ligands to initiate a bidirectional signaling
loop between cardiopulmonary mesoderm and the foregut endo-
derm for endodermal pulmonary specification and, subsequently,
atrial septation. We show that Tbx5 is required for pulmonary spec-
ification in mice and amphibians but not for swim bladder develop-
ment in zebrafish. TBX5 is non—cell-autonomously required for
pulmonary endoderm specification by directly driving Wnt2 and
Wnt2b expression in cardiopulmonary mesoderm. TBX5 ChiP-
sequencing identified cis-regulatory elements at Wnt2 sufficient for
endogenous Wnt2 expression domains in vivo and required for Wnt2
expression in precardiac mesoderm in vitro. Thx5 cooperated with
Shh signaling to drive Wnt2b expression for lung morphogenesis.
Tbx5 haploinsufficiency in mice, a model of Holt-Oram syndrome,
caused a quantitative decrement of mesodermal-to-endodermal Wnt
signaling and subsequent endodermal-to-mesodermal Shh signaling
required for cardiac morphogenesis. Thus, Thx5 initiates a mesoderm-
endoderm-mesoderm signaling loop in lunged vertebrates that
provides a molecular basis for the coevolution of pulmonary and
cardiac structures required for terrestrial life.

lung development | heart development | TBX5 | Wnt signaling |
Hedgehog signaling

tilization of atmospheric oxygen revolutionized the ability of

vertebrates to adapt to terrestrial life (1). At the center of
this revolution are the lungs, a foregut-derived gas-exchange
structure (1, 2). The derived cardiovascular system, utilizing
pulmonary oxygen, must manage blood from both the body and
the lungs simultaneously (2). While most lungfish, amphibians,
and reptiles exhibit a three-chambered heart with an atrial
septum separating pulmonary and systemic circulation enter-
ing the heart (3), the two-sided, four-chambered crocodilian,
avian, and mammalian hearts have independently evolved to
completely separate pulmonary from systemic circulation (4).
The proper development and placement of the cardiac septa
are critical for the efficient handling of blood, and defects in
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these structures comprise common forms of human congenital
heart disease.

Recent work has highlighted the common developmental or-
igin of multiple mesodermal derivatives in both the heart and the
lung (5, 6). This lateral plate mesodermal population has been
termed the “second heart field” (SHF) or “cardiopulmonary
progenitors” (CPPs). This population originates dorsal to the
cardiac inflow tract and ventral to the anterior foregut and
generates multiple structures in the heart, e.g., the atrial septum,
and in the lungs, e.g., smooth muscle and vascular endothelium
(5, 6). This essential CPP region is labeled by expression of the
canonical Wnt signaling ligand Wnz2, the Hedgehog (Hh)
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signaling-responsive transcription factor Glil, and the T-box
family transcription factor 7hx5 (5, 7-9).

Mutations in 7BX5 have been implicated as the primary genetic
cause of Holt-Oram syndrome (HOS), a human syndrome that
includes cardiac septal defects (10-14). Previous work has demon-
strated that 7bx5 is required in the posterior SHF (pSHF) for atrial
septation (7, 9, 15). In addition, Sonic hedgehog (Shh) signaling has
been implicated in cardiac septation (7-9, 16). Shh, expressed in the
pulmonary endoderm (PE), activates GLI-mediated transcription in
the CPPs (7, 8). Shh and Tbx5 genetically interact for cardiac sep-
tation, and constitutive activation of Hh signaling in CPPs rescues
atrial septal defects caused by reduced 7bx5 dose (7, 9). Further-
more, TBXS and GLI transcription factors directly cooperate at
enhancers for genes required for cardiac septation (7, 9). This has
generated a model in which TBXS and GLI transcription fac-
tors directly activate gene expression in the CPPs of the pSHF for
cardiac morphogenesis.

CPPs are an important source of signals that induce the pul-
monary lineage in the ventral foregut endoderm and contribute
directly to the atrial septum and cardiopulmonary vasculature (17—
19). An evolutionarily conserved paracrine signaling cascade in-
volving retinoic acid, Hh, Wnt signaling, and bone morphogenic
protein (BMP) regulates the induction of pulmonary progenitors
from amphibians to mammals (5, 17-21). 7bx5 has been impli-
cated in lung morphogenesis, both alone and in combination with
Thx4 (22). Midgestation conditional deletion of 7bx5 in mouse
embryos caused deficiency in lung-branching morphogenesis, and
combined deletion of 7bx4 and 7bx5 in allelic combinations
caused reduced WNT2 and BMP4 signaling (22).

We report that 7bx5 is required non—cell-autonomously for the
initiation of PE and lung formation. We find that 7bx5 is required
for the initiation of lung development in both mammals and am-
phibians but not for the swim bladder (SB) in zebrafish. Further-
more, we show that TBXS directly drives the lung-inducing ligands
Wnt2 and Wnt2b in pSHF CPPs. TBXS-driven mesoderm-to-
endoderm canonical Wnt signaling is required for the subsequent
endoderm-to-mesoderm Shh signaling required for atrial septation.
Tbx5 haploinsufficiency diminishes both mesodermal Wnt2 and
endodermal Shh expression, suggesting that atrial septal defects in
HOS may be caused in part by diminished Shh signaling rather than
solely by a deficiency of a 7bx5-driven cell-autonomous SHF gene-
regulatory network (GRN). 7bx5 thereby initiates a mesoderm-—
endoderm-mesoderm signaling loop, providing a molecular basis
for the coevolution of pulmonary and cardiac development.

Results

Thx5-Dependent Transcriptional Profiling of the CPPs. To investigate
the role of 7bx5 in CPPs, we performed RNA sequencing (RNA-
seq) on mlcrodlssected tissue containing the CPPs from Thx5**
and Thx5~'~ mouse embryos at E9.5 (Fig. 14 and B) (7, 23, 24).
Compared with Thx5*" CPPs, 5,486 genes were 51gn1flcantly
dysregulated in Thx5~'~ CPPs [false-discovery rate (FDR) <0. 05].
We restricted our consideration of genes to those with a magni-
tude fold change >1.5 (SI Appendix, Table S1). This group con-
tained 1,480 down-regulated genes and 1,588 up-regulated genes
in the absence of Thx5 (Fig. 1C). The most significantly down-
regulated genes in Thx5~~ CPPs were transcription factors and
signaling factors critical for early lung development. Notably, ex-
pression of Nkx2-1 and the long noncoding RNA E030019B13Rik
or NANCI, the first markers of PE specification, was extinguished
(17, 25-28). Members of the Wnt and Shh signaling pathways,
both required for early lung specification and morphogenesis,
were also severely down-regulated (Fig. 1C). In addition, we ob-
served 14 other genes among the down-regulated list that have
been reported in the literature to be critical for lung development
(6, 29-31). As an early role for 7hx5 in lung development has been
suggested (22, 32), we validated the significant down-regulation of
15 of 16 “lung development” genes by qRT-PCR in independent
samples (Fig. 1D). Together, these data suggested that 7hx5 might
occupy a critical position in the GRN for lung induction.
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Fig. 1. Transcriptional profiling of microdissected CPPs identifies a critical role
for Tbx5 in pulmonary specification and lung development. (4, Left) Demon-
stration of microdissection methodology used for embryonic mouse experi-
ments on an E9.5 embryo probed for Thx5 RNA by ISH. (Scale bars: 0.25 mm.)
(Right) Transcriptional profiling strategy used to measure the Thx5-dependent
transcriptome in the CPP-containing tissue by RNA-seq. (B) Spearman’s corre-
lation of RNA-seq replicates. (C) Volcano plot of transcriptional profiling re-
sults with significantly dysregulated genes (teal) from the comparison of
Tbx5™* and Tbx5~~ CPPs. Early markers of the PE and canonical Wnt and Shh
signaling are identified. (D) qRT-PCR validation of 16 early lung-development
genes that were significantly dysregulated in the RNA-seq.

Tbx5-Dependent Lung’ Development Is Evolutionarily Conserved.
Utilizing the Tbx5~'~ mouse embryos, we examined the re-
quirement of 7bx5 for PE specification. The earliest sign of
pulmonary induction, Nkx2-1 expression, was absent from the
foregut endoderm at E9.5 by in situ hybridization (ISH) (Flg
24). Based on sagittal and coronal sections at E10.5, Tbx5
mice failed to demonstrate the earliest physical manifestation of
lung morphogenesis, the outpouching of the foregut endoderm
or lung buds (Fig. 2B). 3D reconstructions highlighting the en-
doderm further demonstrated the absence of lung bud initiation
from the foregut in Thx5~'~ embryos (Fig. 2B).

Because of the fundamental role for 7bx5 in lung development
in mice, we asked whether this role is conserved across lunged
vertebrates. Previously, an evolutionary link across amniotes has
been made between Thx5 expression pattern in the heart and
ventricular septation for efficient handling of blood (33). We first
examined expression of 7hx5 by ISH in representative species of
amphibians (Xenopus laevis), lizards (Anolis sagrei), crocodilians
(Alligator mississippiensis), and birds (Gallus gallus). The ex-
pression domains of 7bx5 are conserved across each of these
species with expression found in the mesodermal derivatives of
the lungs in each (Fig. 20).

We hypothesized that 7bx5 may be an evolutionarily ancient
driver of lung specification. We examined whether the role of 7bx5
in lung specification was evolutionarily conserved in amphibians, the
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oldest lineage of extant tetrapods (32, 34). Xenopus embryos
expressed x5 in the heart and in the wn2b-expressing lateral plate
mesoderm surrounding the nkx2-1- and shh-expressing PE (SI Ap-
pendix, Fig. S1). We examined the requirement of thx5 for lung
development in Xenopus tropicalis by utilizing CRISPR to induce
targeted biallelic frameshift mutations in the fifth exon of rbx5
(termed “tbx5 FS”), causing predicted truncations of the Tbx5
polypeptide due to premature translation termination (Fig. 2D). We
observed a loss of nkx2-1 in the foregut endoderm of x5 FS em-
bryos compared with controls by ISH of embryos at stage 35, when
the lung lineage is being induced (Fig. 2E). We observed an iden-
tical loss of nkx2-1 in X. laevis embryos injected with tbx5 morpho-
linos (MOs) (Fig. 2F). thx5 FS embryos appear phenotypically
similar to previously described tbx5-MO knockdowns at stage 42
(35, 36), including gross edema and loss of blood in the embryonic
heart (Fig. 2G). Furthermore, similar to the Thx5~~ mouse (22),
thx5 FS embryos lacked lung buds as determined by histologic
section at stage 42 (Fig. 2 B and G). To further characterize lung
development, expression of sfipc, encoding surfactant protein
C and a marker of pulmonary epithelium, was examined (6, 37).
Sfipc expression was absent from the lung buds of thx5-MO knock-
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from Tbx5"* and Tbx5~~ embryos. Black and red
arrows point to the lung bud (LB) branches or lack of
branches off the foregut. (C) ISH stains of Thx5 across
vertebrate species. Arrows indicate expression in the
mesodermal derivatives surrounding the PE. (D, Up-
per) Strategy for generating biallelic frameshift mu-
tations using sgRNA targeted to the fifth exon of X.
tropicalis to disrupt the T-box domain. (Lower) Ex-
amples of sequences recovered from tbx5 FS mu-
tants. (E and F) RNA ISH of NF35 tadpoles for nkx2-1
in wild type and tbx5 FS mutants (E) and tadpoles
injected with mismatched morpholinos (MM-MOs),
tbx5-MOs, or tbx5-MOs cotreated with BIO (F). (G)
Live images (Left) and H&E-stained transverse sec-
tions (Right) of NF42 tadpoles, depicting anatomi-
cal defects induced by CRISPR-mediated mutation
of tbx5.

downs at stage 42 but was rescuable by coinjection with a
hormone-inducible version of Tbx5 (GR-Tbx5) (SI Appendix, Fig.
S2). Together, these data indicated that 7bx5-dependent PE
specification is evolutionarily ancient and is conserved from am-
phibians to mammals.

The SB of ray-finned fish is an endoderm-derived out-pocket
proposed to be a lung homolog and whose development shares
many genetic pathways with lung development, including Wnt-
and Hh-dependent signaling and transcriptomes (38-44). The
role of Thx5 in heart and limb development of ray-finned fish is
conserved with tetrapods (45-47). To address whether Tbx5 is
required for SB formation, zebrafish homozygous for the tbx5a
mutant heartstrings (hst) allele (45) were examined at 96 h
postfertilization (hpf). Similar to clutchmate controls, homozy-
gous hst mutants show SB formation (SI Appendix, Fig. S3).
Zebrafish have two copies of the Tbx5 gene, thx5a and tbx5b
(48). To address potential redundancy, we utilized published
MOs designed to target thx5a, thx5b, or tbx5a and tbx5b (47, 48).
In all conditions, early expression of shha in the SB bud at
72 hpf (39) and SB formation at 96 hpf was observed (SI Ap-
pendix, Fig. S3). Together, our data suggest that, while 7bx5 is
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required for the initiation and formation of the lungs, tbx5a/b is
not required for the formation of the SB.

Non-Cell-Autonomous Requirement of Thx5 for PE Specification.
Previous work in mice has demonstrated that Nkx2-1 expres-
sion in the foregut endoderm is regulated through canonical Wnt
signaling, specifically Wnt2 and Whnt2b. Furthermore, temporal
deletion of Tbx5 from cultured embryos demonstrated decreased
Wnt2 and Wnt2b expression (22), making the Wnt ligands
excellent candidates for direct TBXS regulation. Wnt2 and Wnit2b
are coexpressed with 7bx5 in the SHF mesoderm and are signif-
icantly down-regulated in Thx5~~ CPPs (Fig. 1 C and D) (5, 17,
20). We examined the epistatic requirement for tbx5 and canonical
Whnt signaling in Xenopus lung specification. We asked if lung
specification in thx5-MO embryos could be rescued by activating
the canonical Wnt pathway, using treatment with a glycogen
synthase kinase 3 (GSK-3) inhibitor, 6-bromoindirubin-30-oxime
(BIO), which stabilizes p-catenin. We found that BIO treatment
rescued and expanded nkx2-1 expression in tbx5-MO embryos
(Fig. 2E), suggesting that canonical Wnt signaling is downstream
of tbx5 in the lateral plate mesoderm of amphibians. Furthermore,
we observed that expression of Wnt2 and Wnt2b was extinguished
in Thx5~'~ mouse embryos at E9.5 (Fig. 34) and found by ISH that
wnt2b was similarly lost from stage-35 tbx5 FS X. tropicalis and
from tbx5-MO-injected X. laevis (Fig. 3 B and C). These obser-
vations were consistent with a requirement for 7bx5 upstream of
canonical Wnt signaling for pulmonary specification.

Thx5 Is Required for Pulmonary Shh Signaling. Hh signaling from
the PE is required for both cardiac and lung morphogenesis (7, 9,
19, 49). Specifically, Shh is expressed in the PE and is required
for atrial septation and lung morphogenesis postinduction (8, 50,
51). We predicted that the requirement of 7bx5 for PE specifi-
cation would also reflect a requirement for pulmonary Shh sig-
naling. We observed by RNA-seq that Shh is dramatically down-
regulated in Thx5~~ embryos, and we observed by ISH that Shh
is specifically lost from the foregut/PE at E9.5 (Figs. 14 and 34).
This suggests that the epistatic relationship between 7bx5 and
Shh signaling (9) is an indirect feature of the requirement of
Tbx5 for pulmonary lung induction.

TBX5 haploinsufficiency in humans results in the congenital
HOS, displaying radial forelimb and congenital heart defects,
most commonly atrial septal defects (10-12). Shh expression in
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the PE is required for morphologic development of the atrial
septum (8, 16), and we have demonstrated a genetic interaction
between Thx5 and Shh (7, 9). We therefore hypothesized that a
quantitative decrement in 7bx5 would result in diminished Wnt
and Shh signaling, contributing to the 7bx5-haploinsufficient
phenotype. We examined the gene-expression level of the ca-
nonical Wnts, PE specification, and Hh signaling in mouse em-
bryos with 7hx5 haploinsufficiency (Fig. 3D). In the CPPs of
Thx5*'~ embryos, we observed a significant down-regulation of
Wnt2 (0.67 + 0.05 SEM, P = 0.0126) but not of Wnt2b or Nkx2-1
(0.69 + 0.15 SEM, P = 0.1707 and 0.80 + 0.15 SEM, P = 0.5420,
respectively). However, a significant down-regulation of Shh
(0.46 + 0.04 SEM, P = 3.693E-05) and the canonical Hh targets
Glil and Hhip (0.81 + 0.04 SEM, P = 0.0347 and 0.63 + 0.05
SEM, P = 0.0028, respectively) was observed in Thx5"~ embryos
compared with controls. Thus, 7bx5 haploinsufficiency caused a
decrement of both Shh expression in the PE and Shh signaling
reception in CPPs.

A Mesoderm-Endoderm-Mesoderm Signaling Loop for Cardiopulmonary
Development. 7bx5 and Shh signaling coordinately control gene ex-
pression in the CPPs for cardiac development (7, 9, 49). We asked if
Tbx5 and Shh signaling interact to regulate lung development.
Previously we showed that Shh reception in CPPs promotes wnt2b
expression during lung induction in Xenopus (19). We observed
similar results in mice: Wnt2b, but not Wnt2, in CPPs was Shh de-
pendent at E9.5 (Fig. 3E). We further confirmed Wnt2 expression in
the embryonic mesoderm of the Smo~™~ germline mutant, which
ablates all Hh signaling independent of ligand (SI Appendix, Fig.
S4). These data suggest that Wnt2 expression is upstream or in-
dependent of Shh, while Wnt2b is downstream of Shh.

Utilizing a suite of biochemical reagents and the Xenopus model
(Fig. 44), we investigated the interaction between Tbx5 and Shh
signaling for wnt2b expression. RNA encoding a fusion protein be-
tween Tbx5 and the hormone-inducible region of the glucocorticoid
receptor (GR-Tbx5), affording dexamethasone (DEX)-dependent
regulation of nuclear import, was injected into the anterior mesen-
doderm (AME), which has active Hh signaling and gives rise to the
foregut (52-55), or into the posterior mesendoderm (PME), which
does not have active Hh signaling (Fig. 4 A and B). AME and PME
tissue was explanted postgastrulation, DEX treated, and examined
after 6 h (Fig. 4 C and D and SI Appendix, Fig. S5). We found that
GR-Tbx5 was sufficient to activate wnt2b in the Hh-positive AME

tbx5 FS

tbx5-MOs

-

Fig. 3. Tbx5 is required for Wnt2/2b and Shh ex-
pression. (A) RNA ISH for Wnt2, Wnt2b, and Shh in
E9.5 Tbx5"* and Thx5~~ mouse embryos. Black and
red arrows point to positive and negative staining,
respectively, in the lung-forming region. (B and C)
RNA ISH for wnt2b performed in wild-type or tbx5 FS
NF35 tadpoles (B) and in NF35 tadpoles injected with
mismatched morpholinos (MM-MOs) or tbx5-MOs
(C). The stained region corresponds with the lateral
plate mesoderm (Ipm). (D) gRT-PCR of microdissected
CPP tissue from E9.5 Thx5"* or Thx5"~ mouse em-
bryos. (E) RNA ISH for Wnt2 and Wnt2b in E9.5 Shh*'*
and Shh™"~ mouse embryos. (Scale bars: 250 pm.)
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but not in the Hh-negative PME (Fig. 4 C and D). We examined
whether wnt2b activation by GR-Tbx5 was direct by coadministering
DEX with cycloheximide (CHX) to block translation (Fig. 4 A-C).
As with DEX administration alone, DEX/CHX coadministration
induced wnt2b expression in the AME but not in the PME (Fig. 4B),
suggesting that GR-Tbx5 directly activates wnt2b expression in Hh-
positive tissue. To validate the requirement for Hh signaling, we
coadministered DEX with the Hh antagonist cyclopamine (SI Ap-
pendix, Fig. S5) (56). Coadministration of DEX and cyclopamine
significantly blunted the activation of wnt2b in AME tissue as
compared with DEX alone (97.0-fold decrement, P = 5.48E-3) (Fig.
4D). Last, we examined whether Hh signaling in the AME was
unique or whether treatment of PME tissue with the Hh agonist
purmorphamine (57) was sufficient for the coinduction of wnr2 ex-
pression. PME tissue treated with purmorphamine alone signifi-
cantly activated gli/ (16.7-fold activation, P = 0.015) but not wnt2b
(Fig. 4D and SI Appendix, Fig. S5). However, injection of GR-
Tbx5 followed by coadministration of DEX and purmorphamine
significantly activated wnz2b expression in the PME (P = 9.29E-3)
(Fig. 4D). Together, these data suggested that Tbx5 directly activates
wnt2b gene expression in the presence of active Hh signaling.

We next evaluated whether Tbx5 is required for the Hh
pathway to activate expression of wnt2b and other markers of
pulmonary development (Fig. 4 E-G and SI Appendix, Fig. S5).
We activated Hh signaling using the Hh agonist purmorphamine
in control or thx5-MO-injected AME foregut explants (Fig. 4E).
Purmorphamine treatment of control embryos expanded the
endogenous wnt2b expression domain, consistent with activation
by Hh signaling (Fig. 4 F and G). However, purmorphamine was
unable to promote wnt2b in explants from tbx5-MO embryos,
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MM-MO-injected explants. (Scale bars: B, 200 pm;

Hh agonist-treated explants from embryos injected
MM-MO tbx5-MO C and E, 400 pm.)

which, similar to vehicle-treated tbx5-MO eXplants (Fig. 4 F and
G), had little detectable wnt2b. Similar to Thx5~'~ mice (Figs. 1
and 3), tbx5-MO explants displayed decreased expression of
nkx2-1 (P = 1.13E-9), shh (P = 6.81E-3), and dhh (P = 1.11E-5)
in the foregut endoderm and decreased expression of wnt2b (P =
1.20E-3) and gli1 (P = 1.09E-3) in the mesoderm (Fig. 4 F and G
and SI Appendix, Fig. S5). These explant data demonstrate that
tbx5 and Hh signaling are corequired for wnt2b expression and
further demonstrate that 7bx5 expression is required for Skhh and
dhh expression in the PE. Overall, these findings suggest a hi-
erarchical series of signaling loops: TBXS drives canonical Wnt
mesoderm-to-endoderm signaling for pulmonary induction, and
Shh signaling from the PE to mesoderm collaborates with me-
sodermal TBXS to drive ongoing WNT2B mesoderm-to-endoderm
signaling for pulmonary morphogenesis.

Identification of TBX5-Dependent Wnt2 Enhancers. To identify direct
targets of TBXS in coordinating cardiopulmonary specification,
we performed TBXS ChIP-seq on microdissected hearts in-
cluding the Wht2-expressing inflow tract from E9.5 mouse
embryos (Fig. 14). We identified 3,883 TBX5-bound regions at
E9.5 (Fig. 54 and SI Appendix, Table S2). These locations seg-
regated into 823 promoter-proximal (TBXS5 summit <2 kbp from
an annotated transcription start site) and 3,060 promoter-distal
sites. To define TBXS binding in a genomic context, we identi-
fied active promoters and cis-regulatory regions for H3K4me3
and H3K4mel by ChIP-seq and in microdissected E9.5 heart
and CPP tissue by assay for transposase-accessible chromatin se-
quencing (ATAC-seq) (Figs. 14 and 54) (58). ATAC-seq, genome-
wide and at TBX5-bound regions, showed similar signal (Pearson
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correlation coefficient = 0.96 and 0.93), H3K4mel (Pearson cor-
relation coefficient = 0.89 and 0.76), and H3K4me3 (Pearson
correlation coefficient = 0.92 and 0.93) in both CPPs and the heart
(SI Appendix, Fig. S6). To identify direct TBXS targets in the CPP
tissue, we overlapped the 1,480 Tbhx5-dependent genes (Fig. 1C)
with the 3,880 ChIP sites (annotated to the nearest gene). This
conservative approach identified 162 genes associated with
220 bound sites, including Wnt2 and Wnt2b (Fig. 5 B and C and SI
Appendix, Fig. ST and Table S3). This observation was consistent
with the hypothesis that TBXS directly regulates Wnt2 and Wnt2b
transcription (22, 32).

While both Wnt2 and Wnt2b are Tbx5 dependent and redundant
for lung development (17, 22), only Wnt2 is required for both lung
and cardiac morphogenesis in mammals (18). Therefore, we
attempted to identify the TBX5-dependent cis-regulatory elements
that control Wnt2 expression. We compared our TBXS ChIP-seq
results with previously published TBX5 ChIP-seq from two in vitro
systems (59, 60). Using this approach, we identified a cluster of
TBX5-bound sites adjacent to the 3’ end of the neighboring gene,
St7, which demonstrated the hallmarks of putative regulatory ele-
ments including chromatin accessibility and H3K4mel signal (Fig.
5C). We cloned the regions corresponding to the ChIP-seq signal
(mm10 chr6:17938154-17940081, chr6:17941997-17942724, and
chr6:17952290-17953703) and named the putative regulatory ele-
ments “Wnt2 enhancer 1,” “Wnt2 enhancer 2,” and “Wnt2 enhancer
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3” (W2E1-3), respectively (Fig. 5C). We performed ChIP-qPCR in
IMR90 human lung fibroblast cells to validate TBXS localization at
these candidate enhancers (Fig. 5D). We observed a significant
enrichment of TBXS at W2E1 and W2E2 over IgG control
(12.14 + 3.81 SD, P = 0.03 and 10.95 + 0.85 SD, P = 3.5E-5, re-
spectively), while W2E3 did not show enrichment (0.58 + 0.36 SD,
P =044).

We ex)amined the enhancer activity and 7bx5 dependence of
W2E1-3 in vitro by luciferase reporter assay using HEK293T
cells and exogenous expression of 7bx5, as previously described
(7, 8, 61). Thx5 expression activated W2E1 and W2E3 (3.44 +
1.07 SEM, P = 0.0309 and 5.29 + 0.93 SEM, P = 0.0099, re-
spectively) but not W2E2 (1.27 + 0.33 SEM, P = 0.4532) com-
pared with a control vector (Fig. 5E). As W2E1 was both
TBXS5 bound and responsive to 7bx5 expression, we examined
the dependence of W2E1 activity on the presence of the canonical
T-box motif AGGTG (SI Appendix, Fig. S8) (59, 60, 62). Mu-
tation of the minimal canonical T-box motifs in W2EL1 resulted in
a 3.997-fold decrease compared with wild-type W2E1 (P =
0.0252), whereas mutation of T-box motifs within the control
vector had no effect (P = 0.5237).

We examined the sufficiency of W2E1-3 for driving cardiac
and SHF gene expression in vivo. Each enhancer was cloned
upstream of the Hsp68 minimal promoter driving lacZ expres-
sion and was utilized for the generation of transient transgenic
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IMR90 lung fibroblast cell line. Significance is calcu-
lated relative to IgG control. (E) Luciferase assay ex-
amining activation of W2E1, -2, and -3 in HEK293T
cells provided a vector containing Tbx5 relative to a
control vector. (F) Transgenic embryos were generated
using an Hsp68-LacZ reporter construct upstream of
W2ET1, -2, or -3 and were stained at E9.5.
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mouse embryos, as previously described (7, 63, 64). W2E1 and
W2E2 each drove robust activation of lacZ within the CPP and
inflow tract domains of Wnt2 expression with W2E1 driving ro-
bust activation of lacZ within many domains of Wnt2 at E9.5
(Fig. 5F). W2E3, in contrast, activated lacZ in non-Wnt2-, non—
Tbx5-expressing tissues. Taken together, our data suggested that
W2E1 and W2E2 represent TBXS5-responsive cis-regulatory el-
ements for early cardiopulmonary Wnt2 expression.

Requirement of TBX5-Dependent Regulation of Wnt2. To investigate
the direct requirement of TBX5-driven enhancers for pulmonary
mesoderm gene expression, we generated a mouse embryonic
stem cell (mESC) line with doxycycline (DOX)-inducible 7bx5
expression using the A2Lox.cre mESC line (65). This line
(Tbx5OE-mESC) was differentiated along a sequence of ES cells
to mesoderm to lateral plate mesoderm to cardiac progenitor as
previously described (66). We observed a linear dose-response of
Tbx5 in cardiac progenitors (0 ng/pL to 500 ng/pL; 0.07x + 0.60,
P = 3.29E-4) after 24 h (Fig. 64). We observed a significant
relationship between DOX dose and expression of Wnt2 (P =
1.02E-2), Wnt2b (P = 1.55E-3), and Tbx4 (P = 2.03E-2), another
marker of pulmonary mesoderm. This observation suggested that
pulmonary mesodermal markers are directly responsive to 7bx5
expression levels in CPPs in vitro.

We examined the requirement of the TBX5-bound cis-
regulatory elements W2E1 and W2E2 for Thx5-dependent Wnt2
expression. Specifically, we utilized CRISPR/cas9 to generate a
4.6-kbp deletion of W2E1 and W2E2 without disrupting the last
exon of St7 or its predicted splice acceptor from the mESC line
overexpressing 7bx5 (hereafter, the “Thx5OE-mESC line”) (Fig.
6B). Two homozygous deletion clones (W2E mutants) and two
control clones (W2E controls) were generated and evaluated.
Following differentiation of clones to cardiac progenitors, the
W2E mutants demonstrated a significant reduction in Wnt2 gene
expression compared with W2E controls (91.8% reduction, P =
0.0122), while there was no significant difference in 7bx5 or St7
(Fig. 6C). To examine the requirement of W2E1/W2E2 for Thx5-
dependent activation of Wnt2, we induced 7bx5 overexpression
and evaluated the response of Thx5, Wnt2, and St7 expression. We
observed that the W2E mutants had significantly reduced Wnt2
expression in response to 7bx5 overexpression compared with the
W2E control lines (2.31-fold versus 1.28-fold activation, P =
0.0150); no significant differences between the mutant and control
lines were observed for 7hx5 or St7 (Fig. 6D). Taken together,
these results demonstrate that W2E1 and W2E2 are required for
Whni2 expression and are necessary for Thx5-responsive Wnt2 ex-
pression in mESC-derived CPPs. These results demonstrate direct
molecular control of Wnt2 by TBXS in an in vitro model of early
cardiopulmonary development.

Discussion

TBX5 has been genetically implicated in human cardiac septal
defects for over 20 y. Based on its strong expression in the heart,
TBX5 was assumed to directly drive a cardiac GRN for cardiac
septation. Recently, work by the I.P.M. laboratory has determined
that the role of 7BX5 resides in the SHF (Fig. 7). We assumed
that probing pSHF CPPs for Thx5-dependent target genes would
uncover a direct cardiac progenitor GRN for cardiac morpho-
genesis. Instead, we observed a primary role for 7bx5 in the ini-
tiation of lung development and, secondarily, the establishment of
PE-to-mesoderm signaling for cardiac septation.

We report that 7bx5 is required for the initiation of lung de-
velopment through canonical Wnt signaling (Fig. 7). We ob-
served that Tbx5 directly regulates the transcription of both Wnit2
and Whni2b, wingless-family signaling molecules redundantly re-
quired for the earliest aspects of pulmonary development (17).
Specifically, we identified cis-regulatory elements for Wnt2 that
are required for TBXS5-responsive transcription and that drive
transcription in the CPPs and inflow tract of the heart. A role for
canonical Wnt signaling in inflow tract development is conserved
between Drosophila and mammals (67). Drosophila Wingless (wg)
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Fig. 6. Cis-regulatory elements are required for Wnt2 expression. (A) Dose-
dependent gene-expression changes in mESC-derived cardiogenic progenitors
harboring a DOX-dependent Thx5 construct (Tbx50E-mESC) measured by qRT-
PCR. Cells were treated with DOX for 24 h before analysis. (B, Upper) sgRNAs
were designed to induce a 4.5-kb deletion within the last intron of St7, re-
moving a majority of W2E1 and W2E2 in the Thx50E-mESC via CRISPR-Cas9.
This design maintains the last exon and the predicted splice branch for St7
while removing the TBX5-bound sites in W2E1 and W2E2. (Lower) Amplifica-
tion and sequencing across the target site demonstrate successful deletion. (C)
Expression levels of Tbx5, Wnt2, and St7 were compared in W2E mutants and
isogenic controls following differentiation to cardiogenic progenitors by qRT-
PCR. (D) Changes in Thbx5, Wnt2, and St7 expression following 24 h of 100 ng/mL
DOX relative 0 ng/mL DOX in the W2E mutant and isogenic controls dif-
ferentiated to cardiogenic precursors.
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Fig. 7. Tbx5 is required for a mesoderm-endoderm bidirectional signaling
loop for cardiopulmonary development. Model of genetic interaction be-
tween Tbx5, canonical Wnt signaling, and Hh signaling for PE specification,
pulmonary morphogenesis, and cardiac septation. TBX5, expressed in the
CPPs (purple) initiates the bidirectional signaling loop through direct acti-
vation of Wnt2 and Wnt2b expression. Canonical Wnt signaling drives pul-
monary specification in the foregut endoderm and Nkx2-1 expression. SHH,
derived from the PE (green) signals back to the CPPs where it cooperatively
activates Wnt2b but not Wnt2. Shh signaling drives both atrial septation and
lung bud morphogenesis through previously described downstream targets.

is required for the formation of the Drosophila cardiac inflow
tract (67), suggesting that the preexisting role of canonical Wnt
signaling in inflow tract development may have been coopted for
lung development and inflow septation later in vertebrates and
early tetrapods. Although the early requirement of 7bx5 for
heart and limb development has been well documented across
vertebrate species (13-15, 45-47, 68-70), the role of Thx5 in lung
development has not been examined outside of mammals.
Overall, our work suggests a fundamental role for 7bx5 in tet-
rapod lung development and the possibility that the evolutionary
origin of lungs may have involved the recruitment of TBXS5 from
an ancestral cardiac expression domain.

Although a recent model suggested that the lungs and SB are
evolutionarily derived from a common structure, we find that
tbx5 is not required for the development of both (43, 44). Pre-
vious work in zebrafish demonstrates that depletion of wnt2 and
wnit2bb causes SB agenesis, similar to their requirement in lung
specification (17, 38). However, we find that although 7bx5 is
required for lung formation, tbx5a/b is not required for SB
formation in the zebrafish. These observations suggest that tbx5a/
b-independent regulation of Wnt signaling is required for the
initiation of SB development. One question worth future inves-
tigation is whether the Tbx5-positive lateral plate mesoderm
gives rise to SB components or whether the dorsally derived SB
forms from a mesodermal contribution distinct from the ven-
trally derived lungs. Additionally, zebrafish are part of the de-
rived teleost fish, and further characterization across ray-finned
fish is required. We note that the Senegal bichir (Polypterus
senegalus), a member of the early-diverging Actinopterygii, has a
ventral-sided lung structure for air breathing and was reported to
express both tbx5 and tbx4 in the early lung structure (43). Ad-
ditional work is required to resolve the evolutionary relationship
between the SB and lungs.

Integrating our observations that 7hx5 is required for pulmo-
nary specification with previous work demonstrating a role for
Thx5 in lung morphogenesis (22) suggests sequential roles for Wnt
signaling during lung development: an early requirement for ini-
tiation and a later requirement for branching morphogenesis. In
contrast to the complete loss of lung development in the 7bx5
germline-null mouse, conditional removal of 7bx5 at E8.5 caused
malformation of lung bud branching and disruption of canonical
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Wnt signaling in explant cultures (22). Consistent with a dual-role
hypothesis, a partial decrement of canonical Wnt signaling allows
lung initiation but causes defects in lung-branching morphogenesis
(17, 18), while a complete failure of lung initiation has been ob-
served only by homozygous removal of both Wnt2 and Wnt2b (17).
We conclude that 7bx5 initiates a multistep mesoderm—endo-
derm—mesoderm signaling loop (Fig. 7). TBX5 directly drives
WNT2 and WNT2B mesoderm-to-endoderm signaling for pulmo-
nary induction. Secondarily, PE-to-mesoderm Shh signaling col-
laborates with mesodermal TBXS for ongoing WNT2B mesoderm-
to-endoderm signaling and later pulmonary morphogenesis (Fig. 7).

This study and previously published work suggest that TBXS5
mutations may be associated with lung defects. Although rare,
lung defects have been described in patients with HOS. Two
cases of structural lung disease have been associated with
“atypical” HOS: one case of right lung agenesis (71) and one
case of horseshoe lungs (72). Additionally, a screen of patients
with esophageal atresia and tracheoesophageal fistula identified
a patient with HOS (73). Further, rare genetic variants at the
TBX5/RBM19 locus have been associated with lung function in
smokers by a genome-wide association study (74). These studies
suggest the intriguing possibility that 7BX5 may play a role in
both lung development and adult lung function, similar to its
requirement for both cardiac development and adult cardiac
function (15, 61, 63, 75).

Cardiac septa are observed in all lunged vertebrates. We have
previously demonstrated that GLI-dependent transcription
downstream of PE Shh signaling and 7bx5 cooperate in meso-
dermal SHF CPPs to drive atrial septation (7-9, 49). Here, we
demonstrate that 7bx5 is required for the initiation of Shh sig-
naling through the specification of PE. Previous work demon-
strated that atrial septal defects caused by removal of 7hx5 from
the CPPs were rescued by concomitant activation of Hh signaling
in those cells, providing epistatic evidence that 7bx5 acts up-
stream of Hh signaling for atrial septation (9). In this context,
our current results suggest that Shh signaling from the PE to the
CPPs is a direct requirement for atrial septation, while 7bx5 may
be dispensable following the initiation of lung development and
subsequent Shh signaling. Our work demonstrates that 7bx5
haploinsufficiency causes reduced Wnt2 expression and sub-
sequently reduced expression of Sh/ in the PE, resulting in re-
duced expression of quantitative markers of Shh reception in the
cardiopulmonary mesoderm. Therefore, this quantitative decre-
ment in CPP Hh signaling may contribute to the causation of
cardiac septal defects in HOS patients.

The linked mesoderm-endoderm—-mesoderm molecular path-
ways for lung development and cardiac inflow septation are
conserved between amphibians and mammals. Remarkably,
amphibians with evolutionary loss of lungs exhibit much reduced
atrial septation, consistent with necessary instructive cross-talk
between these structures (3, 76). We posit that Tbx5-Wnt2/
Whnit2b signaling provides a molecular basis for the link between
lung formation and the cardiac specializations required for pul-
monary blood flow observed in lunged vertebrates.

Materials and Methods

Ethics Statement. All murine and zebrafish experiments were performed
under University of Chicago Institutional Animal Care and Use Committee
(IACUCQ) protocols no. 71737 and no. 71112. X. laevis and X. tropicalis adults
were housed according to Cincinnati Children’s Hospital Medical Center or
University of North Carolina, Chapel Hill IACUC protocols. Handling of lizards
(Anolis sagrei) and harvest of tissues complied with national and in-
stitutional guidelines and were approved by the IACUC of the University of
Amsterdam (DAE101617).

Mouse Lines. Tbx5 germline mutant animals (Tbx5*~) were produced by
crossing the Thx5"™"** allele (Tbx57°%) with a germline cre-recombinase and
were out-crossed for multiple generations with CD1 animals as previously
described (15, 23). Additionally, the Shh®™™™¢ (77) and Smo™™'4™¢ (78)
germline mutants have been previously described.
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Xenopus Experiments and CRISPR-Based Genome Editing. Ovulation, in vitro
fertilization, and dejellying of embryos were performed as described (79). The
pCS2+GR Tbx5 plasmid (70) was used to synthesize mRNA for injection using
the Ambion mMessage mMachine SP6 RNA synthesis kit. GR-Tbx5 RNA
(125 pg) was injected into either the dorsal or ventral marginal zone (tar-
geting the AME or PME, respectively) at the eight-cell stage. Validated
Tbx5 translation-blocking MOs (35) were injected at the eight-cell stage
(3.5 ng of each MO). See SI Appendix for full details.

A small guide RNA (sgRNA) designed to target exon 5 of the X. tropicalis
locus (GGGGTTCTGATATGAAGTGA) was coinjected at 200 pg with 2 ng
Cas9 protein (PNA Bio) in 2-nL drops into one-cell-stage wild-type X. tropicalis
embryos (80). To screen rapidly for altered loci, an ~500-bp genomic fragment
asymmetrically flanking the sgRNA target sequence was amplified by PCR and
subjected to digestion by T7 endonuclease (New England Biolabs).

Zebrafish Lines and Experiments. Zebrafish were maintained under standard
laboratory conditions (81). MO injections were performed as described (82). tbx5a
MO (3.7 ng) (47) and 5 ng of tbx5b translation-blocking MO (48) were injected
into each embryo. Lines used were *AB and heartstrings (hst) mutants (45).

Transcriptional Profiling by RNA-Seq. RNA-seq was performed on micro-
dissected CPP tissue at E9.5. Microdissected tissues from four embryos were
pooled, and total RNA was extracted from five Thx5"* and two Tbx5~'~ pools
and was sequenced using the lllumina HiSeq 2500 platform by the Genomics
Core Facility at the University of Chicago. Analysis was performed as pre-
viously described (23). See S/ Appendix for full details.

qRT-PCR. For mice, RNA was extracted from microdissected tissue as was done
for RNA-seq. The reverse-transcription reaction was performed using Su-
perScript Ill First-Strand Synthesis SuperMix (Invitrogen). qRT-PCR was per-
formed using Power SYBR Green PCR master mix (Applied Biosystems) and
was run on an AB7500 machine (Applied Biosystems). Gene-expression level
was normalized by Gapdh. For Xenopus, RNA was collected from three bi-
ological replicates containing four explants each. RNA was extracted using
the Direct-zol RNA MiniPrep Plus kit (R2070; Zymo Research), and cDNA was
generated using SuperScript VILO Master Mix (11755050; Thermo Fisher).
Real-time PCR reactions were carried out using PowerUp SYBR Green Master
Mix (A25742; Thermo Fisher) on ABI StepOnePlus gPCR machines (Applied
Biosystems). Ornithine decarboxylase (odc) was used as a reference gene.

ISH. Mouse embryonic ISH was performed as previously described (7, 83, 84).
ISH of Xenopus embryos and explants was performed as described (79). ISH
was performed on stage-11 lizards as previously described (85). The alligator
and chicken sections come from a stained series used in previous publica-
tions (86, 87), but the sections shown have not been published before. See S/
Appendix for full details.

Histology and 3D Reconstruction. All mouse and zebrafish embryonic histology
was performed by the University of Chicago Human Tissue Resource Center.
All tissues were fixed in formalin, embedded in paraffin wax, and sectioned to
10-uM thickness. Tissue was counterstained with H&E. Reconstructions of
embryonic lung histology were performed using AMIRA (5.3.2). See S/ Ap-
pendix for full details.
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ChIP and Analysis. Chromatin extract was prepared from microdissected tissue
from E9.5 CD-1 mouse embryos (2x from 50 embryo pools each) obtained from
Charles River or from pelleted IMR90 cells (4x from 5 million cells each). For
immunoprecipitation, the chromatin extract was incubated with anti-
TBX5 antibody (sc-17866; lot no. G1516; Santa Cruz Biotechnology), anti-
H3K4me3 (no. 305-34819; lot no. 14004; Wako Chemicals), or anti-H3K4me1
(ab8895; lot no. GR257926-1; Abcam). High-throughput sequencing libraries
from ChIP and input DNA were prepared using the NEBNext Ultra DNA Library
Prep Kit (E7370S; New England Biolabs) and were sequenced using lllumina
HiSeq instruments by the Genomics Core Facility at the University of Chicago.
ChIP-seq analysis was performed using a typical pipeline involving Bowtie2 (88)
and MACS2 (89, 90). See S/ Appendix for full details.

ATAC-Seq and Analysis. ATAC-seq was performed as previously described (58)
on an lllumina HiSeq system by the Genomics Core Facility at the University
of Chicago. Analysis was performed in a similar manner to ChiIP-seq. See S/
Appendix for full details.

Luciferase Assays. pCDNA3.1 expression vectors for Thx5 were previously
described (63). W2E1-3 were cloned into the pGL4.23 vector (Promega).
Expression and reporter vectors were transfected into HEK293T cells using
FUGENE (Promega). Cells were cultured for 48 h after transfection and then
were lysed and assayed using the Dual-Luciferase Reporter Assay System
(Promega).

Transient Transgenics. Transient transgenic experiments were performed at
E9.5 as previously described (7, 63, 64). W2E1-3 were subcloned into the
Hsp68-LacZ vector. The resulting construct was digested with Notl enzyme to
remove the backbone, gel-purified, and injected into fertilized mouse eggs
at the University of Chicago Transgenics Core Facility.

Thx50E-mESC Generation, CRISPR, and in Vitro Differentiation. The inducible
Tbx50E-mESC line was generated as previously published (65). To generate
the W2E mutants, we transfected the mESC with pSpCas9(BB)-2-Puro
(PX459) plasmid vectors containing guides designed to generate an ~4.6-
kbp deletion of W2E1 and W2E2. Following clone selection and expansion,
two homozygous deletion clones (W2E mutants) and two wild-type clones
(W2E controls) were evaluated. Cardiac stem cell differentiation was based
on the original protocol from the laboratory of Keller and coworkers (66)
with some modifications. For all mESC experiments utilizing overexpression,
cells were treated with DOX (Sigma D9891) at the cardiac progenitor-like
stage (day 6) and were harvested for RNA 24 h later. For CRISPR cell line
evaluation, a dose of 100 ng/mL was used. See S/ Appendix for full details.
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