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The mechanisms used by embryos to pattern tissues across their
axes has fascinated developmental biologists since the founding
of embryology. Here, using single-cell technology, we interro-
gate complex patterning defects and define a Hedgehog (Hh)–
fibroblast growth factor (FGF) signaling axis required for anterior
mesoderm lineage development during gastrulation. Single-cell
transcriptome analysis of Hh-deficient mesoderm revealed selec-
tive deficits in anterior mesoderm populations, culminating in
defects to anterior embryonic structures, including the pharyn-
geal arches, heart, and anterior somites. Transcriptional profiling
of Hh-deficient mesoderm during gastrulation revealed disrup-
tions to both transcriptional patterning of the mesoderm and
FGF signaling for mesoderm migration. Mesoderm-specific Fgf4/
Fgf8 double-mutants recapitulated anterior mesoderm defects
and Hh-dependent GLI transcription factors modulated enhancers
at FGF gene loci. Cellular migration defects during gastrulation
induced by Hh pathway antagonism were mitigated by the addi-
tion of FGF4 protein. These findings implicate a multicomponent
signaling hierarchy activated by Hh ligands from the embryonic
node and executed by FGF signals in nascent mesoderm to control
anterior mesoderm patterning.

FGF signaling | mesoderm | embryonic node | Hedgehog signaling |
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One of the first challenges of metazoan development is the
generation and distribution of mesoderm across the

anterior–posterior (A-P) axis during gastrulation (1–4). Pre-
sumptive mesoderm migrates through the primitive streak and is
patterned during migration toward the anterior embryonic pole
(1, 3–7). A-P patterning of the mesoderm is determined by se-
creted signals from the node and primitive streak. These signals
include members of the nodal, fibroblast growth factor (FGF),
and Wnt pathways, all of which are required for the patterning
of the anterior mesoderm (6, 8). While the requirement for
these pathways in gastrulation has been historically defined
by loss-of-function assays, the multicomponent cross-talk be-
tween signaling axes that dictates A-P patterns remain largely
unknown.
The Hedgehog (Hh) signaling pathway is required for the

morphogenesis of organs derived from all three germ layers in
most metazoans (9, 10). Hh signaling was first described in a
classic forward genetic screen for genes that determine A-P
segment polarity during early Drosophila melanogaster develop-
ment (11). Hh pathway activation in mammals is initiated by the
binding of Hh ligands (SHH, IHH, or DHH) to PTCH1, re-
lieving its inhibition on Smoothened (SMO). Activated SMO
then promotes nuclear translocation of full-length GLI2/3 tran-
scription factors (TFs) that drive Hh target gene transcription (12,
13). Conversely, the absence of Hh signaling triggers proteolysis

and truncation of GLI2/3 proteins to repressive isoforms GLI2R/
3R, repressing Hh target gene transcription (13, 14). Hh signaling
participates in the patterning of a diverse array of structures in-
cluding the Drosophila wing disk (15), cnidarian pharyngeal mus-
culature (16), tetrapod forelimb (17), vertebrate central nervous
system (18), and heart (19–21), although it has not been impli-
cated in patterning the early A-P axis in vertebrates.
Removal of all Hh signaling through germline deletion of Smo

in mice revealed an essential role for the Hh pathway in early
mammalian development (22). Smo−/− embryos exhibit cardiac
and somitic defects, absence of the anterior dorsal aorta, and
failure to establish left/right (L-R) axis asymmetry (22, 23).
Furthermore, treatment of zebrafish embryos with a small-molecule
Smo antagonist, cyclopamine, during early but not late gastrulation
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Fig. 1. scRNA-seq identifies Hh-dependent selective defects to anterior mesoderm progenitor populations. (A) Whole-mount left lateral views of control and
Hh-mutant embryos comparing defects observed between Smo−/− mutants (Upper Right) and Mesp1Cre/+;R26Gli3R-IRES-Venus/+ (Mesp1Cre-Gli3R) mutants (Lower
Right). (Scale bars, 200 μm.) (B) Experimental schema for collecting mutant Mesp1Cre-Gli3R and control Mesp1Cre/+;R26tdTomato/+ (Mesp1Cre-tdTomato)
Mesp1Cre-labeled cells by FACS for scRNA-seq. (C, Left) UMAP plots for all Mesp1Cre-tdTomato and Mesp1Cre-Gli3R cells used in this study including both
extraembryonic (gray and light blue) and embryonic (dark blue) mesoderm lineages. (Right) UMAP for embryonic mesoderm color-coded by cell lineage. (D)
UMAP for embryonic mesoderm color-coded for either Mesp1Cre-tdTomato (blue) or Mesp1Cre-Gli3R (orange) genotypes. (E ) Represents the proportion
of Mesp1Cre-tdTomato (blue) and Mesp1Cre-Gli3R (orange) cells in each annotated lineage from D, where the number linked to each column represents
absolute cell counts. Mut, mutant. (F) Heatmap of marker gene expression for aSHF (red), pSHF (green), and cardiomyocytes (blue) where each column represents
a single cell. (G) Expression of aSHF and pSHF markers Isl1 and Wnt2, respectively, superimposed on UMAP plots of C. (H) Proportion of Mesp1Cre-tdTomato
(blue) and Mesp1Cre-Gli3R (orange) cells across aSHF, pSHF, and cardiomyocyte (CM) populations. (I) Genetic fate map for aSHF-specific Cre (Mef2cAHF-Cre) with a
Cre-dependent lacZ reporter (R26R) in Smo+/+ and Smo−/− backgrounds. Images represent the posterior margin of the aSHF at low and high power in the Upper
and Lower, respectively. The arrow points to dorsal mesenchyme marker by Mef2cAHFCre, which is absent in the Smo−/− background. (Scale bars, 200 μm.) At,
atrium; HT, heart tube; LV, left ventricle.
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resulted in cardiac hypoplasia, suggesting that Hh signaling is es-
sential during early embryogenesis for proper development of
mesoderm-derived organs (24). While Shh is the only Hh ligand
necessary for L-R axis patterning in mammals (25), compound
Shh−/−;Ihh−/− mutants produce phenotypes indistinguishable from
Smo−/− mutants (22). This suggests an important but poorly un-
derstood role for combined Shh and Ihh signaling during early
embryogenesis, independent of L-R patterning.
We investigated the role for Hh signaling in mesoderm de-

velopment during gastrulation. Using single-cell RNA sequenc-
ing (scRNA-seq) to profile WT and Hh-mutant mesoderm at the
end of gastrulation, we observed a deficiency in the population of
anterior mesoderm lineages in Hh-mutant embryos. Mesoderm-
intrinsic and germline Hh pathway mutants both demonstrated
defects selective to anterior mesoderm-derived structures, in-
cluding the head, heart, pharyngeal arches, and anterior somites,
which suggests a novel requirement for Hh signaling in anterior
mesoderm development. Through genetic-inducible fate map-
ping and single-cell transcriptome analysis, we observed that
onset of Hh-reception from the node coincided with the gener-
ation of Mesp1+ nascent mesoderm. Transcriptional profiling of
Hh-deficient mesoderm during gastrulation revealed widespread
down-regulation of FGF signaling pathway genes, required for
patterning at the primitive streak and the generation of specific
anterior mesoderm lineages. Mesoderm-specific Fgf4/Fgf8 double-
mutants recapitulated anterior mesoderm defects and Hh-
dependent GLI transcription factors modulated enhancer activity
proximal to the shared Fgf3, Fgf4, and Fgf15 locus. Small-molecule
Hh pathway inhibition in chicken embryos caused dose-dependent
mesoderm migration defects, which could be mitigated by the
addition of exogenous FGF4 protein. These findings resolve a Hh
to FGF node to primitive streak midline signaling axis required for
the migration and patterning of the anterior mesoderm during
gastrulation.

Results
Hh Signaling Is First Active in the Organizing Centers of Embryonic
Axis Determination. We investigated the role of early Hh pathway
activity on mesoderm development. We confirmed the earliest
tissues to receive Hh signaling by evaluating β-galactosidase
(β-gal) expression from the Ptch1LacZ reporter allele (26). No
evidence of Ptch1 reporter activity was observed prior to
embryonic day (E) 7.0 (SI Appendix, Fig. S1). β-gal becomes
apparent in the node at E7.25, consistent with previous reports
(SI Appendix, Fig. S1) (27). At E8.25, Ptch1 reporter activity
expands to the notochord (SI Appendix, Fig. S1) and shortly
thereafter appears throughout the neural floorplate, somites,
dorsal aorta, and the second heart field (SHF) at E8.5 (SI Ap-
pendix, Fig. S1). These observations confirm that Hh signaling is
first active in the node, which is essential for axis determination
in mesoderm lineages, and later becomes active in several dif-
ferentiated mesodermal lineages.
Based on the importance of signals sent from the node for

mesoderm development, we assessed the necessity of Hh sig-
naling in this process by driving the Cre-dependent coexpression
of a dominant-negative transcriptional repressor of the Hh
pathway, Gli3R, with a Venus fluorophore in the nascent me-
soderm using Mesp1Cre (28, 29). We observed severe head and
heart tube defects in Mesp1Cre/+;R26Gli3R-IRES-Venus/+ (Mesp1Cre-
Gli3R) (30) mutants, which phenocopied defects characteristic of
Smo−/− mutants (Fig. 1A) (22). The observation of defects be-
yond L-R patterning in both Smo−/− and Mesp1Cre-Gli3R mutant
embryos suggest an essential role for Hh signaling in early
mesoderm development.

Drop-Seq Reveals Selective Anterior Mesoderm Deficits in Hh Pathway
Mutants. To examine the consequence of disrupting mesoderm-
intrinsic Hh signaling, we performed scRNA-seq by Drop

sequencing (Drop-seq) (31) on cells isolated by FACS from mu-
tant Mesp1Cre-Gli3R and control Mesp1Cre/+;R26tdTomato/+

(Mesp1Cre-tdTomato) (32) embryos at the onset of organogenesis
(E8.25) (33, 34) (Fig. 1B). We jointly processed and analyzed
9,843 Mesp1Cre-tdTomato and 10,663 Mesp1Cre-Gli3R cells from
two biological replicates. We observed similar gene detection
across them (SI Appendix, Fig. S2). Using unsupervised clustering
to identify distinct cell populations (35, 36), we assigned cells to
either embryonic mesoderm lineages (44%; 8,937 of 20,506) or
hepatic stellate cells and extraembryonic tissues involved in early
blood development (56%, 11,569 of 20,506) (Fig. 1C and SI Ap-
pendix, Fig. S3) (37). We focused on the embryonic mesoderm and
identified all expected Mesp1Cre-derived lineages in both mutant
and control embryos using a combination of canonical marker
gene detection and comparison with extant scRNA-seq datasets
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Fig. 2. Hh signaling is required for anterior mesoderm morphogenesis. (A)
Diagrammatic representation of the developmental ontogeny for anterior
mesoderm lineages with estimated scale bars for each embryonic stage.
(B–G) Phenotypic abnormalities in conditional Hh mutants, Mesp1Cre/+Smof/−

(C and F) and Mesp1Cre/+; R26Gli3R-IRES-Venus/+ (Mesp1Cre-Gli3R) (D and G) with
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Hh pathway mutants, Shh−/− (I and L) and Smo−/− (J and M) and their re-
spective Wt control (H and K) at E9.5. (B–D and H–J) Frontal whole-mount
views of embryos (Left) with corresponding sagittal histology sections of the
pharyngeal arch (Upper Right) and heart (Lower Right). Black bars link the
whole-mount views of the pharyngeal arch and heart to their corresponding
histology section. (E–G and K–M) Low-power sagittal histology views of both
anterior and posterior somites (Left). High-power views of anterior and pos-
terior somites are represented in the Upper Right and Lower Right, re-
spectively. Somite 1 is indicated by the asterisk (*) in each, Upper Right. (Scale
bars, 200 μm.) A, anterior; At, atrium; D, dorsal; IFT, inflow tract; LV, left
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(Fig. 1C and SI Appendix, Figs. S4–S6) (29, 38–40). When dis-
played on a uniform manifold approximation and projection
(UMAP) plot, the proximity between clusters roughly re-
capitulated developmental relationships before and after batch-
correction by sample integration (35) (Fig. 1C and SI Appendix,
Fig. S7). Specifically, we observed that the majority of embryonic
mesoderm cells contributed to mesenchyme (4,619, 51.7%) (dark
blue in Fig. 1C) followed by cardiac (1,109, 12.4%) (orange in
Fig. 1C), lateral plate (887, 9.92%) (gray-blue in Fig. 1C), allantoic
(734, 8.21%) (pale orange in Fig. 1C), somitic (641, 7.17%)
(light-green in Fig. 1C), pharyngeal (433, 4.85%) (dark-green in
Fig. 1C), cranial (311, 3.48%) (red in Fig. 1C), and intermediate
(203, 2.27%) (salmon in Fig. 1C) mesoderm lineages (Fig. 1C and
SI Appendix, Figs. S4 and S5).
Expression of Gli3R altered the distribution of Mesp1Cre-de-

rived cells (Fig. 1 D and E). We observed a selective deficiency in
the proportional contribution of cells to anterior mesoderm
lineages, including cranial, pharyngeal, and somitic mesoderm
(Fig. 1E and SI Appendix, Fig. S5). Cranial mesoderm, marked by
Otx2 expression (41), is the anterior-most mesoderm lineage and
demonstrated the most pronounced deficiency, demonstrating a
more than fourfold reduction in lineage contribution from mu-
tant Mesp1Cre-Gli3R cells compared to Mesp1Cre-tdTomato con-
trols (1.33% vs. 6.06% of cells). Somitic mesoderm, which is
marked by Meox1 and Tcf15 (42, 43), was reduced in mutants
nearly threefold (3.82% vs. 11.2%). Pharyngeal mesoderm,

marked by Col2a1 and Sox9 (44, 45), demonstrated approxi-
mately twofold reduction within mutants (3.43% vs. 6.53%).
Therefore, a deficiency in Mesp1Cre-derived cell contributions
was observed within multiple independent anterior mesoderm
lineages following expression of the Hh-pathway transcriptional
repressor Gli3R.
Although the heart, which is derived from the anterior me-

soderm, is severely malformed in Mesp1Cre-Gli3R embryos, the
relative number of cells in the cardiac lineage was not reduced
(Fig. 1E). Cardiac progenitors include cells in the first heart field
(FHF) and SHF. The SHF is divided anatomically into anterior
(aSHF) and posterior (pSHF) domains (46). We hypothesized
that the aSHF may be preferentially affected in Mesp1Cre-Gli3R
embryos. We analyzed the cardiac lineage from the Drop-seq in
isolation and observed that it was comprised of three distinct
subclusters: Functional cardiomyocytes from the FHF marked by
Tnnt2 and Myh6 (47, 48); the aSHF, defined by Fgf8, Fgf10, and
Isl1 expression (Fig. 1 F and G) (49); and the pSHF, defined by
Wnt2, Sfrp1, and Tbx5 expression (Fig. 1 F and G) (50, 51). Within
the SHF populations in Mesp1Cre-Gli3R embryos, fewer cells con-
tributed to the aSHF (57.3%) compared to controls (73.9%)
(Fig. 1H). We complemented these analyses by examining whether
Hh mutants exhibited decreased aSHF cellularity. We performed a
genetic fate-mapping study of the aSHF progenitor pool in Hh
mutants utilizing Mef2cAHF-Cre (44) and Cre-dependent reporter
(R26R) (45) alleles and observed β-gal expression in Smo+/+ and
Smo−/− mutant embryos. We observed a substantial reduction of
β-gal in the aSHF of Mef2cAHF-Cre;R26Rc/+;Smo−/− mutants
compared to Mef2cAHF-Cre;R26Rc/+;Smo+/+ controls at E9.5,
when the aSHF is normally well established (Fig. 1I). These data
indicate that reduced Hh signaling caused defective population of
the anterior cardiac lineage in Mesp1Cre-Gli3R embryos.

Hh Signaling Is Selectively Required for Anterior Mesoderm
Development. Drop-seq analysis indicated that anterior meso-
derm lineages were reduced in Mesp1Cre-Gli3R mutants during
organogenesis. We hypothesized that this disruption would cul-
minate in specific phenotypic defects later in development. An-
terior embryonic mesoderm lineages arise during gastrulation as
undifferentiated epiblast cells migrate through a transient struc-
ture known as the primitive streak (1, 3–5). The earliest cells to
contribute to the embryonic mesoderm enter the streak during
early to midstreak stage and migrate furthest toward the anterior
embryonic pole (4, 5), where they subsequently differentiate into
specific lineages within theMesp1 domain including, from anterior
to posterior, cranial, pharyngeal, cardiac, and somitic mesoderm
(Fig. 2A). We directly analyzed the development of anterior
mesoderm-derived structures in both mesoderm-intrinsic and
germline Hh pathway mutants. Mesoderm-intrinsic Hh mutants,
includingMesp1Cre/+;Smof/− (29, 52) andMesp1Cre-Gli3R embryos,
exhibited cardiac and pharyngeal arch hypoplasia compared to
Mesp1Cre/+;Smof/+ controls (Fig. 2 B–D). The anterior-most so-
mites in mesoderm-intrinsic Hh mutants were positioned normally
but exhibited severe morphological defects and failed to compact
compared to more posterior somites (Fig. 2 F and G). In contrast,
anterior and posterior somites were similar in Mesp1Cre/+;Smof/+

controls (Fig. 2E). The anterior-most somites of germline Smo−/−

mutants fail to form and are replaced by loosely packed mesen-
chyme, while posterior somites are relatively well-formed (Fig.
2M). Smo−/− embryos also demonstrated the most severe anterior
defects, including agenesis of the first pharyngeal arches and
cardiac defects (Fig. 2J) (22). This indicates that anterior meso-
derm defects intrinsic to Mesp1Cre-Gli3R mutants are attributable
to early Hh pathway disruption, rather than a result of possible
anterior mesoderm-restriction of Mesp1Cre activity. Surprisingly,
removal of Shh failed to phenocopy the severe cardiac chamber
or somite defects observed in Smo−/− mutants (Fig. 2I). Instead,
Shh mutants only exhibited previously described pharyngeal arch
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(D), left ventricle (E), and SHF (F) at low (Left) and high (Right) magnifica-
tion; black boxes in the low-magnification field correspond to the area of
high magnification. (G) A heatmap using reanalyzed data from, a scRNA-seq
dataset spanning gastrulation (40). Cells are clustered by defined lineages
spanning nascent mesoderm development through developmental stages
E7.0 to E7.75. Each column represents a single cell and each row represents
the denoised expression values of individual genes within the Hh signaling
pathway in addition to Mesp1. (Scale bars, 200 um.) H, heart; S, somite.
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hypoplasia (53) and relatively mild cardiac defects with respect to
WT controls (Fig. 2 H, I, K, and L) (53). These results demon-
strate that reduced Hh signaling by mutations to Smo, but not Shh,
disrupts the development of anterior mesoderm.

Embryonic Mesoderm Lineages Receive Functional Hh Signals during
Anterior Mesoderm Formation. We interrogated which lineages
received direct Hh signaling during anterior mesoderm devel-
opment using genetic-inducible fate mapping (GIFM). We
marked Hh-receiving cells and their descendants by GIFM using
a tamoxifen (TM) -inducible Cre at the Gli1 locus (Gli1CreERT2)
(54). Pregnant females were administered a single dose of TM
on days ranging from E5.5 to E8.5 and Gli1CreERT2/+;R26Rc/c

embryos were analyzed at E9.5 (Fig. 3A). We observed a near-
absence of marked cells when TM was administered 1 d pre-
ceding gastrulation at E5.5 (Fig. 3A). Administration of TM
during early gastrulation at either early (E6.5) or late (E7.5)
stages of primary gastrulation resulted in robust β-gal expression
throughout the neural tube and lateral mesenchyme, with nota-
bly few positive clones appearing in the pharyngeal mesoderm,
somite bodies, or heart (Fig. 3A). TM administered after primary
gastrulation at E8.5 demonstrated roughly the same staining
pattern, albeit with more stained cells and the inclusion of some
paraxial mesoderm (Fig. 3A). Administration of TM twice, at
both E6.5 and E7.5, did not increase the number of marked
lineages, although we did observe a higher proportion of stained
cells within previously marked lineages (Fig. 3B). Serially sec-
tioned embryos confirmed staining throughout mesenchymal
tissues with relatively minor contributions to anterior mesoderm
structures, such as the first pharyngeal arch (Fig. 3C), anterior
somite bodies (Fig. 3D), or heart (Fig. 3E). For example, while
the heart was sparsely labeled (Fig. 3E and SI Appendix, Table
S1), SHF cells were robustly labeled, consistent with previous
studies (Fig. 3F and SI Appendix, Table S1) (21, 55, 56).
We attempted to identify a population of Hh-receiving cells in

the nascent mesoderm. We reanalyzed a publicly available scRNA-
seq dataset spanning gastrulation in WT embryos for Hh signaling-
dependent gene expression (40) and focused our analysis on em-
bryonic stages coinciding with the generation of the anterior me-
soderm (E7.0 to E7.75) (7). We plotted denoised expression values
for genes associated with Hh signaling against cell populations
across the epiblast and nascent mesoderm differentiation trajectory
(Fig. 3G). Although no Hh targets were expressed in the epiblast or
primitive streak, the nascent mesoderm demonstrated some cells
with coexpression ofMesp1 with Hh targets Ptch1 andGli1, but with
much lower coverage than the known Hh expression lineages of the
node and notochord (Fig. 3G). Together, the single-cell analysis and
GIFM indicate that a subset of nascent mesoderm cells receives Hh
signaling from the node throughout anterior mesoderm develop-
ment. However, the GIFM indicated that this reception was sparse
within anterior mesoderm progenitors, suggesting the role of addi-
tional Hh-dependent pathways in a cell nonautonomous mechanism
for anterior mesoderm development (Fig. 3 B–G).

Transcriptional Profiling Identified Hh-Dependent TFs and Signaling
Pathways Necessary for Mesoderm Morphogenesis. To identify Hh-
dependent pathways in the embryonic mesoderm, we performed
bulk RNA-seq on mesoderm from Mesp1Cre/+;R26Gli3R-IRES-Venus/+

(Mesp1Cre-Gli3R) mutants during late gastrulation at E7.5. We uti-
lized a Cre-dependent dual-color system to separateMesp1Cre-marked
red fluorophore-expressing WT Mesp1Cre/+;R26tdTomato (Mesp1Cre-
Tomato) cells, fromMesp1Cre-marked yellow fluorophore-expressing
mutant (Mesp1Cre-Gli3R) cells from litter-matched RNA-seq sam-
ples using FACS (n = 3) (Fig. 4A). We observed consistent differ-
ential expression between biological replicates and identified
190 dysregulated genes by mRNA-seq (false-discovery rate
[FDR] ≤ 0.10) (Fig. 4B). We observed widespread down-regulation
of classic targets for Hh signaling, such as Gli1, Ptch1, and Hhip (SI

Appendix, Fig. S8). Many of the down-regulated genes are known to
be critical for primitive streak function and anterior mesoderm
morphogenesis, including Wnt3a, Msgn1, Cripto (Tdgf1), Fgf4,
Fgf8, and Smad3 (57–61). Additionally, classic factors for both
A-P patterning and midline development, Brachyury (T) and
Hnf3β (FoxA2), were also down-regulated (62–64). These results
demonstrate that Hh signaling is required for the normal expres-
sion of many genes required for anterior mesoderm development,
further supporting a role for Hh signaling in organizing this
process.
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Fig. 4. Disruption of Hh signaling causes major disruptions in genetic path-
ways for mesoderm development. (A) Breeding strategy to produce litter-
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Gli3R) and WT Mesp1Cre/+;R26tdTomato (Mesp1Cre-tdTomato) mesoderm by
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(C) A volcano plot for dysregulated genes in Hh mutants. (D) GO analysis for
genes down-regulated genes from B and C. (E) Heatmap for all dysregulated
genes under the Mesoderm Development (GO:007498) term (FDR ≤ 0.30).

15716 | www.pnas.org/cgi/doi/10.1073/pnas.1914167117 Guzzetta et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914167117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914167117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914167117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914167117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914167117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1914167117


Gene ontology (GO) analysis for down-regulated genes
(FDR < 0.10) (Fig. 4D) corroborated the assessment that me-
soderm morphogenesis was perturbed, as nearly all top terms
were associated with early mesoderm development, including the
term “Mesoderm Development” (GO:0007498) (Fig. 4 D and E).
The majority of significantly dysregulated genes (FDR ≤ 0.30)
classified under Mesoderm Development were down-regulated,
which suggested widespread dysfunction to primitive streak
function and mesoderm morphogenesis. GO analysis for Hh-
dependent TFs identified somitogenesis and paraxial meso-
derm as the most highly represented terms (Fig. 5A). Genes
disrupted within the GO term for somitogenesis (GO:0001756;
FDR ≤ 0.3) revealed down-regulation of TFs that either play an
isolated role in somite development—including, Hes7 (relative
transcript expression [RTE] = 0.081, FDR = 1.86E-2), Tcf15
(RTE = 0.715, FDR = 2.85E-1), Dll3 (RTE = 0.316, FDR =
7.22E-8), and Ripply2 (RTE = 0.101, FDR = 5.62 E-13)
(65—60)—or factors that also play a dual role in somite devel-
opment and gastrulation, includingMsgn1 (RTE = 0.249, FDR =

3.00E-2), Tbx6 (RTE = 0.342, FDR = 2.69E-1), Mesp2 (RTE =
0.357, FDR = E8.25E-2), FoxA2 (RTE = 0.019, FDR = 7.60E-3),
T (RTE = 0.254, FDR = 6.42E-3), and Smad3 (RTE = 0.608,
FDR = 9.61E-2) (57, 62–64) (Fig. 5B). Using RNA in situ hy-
bridization, we analyzed the spatial expression patterns for key
genes responsible for shared paraxial and mesoderm development
(Tbx6, Msgn1, and Mesp2) along with Dll3, a gene responsible
primarily for somitogenesis. The dual-function transcription fac-
tors Tbx6, Msgn1, and Mesp2 lost large portions of their lateral
expression domains, while the somite-specific Dll3 gene only
appeared to lose a small portion of right-sided expression distal to
the streak (Fig. 5C) and may suggest the loss of a general meso-
derm transcriptional program.

The Hh Pathway Is Upstream of FGF Signaling for Anterior Mesoderm
Morphogenesis. We identified FGF signaling as a Hh-dependent
signaling pathway in developing mesoderm that may mediate a cell
nonautonomous requirement for Hh signaling in anterior meso-
derm development. We performed GO analysis for down-regulated
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Fig. 5. Targeted pathway analysis reveals widespread
dysfunction of nascent mesoderm and FGF pathways.
(A) GO analysis performed on down-regulated genes
classified as TFs in E7.5 Mesp1Cre-Gli3R embryos. (B)
Heatmap generated from dysregulated genes (FDR ≤
0.30) overlapping with top GO term, Somitogenesis
(GO:0001756). (C) In situ hybridization for the somi-
togenesis genes Msgn1, Tbx6, Mesp2, and Dll1 in con-
trol (Mesp1+/+R26Gli3R/+) and Mut (Mesp1Cre/+;R26Gli3R/+)
embryos at E7.5. (D) GO analysis for down-regulated
genes classified as signaling molecules. (E) Heatmap
for dysregulated genes (FDR ≤ 0.30) for the top GO
term, FGF Receptor Signaling Pathway (GO:0008543.
(F) In situ hybridization for FGF ligands Fgf4, Fgf8,
Fgf15, and Fgf3 in control (Mesp1+/+R26Gli3R/+) and
Mut (Mesp1Cre/+;R26Gli3R/+) embryos at E7.5. (Scale
bars, 200 um.) A, anterior; L, left; P posterior.
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genes classified as either signal ligands or ligand receptors in the
Fantom consortium database (70) (Fig. 5D). The FGF pathway
comprised the top candidate using this approach and differential
expression of genes in the GO category “FGF Receptor signaling
pathway” (GO:0008543) revealed a striking pattern of down-
regulation among all included FGF ligands (FDR ≤ 0.30) (Fig.
5E). The expression of multiple FGF ligand genes were highly
down-regulated in the Hh-deficient mesoderm, including Fgf3
(RTE = 0.254, FDR = 3E-16), Fgf4 (RTE = 0.095, FDR = 1.51E-3),
Fgf8 (RTE = 0.406, FDR = 4.14E-3), and Fgf15 (RTE = 0.389,
FDR = 6.74 E-11) (Fig. 5E). Furthermore, the expression domains
of Fgf4 and Fgf8 were qualitatively diminished, specifically loss of
their anterior-most expression domains, by in situ hybridization
(Fig. 5F).
We hypothesized that Fgf4 and Fgf8 may act downstream of Hh

signaling are required within theMesp1 domain for anterior mesoderm
development. To test this, we generated multiple allelic combinations
for mesoderm-specific Fgf4/Fgf8 loss-of-function, including
Mesp1Cre/+;Fgf4f/+;Fgf8f/− (Fig. 6 D–F),Mesp1Cre/+;Fgf4+/−;Fgf8f/−

(Fig. 6 G–I), andMesp1Cre/+;Fgf4f/−;Fgf8f/− embryos (Fig. 6 J–L).
In all three mutant genotypes, we observed anterior-selective de-
fects of head, heart, and pharyngeal mesoderm, compared to
Mesp1+/+;Fgf4f/f;Fgf8f/+ control embryos (Fig. 6 A–C). The de-
fects to anterior structures included reduced head structures
(Fig. 6D,G, and J), hypoplastic pharyngeal and cardiac mesoderm

(Fig. 6 E, H, and K), and anterior somites that were more se-
verely malformed than the posterior somites (Fig. 6 F, I, and
L). Taken together, this constellation of defects resembled the
anterior-specific defects observed in Hh mutant embryos, albeit
with less severity (Figs. 2 and 6).
We next assessed the developmental compartment in which FGF

and Hh pathways intersect during gastrulation. We reanalyzed a
publicly available gastrulation scRNA-seq dataset (40) to assess the
expression of FGF ligands Fgf3, Fgf4, Fgf8, and Fgf15 and FGF-
dependent genes Dusp6 and Spry4 in addition to Hh pathway
components (Fig. 7A and SI Appendix, Fig. S9). Using denoised
expression values, FGF ligand expression was largely excluded from
the epiblast or primitive streak population with the exception of
Fgf8, which was expressed prior to mesoderm specification in the
primitive streak. However, the onset of Fgf3, Fgf4, and Fgf15 ex-
pression was concomitant with Hh-dependent gene expression
(Ptch1) in Mesp1+ nascent mesoderm, as observed in clustered in-
dividual cells (Fig. 7A and SI Appendix, Fig. S9) and when aggre-
gated by tissue type (SI Appendix, Fig. S10). In conjunction with the
early mesoderm profiling ofMesp1Cre-Gli3Rmutants, this pattern of
gene expression indicated that Hh signaling was upstream of Fgf3,
Fgf4, and Fgf15, which reside in the same topologically associating
domain (71, 72).
We hypothesized that Hh signaling directly regulated the ex-

pression of Fgf3, Fgf4, and Fgf15. To identify candidate
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domain for normal morphogenesis of anterior
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embryos reveal gross defects in the head, pharyngeal
arches, hearts, and somites of Mesp1Cre-conditional FGF
pathway mutants: (D) Mesp1Cre/+; Fgf4f/+; Fgf8f/−, (G)
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with head at top, dorsal to right, and higher-
magnification images of pharyngeal arches and left
side of hearts, bisecting the atrioventricular canal;
pharyngeal arches are numbered. (C, F, I, and L) Low-
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panels of the mutant embryos (D–L). LA, left atrium;
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enhancers at the Fgf3/Fgf4/Fgf15 locus, we interrogated GLI3
chromatin immunoprecipitation sequencing (ChIP-seq) and
ATAC-seq chromatin accessibility data from publicly available
embryonic mesoderm datasets (30, 73). Regions with accessible
chromatin and GLI-bound sequences with at least one GLI-
binding site within 100 kb upstream of the Fgf4 promoter were
selected for analysis (Fig. 7B). Four candidate enhancers were
identified based on these criteria and were examined by lucif-
erase assays. These elements were examined for GLI-dependent
transcriptional regulation by coexpression with GLI1, an obligate
transcriptional activator for Hh pathway-dependent genes, in
HEK293T cells. Three of four enhancers showed significant ac-
tivation by GLI1 compared to paired mutant enhancers, in which
endogenous GLI binding sites were replaced by a size-equivalent
poly(T) nucleotide sequence (average luciferase activation for
WT vs. mutant enhancers: Enhancer 1: 40.3 vs. 1.99, SEM =
0.029, P = 5.19E-8; enhancer 2: 1.04 vs. 0.792, SEM = 0.073, P =
0.038; enhancer 3: 2.26 vs. 1.16, SEM = 0.031, P = 1.37E-4;
enhancer 4: 4.71 vs. 0.768, SEM = 0.014, P = 3.97E-7;
Bonferroni-corrected α = 0.0125) (Fig. 7C). These findings
suggested that FGF ligand expression may be directly controlled
by GLI transcription factors.

Cell Migration Defects Caused by Hh Pathway Antagonism Are
Rescued by FGF4. We hypothesized that Hh signaling drives FGF
pathway activity for anterior mesoderm migration. Studies in early
mammalian development have shown that the FGF pathway directs
the migration of nascent mesoderm toward the anterior embryonic
pole (59, 74). To assess whether mesoderm cells exhibited migratory
defects in Hh mutant mouse embryos, we labeled mesoderm cells
usingMesp1Cre in both Smof/− and Smof/+ backgrounds (Fig. 8 A and
B). Mesp1Cre/+;Smof/−;R26Rc/+ embryos demonstrated a profound
deficiency in Mesp1Cre-labled anterior mesoderm (Fig. 8A) compared
to MespCre/+;Smof/+;R26Rc/+ controls (Fig. 8B), which could reflect a
requirement for Hh signaling in anterior mesoderm migration.
We examined whether impaired Hh signaling disrupts meso-

derm migration, utilizing a chicken embryonic model of gas-
trulation. We measured the migratory movements of newly
generated mesoderm and endoderm by labeling cells in the chick
primitive streak with DiI and DiO at Hamburger–Hamilton (75)
stage 3 (HH3). Following 16 h of incubation, we generated a
position map of all labeled cells and scored the spread of DiI/

DiO along the embryonic A-P axis (Fig. 8C). Embryos treated
with DMSO vehicle demonstrated classic anterior-lateral
movement of labeled cells consistent with well-established fate
and migration maps of the nascent mesoderm (Fig. 8 D–F) (59,
76). We added the Hh pathway antagonist cyclopamine (77) to
HH3 chicken embryos, prior to the onset of endogenous Hh
signaling in the streak, and observed a dose-dependent reduction
of nascent mesendoderm migration (Fig. 8 G–I). Embryos treated
with 25 μM cyclopamine demonstrated a significant reduction in
DiI/DiO cell distribution across the A-P axis regardless of the
initial position of the labels within the primitive streak (P < 0.001)
(Fig. 8G). At concentrations of 50 μM cyclopamine or higher
migratory defects were compounded by widespread phenotypic
disruptions, including greatly reduced embryo size (Fig. 8H).
We attempted to rescue the anterior-specific mesoderm mi-

gration effects caused by abrogated Hh signaling using exoge-
nous FGF ligand. To test whether FGF-directed cell migration
was downstream of the Hh pathway, we placed beads coated with
BSA or FGF4 protein on opposite sides of the anterior midline
in 25-μM cyclopamine-treated embryos (Fig. 8J). We determined
the effect of FGF4 on migration by monitoring the anterior ex-
cursion of DiO or DiI dyes from the primitive streak over a 16-h
period of gastrulation. Importantly, labeled cells ipsilateral to the
FGF4-coated beads showed a statistically significant increase in
A-P spread when compared with cells migrating through the con-
tralateral side of the primitive streak toward BSA-coated control
beads (n = 11; P = 0.0057) (Fig. 8 K and L). Thus, the migratory
defects resulting from cyclopamine treatment can be mitigated by
FGF4. Together, these experiments provide evidence that Hh sig-
naling is required upstream of FGF signaling for the development
of anterior mesoderm structures by promoting morphogenetic
movements through the primitive streak during gastrulation.

Discussion
Patterning the embryonic axis is one of the earliest and most
important morphogenetic events during development. Despite its
importance, attempts to study this process in mammals have been
fundamentally limited, perhaps because of the complexity of the
phenotypes resulting from early embryonic axis disruption. The
application of single-cell sequencing can unravel complex pattern-
ing defects by independently interrogating distinct cell types in a
single assay. Here, we apply single-cell sequencing to interrogate
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complex patterning defects caused by removal of Hh signaling from
the early mesoderm by resolving heterogenous cell admixtures.
Leveraging this resource, we uncovered a role for Hh signaling in
the development of anterior mesoderm lineages during gastrula-
tion. We next identified a critical FGF pathway for gastrulation
downstream of Hh signaling and demonstrate that exogenous FGF
replacement can rescue migration defects caused by blocking Hh
signaling during gastrulation. These observations indicate that Hh
signals originating from the embryonic node are essential for the
induction of FGF signals in the nascent mesoderm that, in turn,

drive the allocation of mesoderm to developing anterior tissues
including the head, heart, pharynx, and anterior somites.
In this study, we implicate FGF signaling as a major Hh-

dependent pathway for anterior mesoderm migration. We also
demonstrated that deletion of Fgf4/8 within theMesp1Cre domain
mimics the anterior-selective defects seen in embryos with de-
creased Hh signaling in the Mesp1Cre domain (Figs. 2 and 6).
Multiple FGF ligands were down-regulated in Mesp1Cre-Gli3R
embryos and several of them of them share genomic loci proximal
to GLI-dependent enhancers (Fig. 7 B and C). Finally, we show
that Hh-dependent migratory defects can be rescued by direct
addition of FGF4 ligand (Fig. 8 K and L). Together, these data
suggest that the Hh signaling controls anterior mesoderm devel-
opment through an FGF pathway for mesoderm migration. This
work is consistent with prior investigations into the role of FGF
signaling in early embryonic development. For example, Fgf8 and
Fgfr1 germline mutants exhibit defects to both cell migratory be-
havior during gastrulation and anterior tissue development (60, 74).
Although our work does not preclude a role for Hh signaling up-
stream of FGF-directed mitogenic activity, our proposed mechanism
is in line with both the described role for the FGF pathway in em-
bryonic tissue migration (59, 60, 74) and the observation that
migratory defects during gastrulation culminate selective defects
to anterior mesendoderm-derived tissues (78).
The compendium of gene networks downstream of Hh sig-

naling required for anterior mesoderm development is complex.
It is notable thatMesp1Cre-conditional knockout of Fgf4/8 ligands
produces milder phenotypes than Mesp1Cre-conditional knockout
of Smo or overexpression of Gli3R (Figs. 2 and 6). This obser-
vation indicates that other FGF ligands or independent Hh-
dependent pathways are functionally required in addition to
Fgf4 and Fgf8 in anterior mesoderm development. Consistently,
we observed that several other FGF ligands are expressed in the
nascent mesoderm in a Hh-dependent manner, including Fgf3
and Fgf15, which may share GLI-dependent enhancers at the
Fgf3, Fgf4, Fgf15 locus (Figs. 5 and 7). Furthermore, we identi-
fied candidate Hh-dependent genes for anterior mesoderm de-
velopment that are outside the FGF pathway, including, Tdgf1,
Smad3, FoxA2, and T, all of which are down-regulated in
Mesp1Cre-Gli3R mutants at E7.5, and have been previously im-
plicated in A-P mesoderm patterning and axis formation
(Fig. 4 C and E) (61–64, 79). Future studies focused on genetic
interactions between the Hh pathway and these genes will yield
insight into the gene regulatory networks required for anterior
mesoderm development.
Perhaps the most intriguing inference of this work involves the

link between signals originating from the node and anterior
mesoderm morphogenesis. The importance of Hh signaling in
embryonic axis patterning beyond L-R patterning was first dem-
onstrated by compound mutations to Shh and Ihh, which have
overlapping expression in the node (22). However, the role of the
node itself in embryonic axis formation has been controversial.
The first transplantation study of the mammalian node demon-
strated its potential to induce ectopic neuroectoderm and somite
formation in the epiblast of late-gastrulation embryos (80).
However, much of the later debate about the node’s potential as
an anterior organizer centered on the ability to ectopically induce
anterior neuroectoderm in similar transplantation experiments
(81–83). Although the node does not appear to be required for
endogenous neurectoderm formation and patterning (84), these
prior studies reached the limited conclusion that the node’s role as
an organizer is principally in L-R determination. Attempts to
evaluate the effect of physical node ablation did not directly assay
the effect on embryonic A-P patterning and were performed after
the onset of Hh pathway activity (85). However, absolute loss of
node formation through genetic ablation Foxa2 (HNF-3β) caused
profound defects to anterior tissues and truncation of anterior
structures beyond the otic vesicle (62, 63, 84). Although deletion

T=0h T=16h

Rescue (7/11)  

L

DiO DiI

FGF4BSA

DiO

DiI

Migration (A/P)25uM Cyclopamine 50uM Cyclopamine

Vehicle Control

DiO

DiI

D

G H I

J K
600

500

400

300

200

100

0
DiO (BSA) 

DiI (FGF4) 

Total Spread A-P 
p=0.0057

[Cyclopamine] uM

0

400

800

1200

1600

2000

A
/P

 P
oi

si
tio

n 
(A

U
)

n.s.

***

*** ***

0 10 25 50 100

25 uM Cyclopamine

A
/P

 P
oi

si
tio

n 
(A

U
)

Experimental Schema

DiO
DiI

Mesp1Cre; Smof/+;R26Rc/+ Mesp1Cre; Smof/-;R26Rc/+

A B C

E FCell Distribution

L-R Position (µm)

A
-P

 P
os

iti
on

(µ
m

)

250

500

750

1000

1250

1500

1750

2000

0 200 400 600 800 0 10 20 30 40 50

Frequency (counts)

B
in

 (
µm

)

250

500

750

1000

1250

1500

1750

2000

Cell Counts

Fig. 8. Hh signaling is required for anterior cell migration during gastru-
lation upstream of the FGF pathway. (A and B) Genetic fate maps for
Mesp1Cre in Smof/+ (A) and Smof/− (B) genetic backgrounds using a R26R
LacZ reporter allele. (C) Placement of two lipophilic dyes at the posterior
portion of a HH3 chicken embryo (dorsal view). (D–F) The trajectory of post-
ingression mesoderm cells in vehicle control-treated chicken embryos (D),
where cells positionally mapped (E) and binned (F) across the A-P axis. (G
and H) Addition of the Smo antagonist cyclopamine at 25 μM (G) and 50 μM
(H). (I) Quantification of inhibitory effect of cyclopamine between 0 μM and
100 μM (***P < 0.001; n.s., not significant). (G–I) Embryos treated with 25 μM
of cyclopamine had heparin beads coated with FGF4 placed toward the
anterior-right pole of the embryo with BSA-coated heparin beads placed on
the anterior-left portion of the embryo to serve as a contralateral control (J).
After 16 h of gastrulation, 7 of 11 embryos demonstrated a marked rescue
of specific directional migration on the FGF4-treated side (K), which was
quantified to significantly differ from the control P = 0.0057 (L). (Scale bars:
A and B, 200 μm; D–K, 1 mm.)
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of Foxa2 may also result in node-independent defects, this work is
consistent with a role for the embryonic node in A-P patterning.
Our work suggests that combined Ihh/Shh expression in the node
produces anterior organizing signals through downstream control
of the FGF pathway in nascent mesoderm.
In this study we demonstrate that Hh signaling in the early em-

bryo serves a previously uncharacterized role in the development of
specific anterior mesoderm lineages. We note that cardiac, cranial,
pharyngeal, and anterior somitic mesoderm migrate through the
primitive streak at approximately the same time as Hh pathway
activity arises within the embryonic node (7). We provide a mech-
anistic link between Hh signaling from the node and anterior me-
soderm development by establishing the Hh-dependence of FGF
pathway activity for cell migration during gastrulation (Fig. 9A).
Perturbations to early Hh signaling diminish the expression of mi-
gratory FGF signals within the nascent mesoderm, leading to A-P
patterning defects through dysfunctional mesoderm migration
(Fig. 9B). This study demonstrates a functional link between Hh
signaling from the embryonic node and FGF signaling in the na-
scent mesoderm for the formation of anterior embryonic structures.
Furthermore, we provide evidence that signals from the mammalian
node can influence embryonic A-P axis patterning in addition to its
role in L-R determination. These findings have the potential to
describe a general mechanism by which the node and primitive
streak coordinate proper A-P patterning during gastrulation.

Materials and Methods
Mouse Lines. Gli1CreERT2 (54) mice were obtained from the Joyner laboratory
(Sloan Kettering Institute, New York, NY). Rosa26Gli3R-IRES-Venus (30),
Rosa26Lacz (45), Rosa26tdTomato (32), PtchLZ (26), Shh− (86), Smo− (22), and
Smof (52) lines were obtained from the Jackson Laboratory.Mef2cAHF-Cre (44)
and Mesp1Cre (29) lines were reported previously. The above mouse lines
were maintained on a mixed genetic background later outcrossing to CD-1
lines for multiple generations and housed at the University of Chicago (In-
stitutional Animal Care and Use Committee protocol #71737). Fgf4− and
Fgf8− mice were generated by germline Cre recombination of Fgf4f (87) and
Fgf8f (88) mice, respectively. Fgf4/8 mouse lines were maintained on a mixed
C57BL/6J-SV129 background and housed at the Weis Center for Research
(Institutional Animal Care and Use Committee protocol #203). Mice were
genotyped by PCR according to specifications from the Jackson laboratory or
previous publications. See SI Appendix for full details.

TM Administration and X-Gal Staining. TM-induced activation of Gli1CreERT2

was accomplished by intraperitoneal injection of a 2 g:1 g TM (MP Bio-
medicals):progesterone (Sigma) mixture in corn oil (Sigma). X-gal staining of
β-gal-expressing embryos was performed as previously described (21); see SI
Appendix for full details.

Histology. Embryos were fixed in 4% paraformaldehyde, embedded in par-
affin wax, and sectioned to 5-μM thickness. For normal histology, tissue was
counter-stained with H&E. For histology sections of X-gal–stained embryos,
tissue was counter-stained with Nuclear Fast Red. Histologic sections for Figs.
1–3 were processed by the University of Chicago Human Tissue Resource
Center. Histologic sections for Fig. 6 were processed by the A.M.M. labora-
tory at the Weis Center for Research.

Transcriptional Profiling of Early Embryos. Embryos used for bulk transcriptome
profiling were harvested at E7.5 in 1× ice-cold PBS, pooled with their litter-
mates, dissociated with TrypLE (Fisher) reagent for 5 min at 37 °C while
shaking at 1,400 rpm in a Fisher Thermomixer, followed by inactivation by
addition of 10% FBS in 1× PBS. Cells were spun down at 800 × g for 5 min,
resuspended in 10% FBS with a Near-IR dead dye (Life Technologies), and
strained through a 40-μm mesh prior to FACS. Next, 1,000 live cells were
sorted directly into cell lysis buffer from either the tdTomato or YFP channel
for biological replicates of control (Mesp1Cre/+;R26tdTomato/+) and mutant
(Mesp1Cre/+;R26Gli3R-IRES-Venus/+) cells, respectively. cDNA libraries were generated
using SMARTer Ultra Low RNA Kit for Illumina sequencing (Clontech) and se-
quencing libraries were constructed using Nextera XT DNA Library Preparation
Kit (Illumina). Quality control was performed both after cDNA synthesis and
library preparation using a Bioanalyzer (Agilent). RNA-seq Libraries were se-
quenced on the HiSeq2500 in the University of Chicago Functional
Genomics Facility.

Bulk RNA-Seq Data Analysis. FASTQ files were aligned to the mm9 Mus
musculus genome using TopHat2 (89) running standard parameters. Fea-
tureCounts in the SubRead (90) package was used to generate read counts
from the aligned bam files and subsequently analyzed using edgeR (91) for
differential expression. Significant differentially expressed genes between mu-
tant Mesp1Cre/+;R26Gli3R-IRES-Venus/+ (n = 3) and control Mesp1Cre/+;R26tdTomato/+

(n = 3) embryos were identified using a Benjamini–Hochberg (92) -corrected
statistical thresholds of FDR ≤ 0.10. Differentially expressed genes were also
used to identify associated GO terms using Panther classification system (93).
See SI Appendix for full details.

In Situ Hybridization.Mouse in situ hybridization was performed as previously
described (21), with a reduction in Proteinase K digestion time to 1 min for
early embryos. See SI Appendix for full details.

Drop-Seq. Embryos were harvested at E8.25 in ice-cold 1× PBS. Between 7 and
13 litters were pooled for each biological replicate. Embryo dissociation and
was performed as described for E7.5 embryos, except with a 10-min TrypLE
digest. Mesp1Cre-marked cells were isolated by FACS and collected in cold 1×
PBS; 0.01% BSA solution. Cell processing on the Drop-seq platform and
subsequent data analysis was performed as previously described (94). See SI
Appendix for full details.

Luciferase Assays. pCIG expression vectors for Gli1 were previously described
(19). Putative GLI-dependent enhancers were cloned into the pGL4.23 vec-
tors (Promega). Expression and reporter vectors were transfected into
HEK293T cells using FuGENE (Promega). Luciferase activity was measured
relative to cells transfected with empty pCIG vectors. Cells were cultured for
48 h after transfection and then were lysed and assayed using the Dual-
Luciferase Reporter Assay System (Promega). All technical replicates were
performed in triplicate. See SI Appendix for full details.

Migration Assay in Chicken Embryo. Chicken embryos were isolated at HH2/3
and cultured ventral-side up on albumin agar plates according to the tech-
nique described in Chapman et al. (95). DiI and DiO (ThermoFisher Scientific)
were microinjected through the ventral endoderm proximal to the primitive
streak using a Femotjet pressure injector and Injectman micromanipulator
(Eppendorf), as described in Bressan et al. (76). Following 16 h of incubation,
embryos were photographed on a Lecia M165 FC fluorescent stereo micro-
scope using a Hamamatsu Orca-flash 4.0 camera. A-P spread was quantified
using ImageJ software (v2.0.0). Briefly, the center-of-mass for all fluorescent
particles present within the embryonic area pellucida was calculated and this
position was normalized to the posterior extent of the embryonic midline. For
Hh inhibition studies, cyclopamine (Sigma-Aldrich) was dissolved in 45% cyclo-
dextrin (Sigma-Aldrich) Pannet/Compton’s saline at concentrations, described in
the text. Next, 500 μL of cyclopamine solution was then added to each embryo.

Path of node

FGF pathway 
activity 

Path of cell 
migration 

Nacent Mesoderm

Node

Ant Post

Wt Hh Mutant
A B
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FGF

Fig. 9. Midline Hh signaling from the node drives an FGF pathway for anterior
mesodermmorphogenesis. (A and B) A diagrammatic representation for the role of
Hh signaling in anterior mesoderm patterning. (A) In WT embryos, Hh signaling is
active early in embryonic node which is required for the full activation of a midline
FGF pathway activity in the nascent mesoderm to drives mesodermmigration. (B) In
Hh pathway mutants, attenuation of FGF pathway activity disrupts the migration
and patterning of anterior mesoderm lineages. Ant, anterior; Post, posterior.
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For FGF rescue experiments, Heparin-agarose beads (Sigma-Aldrich) were soaked
for 1 h at room temperature in either 1 mg/mL BSA or FGF4 (R&D Systems).
Beads were then implanted between the epiblast and hypoblast of HH2/3 em-
bryos as depicted in Fig. 6 just prior to treatment with 25 μM cyclopamine.

Data Deposition. Bulk and single-cell RNA-sequencing data have been de-
posited in the Gene Expression Omnibus (accession nos. GSE147868 for RNA-
seq for E7.5 Hh-deficient mesoderm and GSE149335 for the Drop-seq ex-
periment for E8.25 Hh-deficient mesoderm).
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