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ABSTRACT 

The anterior-posterior (A-P) axis of the vertebrate body plan is established during 

gastrulation, as mesoderm is progressively generated and patterned by signaling from the posterior 

midline through the node and primitive streak. In this thesis, I describe a novel role for midline 

Hedgehog (Hh) signaling in the patterning of mesoderm lineages across the A-P axis. Single-cell 

transcriptome analysis of Hh-deficient mesoderm revealed selective deficits in anterior mesoderm 

populations that later translate to physical defects to anterior embryonic structures including the 

first pharyngeal arch, heart, and anterior somites. I found that Hh-dependent anterior mesoderm 

defects were cell non-autonomous to Hh-signal reception. Transcriptional profiling of Hh-

deficient mesoderm during gastrulation revealed disruptions to both transcriptional patterning of 

the mesoderm and a key FGF signaling pathway for mesoderm migration. Finally, cellular 

migration during gastrulation was decreased by Hh pathway antagonism and could be restored by 

addition of FGF4 protein. Together, my findings define a novel midline Hh-FGF signaling axis 

during gastrulation required for A-P embryonic patterning. 

Additionally, I observed a separate role for Hh signaling in the patterning of 

extraembryonic tissues involved in early blood formation. Hh-deficient mesoderm showed a 

severe downregulation of blood transcripts at E8.5 and an upregulation of endothelial genes. Sc-

RNAseq confirmed that Hh mutants displayed sparse erythrocyte contribution and increased 

contribution to both hemogenic and non-hemogenic endothelium. Single-cell gene expression 

analysis revealed that Hh mutants showed proportional enrichment of hemogenic precursors that 

arise from both first and second wave hematopoiesis. This challenges the prevailing model which 

states that Hh mutations cause blood defects through a primary insufficiency of hemogenic 
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precursor development from nascent mesoderm. Rather, Hh mutants form sufficient hemogenic 

precursors but later experience impaired ability to differentiate into functional erythrocytes.  
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 CHAPTER1: INTRODUCTION 

Overview 

One of the major intersections between classical biology and human congenital disease is 

developmental biology. A primary goal of this field is to discover links between the ontogeny of 

embryonic defects and the cellular and molecular mechanisms underpinning tissue formation. The 

embryonic origins of congenital defects are wide-ranging and include disruption across all key 

developmental processes including: lineage specification, proliferation, migration, differentiation, 

and embryonic patterning (1-5). The roles of signaling molecules are particularly important to this 

process as they allow a method of communication between cells during early development to 

induce cell fates and coordinated morphogenetic movements. In this thesis I will address novel 

mechanisms by which the Hedgehog (Hh) signaling affects early embryogenesis in two 

developmental contexts.  First I investigate the its role in the patterning of the anterior-posterior 

(A-P) embryonic axis and second, I interrogate its role in guiding blood development in the 

extraembryonic membranes.  

 

Introduction to the primary signaling pathways that dictate the formation and patterning 

of the A-P axis  

The first axis patterning event in the embryo is induced by TFG-b signaling, primarily 

through Bmp4, and determines the proximal-distal embryonic axis with respect to the maternal 

interface (6). Shortly thereafter, symmetry is broken across the A-P axis through combinatorial 

signaling from TFG-b, Fibroblast growth factor (FGF), and Wnt pathways at the posterior 

embryonic pole (7-15). This initiates the formation of an embryonic cleft in the posterior midline 
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of the embryo called the primitive streak through which cells migrate during gastrulation to form 

both embryonic mesoderm and endoderm lineages.  

 Mutations to the inductive TFG-b superfamily member Bmp4 produces various 

phenotypes including the absence of mesoderm generation (6). Addition of Activan A and BMP4 

have also been shown to be sufficient to induce various mesoderm lineages in time and dose-

dependent manners from both embryonic stem cell-derived embryoid bodies and cultured epiblast 

cells (16). Although complete disruptions to the Nodal signaling pathway results in mesoderm 

agenesis (17-20), mild to moderate pathway disruptions result in anterior-selective defects (21). 

One study attempted to address the mechanism by which Nodal selectively patterns the anterior 

mesoderm through the generation of a chimeric embryo for Nodal. Although many Nodal mutants 

show anterior-selective detects, Nodal-/- clones preferentially populated the anterior, rather than 

the posterior portion of the embryo after gastrulation (22). This counterintuitive result is further 

complicated by the fact that Nodal-/- clones may receive NODAL from neighboring Nodal+/+ 

clones in chimeric embryos.  

The canonical Wnt signaling pathway is both necessary and sufficient to generate 

embryonic mesoderm. Wnt3-/- mutants, which have no Wnt signaling activity, fail to generate 

mesoderm (13) and, conversely, small molecule Wnt pathway activation induces mesoderm 

formation from pluripotent stem cells (23). Wnt signaling also plays a key, underappreciated role 

in A-P patterning as hypomorphic mutations to its canonical downstream transcription coactivator, 

b-catenin, results in an absence of anterior mesoderm fates (24). Unlike the Nodal pathway there 

is a dearth of genetic reagents in mammals to generate allelic series across major pathway 

components for early Wnt signaling which may reveal subtler influences. In zebrafish, activation 

of canonical Wnt signaling through addition of WNT3A during early gastrulation increases the 
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anterior mesoderm population of the cardiac field but inhibits crescent formation when added at 

later stages (25). Conversely, addition of a Wnt antagonist DKK1 reveals the opposite effect where 

it inhibits cardiac field formation when added early in gastrulation yet expands it when added  at 

later stages of gastrulation(25). Although these experiments do not provide a precise mechanism 

to explain Wnt signaling’s role in A-P patterning, they demonstrate that both the amount and 

timing of Wnt pathway activation determine cell behavior across the AP axis.  

One signaling pathway that has a clear mechanism for the patterning of mesoderm is the 

FGF pathway. Although FGF activation has been shown to specify mesoderm (10, 26, 27), its 

primary role in early development is to control the deployment and coordinated migration of 

mesoderm precursors from the posterior embryonic pole to the anterior embryonic pole (10, 28). 

In mice, genetic disruption in the FGF pathway during gastrulation leads to phenotypes ranging 

from peri-implantation lethality in Fgf4 null mutants which fail to form trophectoderm (29), to 

severe reductions in mesoderm generation as is the case in Fgf8 and FgfR1 mutants (10, 28). The 

FGF pathway has also been shown to play an active role in coordinating cell movements during 

gastrulation through both chemotaxis and downregulation of extracellular matrix proteins, such as 

EPCAM and through glycosaminoglycans (30-32). Direct effects of FGF ligands on chemotaxis-

mediated cell migration has also been observed in chicken embryo explants using FGF4 and FGF8 

ligands (32). The effect of FGF signaling on coordinated migration are particularly important as 

one of the strongest factors in lineage determination is the cellular context of post-migration cells 

in the embryo shortly after gastrulation (33, 34). This context is especially important for anterior 

mesoderm lineages which require a more robust migratory pathway to traverse the embryo in its 

entirety through the process of gastrulation (14).  
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Coordinated cell movements during gastrulation dictate cell fate determination 

In mice, mesoderm migration occurs during gastrulation between embryonic day 6.5 (E6.5) 

and E7.5 as posterior epiblast cells migrate from the distal/posterior to the anterior/proximal 

embryonic axis (33-37). Lineage fate maps of the early gastrula reveal that the initial 

spatiotemporal location of epiblast cells has strong determinism on presumptive cell fate (33, 34). 

At E6.5, the first cells to migrate from the nascent streak exclusively populate the extraembryonic 

mesoderm which resides within the membranes of the yolk sac and are responsible for both the 

formation of endothelial and hemogenic cells (33). During the mid-streak stage, cells originating 

in the proximal streak continue to give rise to extraembryonic tissues while distal streak cells 

contribute to the anterior-most lineages of the embryonic mesoderm including the cranial, 

pharyngeal, cardiac, and somitic mesoderm (33, 34). Finally, cells that ingress through the 

primitive streak during late gastrulation at E7.5 demonstrate extraembryonic contribution to the 

allantois and posterior mesoderm from the proximal and distal streak respectively (33).  

 Despite the stereotyped nature of developmental trajectories in situ, cells continue to 

maintain high levels of multipotency throughout the end of gastrulation. This was demonstrated 

though orthotopic cell transplantation which removed cells from the cardiac field cells of late-

gastrulation embryos and placed them back into the early primitive streak of early gastrulation 

embryos (34). Transplanted cells were more likely to adopt both the migratory trajectory and 

identity of their neighbors rather than their original fate trajectory. Conversely, pre-ingression 

epiblast cells can be induced towards cardiac fates when transplanted directly to the presumptive 

cardiac field (34). Although the source and nature of these signals are not well understood, many 

studies have shown the importance of antagonism towards the Wnt and TGF-B pathways from the 

anterior extraembryonic endoderm in directing cardiac cell fates (38-40). 
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 Shortly after gastrulation ends, the embryo begins a process called organogenesis where 

the fates of cells across the embryo become rapidly restricted as tissues begin to differentiate (41). 

The first obvious sign of lineage-specific differentiation is at the onset of organogenesis—where 

specialized embryonic structures begin express genes related to tissue function in addition to cell 

fate determinants. During this developmental stage, the consequences to A-P axis patterning 

present themselves as selective defects in the development of either anterior or posterior organ 

systems. Classic hallmarks for disrupted anterior lineage formation include the disruption of head, 

heart, and pharyngeal mesoderm development while early posterior defects typically present 

themselves as truncations to the nascent tailbud (9, 42-45). In summary, the signaling pathways 

that control mesoderm formation at the primitive streak have undue influence on the eventual 

anterior-posterior pattern of early embryos.  

 

The role of Hh signaling in early embryonic patterning 

 Although the role of Hh signaling in embryonic patterning has been well studied, its role 

in A-P axis patterning has not been previously described. The Hh pathway was first identified in a 

classic genetic screen in Drosophila melanogaster to determine factors responsible for A-P 

polarity within the segmented insect body plan (46). Decades later, Hh signaling has been shown 

to be necessary for patterning a large portion of mammalian tissues throughout development 

including the central nervous system, limbs, lungs, cartilage, teeth, hair, and heart (47-63). 

However, the role of Hh signaling in axis patterning has only been studied with respect to the left-

right (L-R) axis determination from the Hh pathway activity in the node (64-68). In the work 

presented in chapter 3 of this thesis, I identified a previously unappreciated role for Hh signaling 

within the node for A-P axis determination.  
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The role of Hh signaling in early extra-embryonic patterning 

 Hh signaling also has a well-known role in patterning the early extraembryonic mesoderm 

through organizing vascular endothelium development in the yolk sac (69-73). Mutations to Hh 

signaling also cause defects to embryonic erythrocyte development which occurs in the yolk sac 

mesoderm (72). During early blood development, it is known that blood and endothelium 

development are closely linked as their progenitors express similar genes and form from 

extraembryonic mesoderm in the yolk sac (74). In first wave hematopoiesis, blood progenitors are 

mesenchymal cells which express both endothelial and hemogenic genes while second wave 

hematopoiesis occurs from yolk sac endothelium with hemogenic potential (74).  Due to the 

requirement for Hh signaling in both blood and endothelial development, and the fact that blood 

cells develop from endothelial precursors, the current consensus in the field is that the role of Hh 

signaling in blood development is secondary to its role in endothelial development (69). However, 

in chapter 4 of this thesis, I provide evidence that both hemogenic and non-hemogenic endothelial 

cell specification is maintained in Hh mutants while only erythrocyte development is perturbed. 

This suggests a novel mechanism for Hh signaling in erythrocyte development where disruptions 

to Hh signaling block developmental transition from endothelial hemogenic precursors to mature 

erythrocytes.  

 

Thesis Summary 

 In Chapter 3, I demonstrated a novel role for Hh signaling in directing mammalian A-P 

axis patterning. I found that reductions to Hh signaling in the early mesoderm leads to both a 

paucity of anterior mesoderm progenitors prior to organogenesis and later leads to anterior-
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selective defects in anterior mesoderm derivatives. I also found that anterior lineages do not 

directly receive Hh signaling. Through transcriptional profiling Hh-deficient embryonic mesoderm 

shortly after the initiation of Hh signaling, I found disruptions to genetic pathways for the 

patterning and migration of nascent mesoderm. Furthermore, through the utilization of an ex vivo 

chicken model for gastrulation, I showed that Hh-dependent cell migration during gastrulation was 

likely responsible for the deficit in anterior mesoderm lineage disruption in Hh mutants. 

 In Chapter 4, I investigated the role of Hh signaling in early hematopoiesis. Unlike chapter 

3, where I discuss the effect of Hh signaling on primarily embryonic mesoderm lineages, blood 

development occurs primarily within the extraembryonic membranes. First, I identified time and 

context-specific defects to two of the first phases in hematopoiesis by single cell RNA-seq 

(scRNA-seq). Specifically, I found that in both developmental contexts, Hh mutant cells are 

enriched in hemogenic precursor lineages at the expense of mature erythrocyte differentiation. 

This portion of the thesis directly contradicts the current model for the Hh pathway’s role in blood 

development where it was previously thought that disruptions to Hh signaling inhibited erythrocyte 

development through the depletion of hemogenic precursors. 
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CHAPTER 2: MATERIALS AND METHODS 

Animal husbandry genotyping 

All animals were housed in a barrier facility at the University of Chicago Animal Resource 

Center. Mice were genotyped by PCR using genomic DNA extracted by incubating tail clips or 

embryonic tissue in a 50mM NaOH solution at 98°C for 45 minutes; prior to genotyping, crude 

DNA extracts were neutralized with a 10mM Tris-HCL pH 8 solution. Genotyping protocols were 

based on the conditions the Jackson Laboratory provided corresponding to each locus, including 

primer sequences and thermocycler conditions. 

 

Superovulation 

For large-scale mouse timed pregnancies 21-35 days old female mice were injected 

intraperitoneally (IP) with 5 units of pregnant mares serum (PMS) (EMD Chemicals) in 0.9%saline 

between noon and 4 PM. 46-48 hours after the PMS injection, mice received a second IP injection 

with 5 units of human chorionic gonadotropin (HCG) (Sigma). Immediately after injection females 

were placed into the cages of stud males, 8 weeks of age or older. The noon of the day a vaginal 

plug was observed was designated E0.5. For all other embryo collections, female mice of 6-16 

weeks were housed with stud males of 8 weeks or older until the detection of a vaginal plug at 

noon the next day (E0.5). For lineage tracing experiments, mice were treated with 2 mg of 

tamoxifen (MP Biomedicals) mixed in a 2:1 ratio with progesterone by (Sigma) intraperitoneal 

injection.  
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Euthanasia and embryo collections 

These studies were performed using embryos harvested from pregnant dams by terminal 

dissection. Females were euthanized by CO2 asphyxiation, followed by cervical dislocation. After 

this, careful dissections of embryos ranging from E7.5 to E10.5 were performed in phosphate-

buffered saline (1xPBS). Specimens were incubated in 4% paraformaldehyde (4% PFA):PBST 

overnight and consequently dehydrated with washes containing 50% Methanol (MeOH):PBST 

followed by two washes in 100% MeOH and stored at -20°C until processed for ISH. Slightly 

different protocols were followed for LacZ staining, RNA-Seq and ATAC-seq experiments 

following dissection, which will be described below.  

 

LacZ staining 

For LacZ staining experiments, embryos were fixed in 4% PFA for 20 minutes with gentle 

rocking at 4 °C. Embryos were washed 3 times for 5 minutes in 1X PBS. They were then incubated 

overnight at 37°C with staining solution. Staining solutions were comprised of 5ml of 1x PBS, 

1.5ml of 5M NaCl, 50µl of 1M MgCl2, 1.5 ml of 10% TX-100, 500 µl of 0.5M Potassium 

ferricyanide, 500 µl of 0.5M Potassium ferrocyanide in 50 ml of total volume. X-gal solution 

(100mg/ml in DMF) (RPI Corp) stored in -20°C in light-impermeable containers was added at a 

concentration of 1:100 immediately prior to staining. In the morning, the embryos were washed 

three times with 1xPBS and re-fixed in 4% PFA for one hour at room temperature. They were 

washed again following fixation, stored in 1xPBS and imaged with Leica MZ 16F microscope.  
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Riboprobe design  

Probe templates were amplified using primers for partial cDNA sequences. Transcript 

mRNA templates were taken from the NCBI refseq. Primers were designed to amplify partial 

cDNAs between 400-1000 base pairs long, with 45-55% GC content. On the 5’ end of the 

downstream (antisense) primer, the sequence 5’-CTAATACGACTCACTATAGGGAGA-3’ was 

added. This served as the minimal promoter site for T7 to increase the efficiency of the 

transcription reaction. The PCR product was ran on a 0.8% TAE gel and amplicons of the correct 

predicted sizes were isolated using QIAquick gel extraction kit (Qiagen). For the genes that PCR 

primers failed to reliably amplify off of cDNA templates, we utilized the commercially available 

Gibson assembly service (gBlocks) provided by Integrated DNA Technologies. 440 base pairs 

from mRNA sequences were chosen to design the gBlock, with paired gateway sites comprised of 

an Attb1 (GGGGACAAGTTTGTACAAAAAAGCAGGC) site upstream and Attb2-

(GACCCAGCTTTCTTGTACAAAGTGGTCCCC) site downstream of the gBlock fragment. 

gBlock fragments were cloned into pDonor using BP clonase (Invitrogen). The reaction 

components were incubated 3 hours at room temperature. 1µl of ProK was added and the mix was 

incubated for 10 min at 37°C to stop the reaction. Gateway clones were then transformed into 

competent dH5a bacteria (Invitrogen). Plasmids were then isolated and clones were validated by 

Sanger sequencing performed at the University of Chicago Sequence Facility.  

  

In vitro transcription 

In vitro transcription of dioxigenin-labeled riboprobe was performed with 1 µg linearized 

plasmid template or 200 ng PCR template acquired as described in the steps above. 2 µl 10x 
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transcription buffer (Ambion), 2 µl 10x Dig labeling mix (Roche) and 2 µl T7 (Thermo), T3 

(Roche) or SP6 (Ambion) RNA polymerase in 20 µl reactions. The mixture was incubated at least 

for 2 hours at 37°C. To stop the reaction, 1 µl TURBO DNase I (Ambion) was added and the mix 

was incubated at 37°C for 15 minutes.  IVT reactions were brought to 50µl in volume and 

precipitated by addition of 5 µl of 3M NaOAc pH5.2, and 125 µl of 100% EtOH and incubation 

at -20 °C overnight.  

 

In situ hybridization 

MeOH-dehydrated embryos were rehydrated in the following series: 75% MeOH, 50% 

MeOH, 25% MeOH in 1x PBST with 5-minute washes. Embryos were permeabilized with 1µl per 

4 ml ProK (Invitrogen) for 1 minute at 37°C. Specimens were then incubated in glycine, post-fixed 

in 0.2% glutaraldehyde/4% paraformaldehyde and hybridized overnight at 65 °C in solution 

containing 50% formamide, 5X SSC, 1% SDS, 0.5 mg/ml tRNA (Gibco), 0.5 mg/ml Heparin 

(Sigma), and 100 ng/ml antisense riboprobe. Post-hybridization, embryos were washed in solution 

containing 50% formamide, 4X SSC and 1% SDS at 65°C, followed by washes in solution 

containing 500mM NaCl, 10 mM Tris 7.5 and 0.1% Tween-20. Embryos were incubated in 100 

µg/ml RNase A (Sigma) for 30 minutes at 37 °C. The embryos were then washed in MABTL made 

with 100mM Maleic Acid (Sigma) pH7.5, 150 mM NaCl, 0.1% Tween-20, 2mM Levamisole 

(Sigma), and blocked in 10% sheep serum (Sigma) and 2% Boehringer Mannheim Blocking 

Reagent (Roche) in MABTL. Alkaline phosphatase-conjugated anti-dioxigenin FAB (Roche) 

fragments were then added to a solution of 1% sheep serum and 2% Boehringer Mannheim 

Blocking Reagent in MABTL allow for detection of the probe. Embryos were then washed at least 

10 times in MABTL remove non-specific antibody binding. The next day, the embryos were 
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washed in NTMTL made with 100mM NaCl, 100mM Tris, pH 9.5, 50 mM MgCl2, 0.1% Tween-

20 and 2mM levamisole, and then placed into color reaction with BM purple (Roche) between 4 

hours and overnight at room temperature. When the color reaction was completed, the embryos 

were washed in PBST and post-fixed in 4% PFA. The embryos then went through washes of 

glycerol gradient and stored in 80% glycerol at 4°C for easier handling later during imaging.  

 

Transcriptional Profiling of Early Embryos  

Embryos used for bulk transcriptome profiling were dissected at E7.5 in 1x PBS, pooled 

with their littermates and dissociated with TrypLE reagent for 5 minutes at 37°C shaking at 

1,400rpm in a Fisher Thermomixer followed by inactivation by addition of 10% FBS. Cells were 

spun down at 800 x g for 5 minutes and re-suspended in 10% FBS with a Near-IR dead dye (Life 

Technologies) for 30 minutes prior to sorting in order to assess cell viability. 1000 live cells were 

sorted directly into cell lysis buffer from either the tdTomato or YFP channel for biological 

replicates of wild type and mutant cells respectively. cDNAs libraries were generated using 

SMARTer Ultra Low RNA Kit for Illumina sequencing (Clonetech) and sequencing libraries were 

constructed using Nextera XT DNA Library Preparation Kit (Illumina). Quality control was 

performed both after cDNA synthesis and library preparation using Bioanalyzer (Agilent). RNA-

seq Libraries were sequenced 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 TopHat running 

standard parameters. FeatureCounts in SubRead package were used to generate read counts from 
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the aligned bam files and subsequently analyzed using edgeR for differential expression. 

Significantly differentially expressed genes were identified using a Benjamini-Hochberg (1) 

corrected statistical thresholds of FDR <= 0.10. Differentially expressed genes were also used to 

identify associated gene ontology (GO) terms using Panther classification system (2).  

 

Drop-seq 

Microfluidic Co-encapsulation of Cells and Barcoded Beads 

For Drop-seq, 2 mL of cells at 100,000 cells/mL in PBS-BSA was loaded in a 3 mL syringe (BD, 

#309657). A 125 μm Drop-seq microfluidic device  was used for droplet generation (3). DNA 

barcoded beads (ChemGenes, Macosko-2011-10(V+)) were washed, filtered, and suspended in 

Drop-seq lysis buffer, at 120,000 beads/mL and kept in suspension under constant stirring using a 

magnetic tumble stirrer and flea magnet (V&P Scientific, VP 710 Series, VP 782N-3-150). Beads 

and cells were co-flowed into the device, each at 4 mL/hr, along with a surfactant-oil mix (BioRad, 

#1864006) at 16 mL/hr that was loaded into a 10 mL syringe (BD, #302995) and used as the outer 

carrier oil phase. Reverse emulsions droplets were generated at ~2000 drops/sec and collected in 

two batches of 15 minutes each in 50 mL tubes (Genesee Scientific, #28-106). After collection, 

the standard Drop-seq protocol for bead recovery, washing, and reverse transcription was followed 

(3). After washes and DNaseI treatment as per Drop-seq protocol (3), cDNA amplification was 

performed on 75,000 RNA-DNA barcode bead conjugates in a 96-well plate (Genesee Scientific, 

#24-302) loaded at 5000 beads per well, for a total of 15-35 wells and amplified for 14 PCR cycles 

using template switching (3). Post-PCR cleanup was performed by removing the STAMPs (Single 

Transcriptome Attached to Micro-Particles) (3) and pooling the supernatant from the wells 

together into a single 1.7 mL tube (Genesee Scientific, #22-281LR) along with 0.6X Ampure XP 
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beads (Beckman Coulter, #A63880). After adding the Ampure beads to the PCR product, the tube 

was incubated at room temperature for 2 minutes on a thermomixer (Eppendorf Thermomixer C, 

#5382000023) set to 1250 rpm, and for another 2 minutes on bench for stationary incubation. Next, 

the tube was placed on a magnet, and 4X 80% ethanol washes were performed with 1 mL ethanol 

added in each wash. cDNA was eluted in 150 μL of water and the concentration and library size 

were measured using Qubit 3 fluorometer (Thermo Fisher) and BioAnalyzer High Sensitivity Chip 

(Agilent, #5067-4626). A BioAnalyzer trace is provided in Figure 5C as an example of the 

amplified transcriptome obtained from a typical Drop-seq run. 450 pg of the cDNA library was 

used in Nextera Library prep, instead of 650 pg as suggested in the Drop-seq protocol (3) to obtain 

Nextera libraries between 300 – 600 bp.  

 

Sequencing 

Sample libraries were loaded at ~1.5 pM concentration and sequenced on an Illumina 

NextSeq 500 using the NextSeq 75 cycle v3 kits for paired-end sequencing. 20 bp were sequenced 

for Read 1, 60 bp for Read 2 using Custom Read 1 primer, 

GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC (3), according to manufacturer’s 

instructions. Illumina PhiX Control v3 Library was added at 5% of the total loading concentration 

for all sequencing runs. Each sample was sequenced on 1 or 2 lanes to a total of ~350 – 600 million 

reads. 

 

RNA-Seq Data Processing  

Each sequencing run produced paired-end reads, with one pair representing the 12 bp cell barcode 

and 8 bp unique molecular identifier (UMI), and the second pair representing a 60 bp mRNA 
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fragment (3). We utilized a pipeline (4) based on Snakemake (5) that processed raw sequencing 

data to produce an expression matrix corresponding to the UMI of each gene in each cell 

(github.com/aselewa/dropseq_pipeline). Briefly, the pipeline initially performs FastQC to obtain 

a report of read quality. Next, it creates a whitelist of cell barcodes using umi_tools (6) (version 

0.5.3), based on the expected cell number per run (set to 7500 cells for this study). Next the cell 

barcode and UMI are extracted from read 1, and added to the name string of read 2 which 

represents the sequenced cDNA. This FASTQ file contains only the cell barcodes found in the 

whitelist. Finally, the protocol trims the ends of reads to remove polyA sequences and adaptors 

using cutadapt (7)  (version 1.15). The tagged and trimmed FASTQ file is aligned to the mouse 

reference genome (version GRCm38/mm10) using the STAR (8) aligner (version 2.5.3). We used 

featureCounts (9) (version 1.6.0) to assign each aligned read to a gene on the genome. Gene 

annotations were based on GENCODE mV15 (10). We used the count function from umi_tools 

(6) to create a count matrix representing the frequency of each feature in the BAM file.  

Further data processing and analyses were performed using the software tool Seurat 

(Version3) (11). Samples were imported separately and only cell barcodes with at least 1000 and 

less than 6000 UMIs were retained. In addition, cells with a high proportion of UMIs mapping to 

mitochondrial genes were removed (<5%). Data were normalized by scaling the total UMI count 

of each cell to 10,000 followed by log transformation (NormalizeData). For subsequent analyses, 

we selected the 2000 most variable features using FindVariableFeatures with default options. The 

datasets were combined by first identifying integration anchors (FindIntegrationAnchors) and then 

integrated (IntegrateData) using default settings and the first 50 PCs for both procedures. In 

addition to two wildtype and two mutant samples we included a mixed sample in this run. While 

we were not able to assign a genotype to cells from this sample we reasoned that the combined 
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processing will minimize technical variation and help detection of cell types by increasing the total 

number of analyzed cells. This sample was used for initial integration only. Before dimensionality 

reduction, data were scaled using ScaleData. We used RunPCA to calculate the first 70 PCs. Only 

the first 45 appeared to represent significant signal and were used for further analyses. We used 

Uniform Manifold Approximation and Projection (UMAP) (12) applying RunUMAP with default 

settings to further reduce dimensionality. In order to cluster cells we generated the neighborhood 

graph using FindNeighbors with n.neighbors set to 20. Data were clustered using FindClusters 

with the resolution parameter set to 1.2. We found that this resolution was optimal in yielding a 

high number of clusters while maintaining biological interpretability. Marker genes for each 

cluster were identified using FindAllMarkers with default settings and clusters were annotated 

based on known marker genes and comparisons with published data (13). Based on these 

annotations, we subset the dataset into embryonic-derived mesoderm. We recalculated UMAP and 

the neighborhood graph on the subset for better visual representation and improved clustering.  As 

before, we obtained best clustering results with resolution parameter 1.2. However, similar 

resolution led only to marginally different results. Marker gene and cell type identification was 

performed as described above. We assessed the manually identified cell types by comparison to a 

single cell atlas of mouse gastrulation and early embryogenesis (13). To this end we obtained the 

processed data generated in Pijuan-Sala (13). We generated pseudo-bulk data for both datasets by 

combining the UMI counts for each gene per cluster. Data were normalized by scaling each cluster 

to 10,000 and log transformation. To assess similarity between our clusters and the published 

clusters we obtained the pair-wise correlation between all clusters (Fig. S5). 

To assess differences between wildtype and mutant cells we calculated the proportion of 

cells in a given cluster of the total cells represented by that genotype. Proportions were plotted as 
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bar graphs. In addition, we verified that these differences were observed for both replicates. These 

analyses allowed us to establish differences in cellular proportions between wildtype and mutant 

samples in multiple clusters. However, as a change in proportion of one cluster necessarily affects 

the proportion of cells in other clusters, these observations alone are not sufficient to establish the 

directionality and primary cell type of change. 

We used the data integration procedure described in Stuart et al. (11) to correct for technical 

differences between samples. However, this procedure could potentially ‘overcorrect’ the data, 

removing differences between cells of different genotypes. To assess the potential magnitude of 

this effect we performed the same analyses without correction. As expected, these analyses showed 

some differences to the corrected analyses and the difference between the genotypes were more 

profound. However, cluster annotations were very similar and thus the resulting interpretation 

remained unchanged (Fig. S6). Importantly, in some instances the integrated data allowed for the 

unambiguous identification of expected cell types (e.g. pSHF) while we were unable to achieve 

the same resolution in the uncorrected dataset.  

 

Migration Assay in Chicken Embryo  

Chick embryos were isolated at HH stage 2/3 and cultured according to the technique 

described by (Chapman – Improved method for Chick whole-embryo culture using a filter paper 

carrier – Dev Dyn 2001).  DiI and DiO (ThermoFisher Scientific) were applied to the lateral aspect 

of the primitive streak using a Femotjet pressure injector and Injectman micromanipulator 

(Eppendorf) as described in (Bressan et al. Science, 2013).  Following 16 hrs of incubation 

embryos were photographed on a Lecia M165 FC fluorescent stereo microscope using a 

Hamamatsu Orca-flash 4.0 camera.  Anterior/Posterior spread was quantified using ImageJ 
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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 (sigmaaldrich) was dissolved 

in 45% cyclodextrin (sigmaaldrich) Pannet/Compton’s saline at concentrations described in the 

text.  500ul of Cyclopamine solution was then added to each embryo.  For FGF rescue experiments, 

Heparin-agarose beads (sigmaaldrich) were soaked for 1hr at room temperature in either 1mg/ml 

BSA or FGF4 (R&D).  Beads were then implanted between the epiblast and hypoblast of HH st 

2/3 embryos as depicted in Figure 6 just prior to treatment with 25uM Cyclopamine. 
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CHAPTER 3: A HEDGEHOG-FGF SIGNALING AXIS PATTERNS ANTERIOR 

MESODERM DURING GASTRULATION 

 

Chapter 3 Introduction 

One of the first challenges during metazoan development is the establishment of embryonic 

axes through symmetry breaking (1-4). In triploblastic organisms, the anterior-posterior (A-P) axis 

is established through a process called gastrulation. In amniotes, gastrulation begins with the 

emergence of a cleft at the posterior embryonic pole called the primitive streak, through which 

cells migrate, are specified to mesoderm or endoderm, and subsequently patterned as they move 

towards the anterior embryonic pole (1, 3-6).  Gastrulation is initiated and mediated by signaling 

pathways localized at the posterior embryonic midline including the Nodal, Fibroblast Growth 

Factor (FGF), Wnt, and Bone Morphogenic Protein (BMP) families which control A-P patterning 

by directing the anteriorward migration of nascent mesoderm (7-12).  

The Hedgehog (Hh) signaling pathway is known to pattern tissues derived from all three germ 

layers in most metazoans (13, 14). Hh signaling was first described in a classic forward genetic 

screen for genes that determine A-P segment polarity during early Drosophila melanogaster 

development (15). Hh pathway activation in mammals is initiated by the binding of Hh ligands, 

Shh, Ihh or Dhh, to Ptch1—relieving its inhibition on Smoothened (Smo), which induces nuclear 

translocation of full-length Gli2/3 transcription factors (TFs) to promote Hh target gene 

transcription (16, 17). Conversely, the absence of Hh signaling triggers proteolysis and truncation 

of Gli2/3 proteins to their repressive isoforms Gli2R/3R (17, 18). Hh signaling works to pattern a 

diverse array of structures including the Drosophila wing disc (19), cnidarian pharyngeal 

musculature (20), tetrapod forelimb (21-24), vertebrate central nervous system (25-27) and heart 
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(28-30). However, it has not been previously implicated 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 (31). Smo-/- embryos  exhibit cardiac 

and somitic defects, absence of the anterior dorsal aorta, and fail to establish left-right (L-R) axis 

asymmetry (31, 32). Furthermore, treatment of zebrafish embryos with a small molecule Smo 

antagonist during early, but not late, gastrulation resulted in cardiac hypoplasia—suggesting that 

Hh signaling is essential during early embryogenesis for mesoderm lineage formation (33).  

Whereas Shh is the only Hh ligand necessary for L-R axis patterning in mammals (34), compound 

Shh-/-;Ihh-/- mutants produce phenotypes indistinguishable from Smo-/- mutants(31). This suggests 

an important but poorly understood role for redundant Shh and Ihh signaling during early 

embryogenesis independent of L-R patterning.  

 We investigated the role of Hh signaling in the early mesoderm and found that the pathway 

is first active within the node at E7.25 which is a critical midline organizing structure that 

determines both L-R and A-P axis patterning. We studied the consequence of early disruptions to 

midline Hh signaling on the mesoderm through single cell RNA-seq (scRNA-seq) by profiling 

wild type (Wt) and Hh-mutant (Mut) mesoderm at the onset of organogenesis and identified a 

deficiency in anterior mesoderm lineages specific to Hh-Mut embryos. Mesoderm-intrinsic and 

germline Hh pathway mutants had selective defects to anterior mesoderm-derived structures 

including the heart, pharyngeal arch, and anterior, but not posterior somites—which was consistent 

with a requirement for Hh signaling for anterior mesoderm development. Surprisingly, the affected 

anterior mesoderm lineages did not directly receive Hh signaling during early development. 

Through transcriptional profiling of Hh-deficient mesoderm during gastrulation, we found severe 
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disruptions to mesoderm patterning and to an FGF mesoderm migratory pathway. To determine 

whether Hh signaling played a direct role in mesoderm migration, we added a small molecule Hh 

pathway inhibitor to chicken embryos and observed a substantial migratory defect to anterior 

mesoderm. Lastly, we demonstrate that Hh signaling is upstream of FGF signaling for mesoderm 

migration as the addition of FGF4 protein could rescue Hh-dependent migratory defects. Together, 

these observations identify a novel Hh-dependent midline signaling axis responsible for patterning 

embryonic mesoderm across the A-P axis. 
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Chapter 3 Results 

Hedgehog signaling is first active in the organizing centers of embryonic axis determination 

 In order to study the role of early Hh pathway activity on mesoderm development, we first 

set out to identify the earliest tissue to receive Hh signaling using a Ptch1LacZ reporter allele (35). 

No evidence of Ptch1 reporter activity was observed prior to E7.0 (Fig. 3.1A) but becomes apparent 

in the node at E7.25, consistent with previous reports (Fig. 3.1A)(36). At E8.25, Ptch1 reporter 

activity expands to the notochord (Fig. 3.1A) and shortly thereafter appears throughout the neural 

floorplate, somites, dorsal aorta and the SHF at E8.5 (Fig. 3.1A). These observations indicate that 

Hh signaling is first active in the node and notochord which are critical embryonic midline 

structures that determine embryonic axis patterning (37-39). The node is especially important in 

determining both L-R and A-P patterning of the mesoderm by mediating midline signaling at the 

distal-most aspect of the primitive streak.  

Based on the importance of signaling from the node on mesoderm development, we 

assessed the direct role of Hh signaling within the mesoderm by driving expression of a dominant-

negative transcriptional repressor, Gli3R in the nascent mesoderm using Mesp1Cre (40, 41). We 

observed severe head and heart tube defects in Mesp1Cre/+;R26Gli3R-IRES-Venus/+ (Mesp1Cre-Gli3R) 

(23) mutants which phenocopied the majority of defects characteristic of Smo-/- mutants (Fig. 

3.1B). This result suggested that Hh signaling from the midline plays a primary role in early 

mesoderm development.   

 

Drop-seq reveals anterior mesoderm deficit in Hedgehog signaling mutants 

To examine the consequence of disrupting mesoderm-intrinsic Hh signaling, we performed 

single-cell RNA-seq (Drop-seq)(42) on cells isolated by fluorescence activated cell sorting 
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(FACS) from mutant (Mesp1Cre-Gli3R) and control Mesp1Cre/+;R26tdTomato (Mesp1Cre-

tdTomato)(43) embryos at the onset of organogenesis (E8.25)(44, 45)(Fig. 3.1C). We jointly 

processed and analyzed 9,843 R26-tdTomato and 10,663 R26-Gli3R cells from two biological 

replicates and observed similar gene detection across replicates (Fig. S3.1). Using unsupervised 

clustering to identify distinct cell populations (46, 47) we assigned cells to either embryonic 

mesoderm lineages (44%; 8,937/20,506) or hepatic stellate cells, blood and vasculature lineages 

which mostly originate from extraembryonic tissues (56%, 11,569/20,506)(Fig 1D, Fig. S3.2 and 

Table S1)(48). Focusing our analysis on the embryonic mesoderm, we identified all expected 

Mesp1Cre-derived lineages in both mutant and control embryos using a combination of canonical 

maker gene detection and integration with extant scRNA-seq datasets (Fig. S3.3, Fig. S3.4 and 

Fig. S3.5)(40, 41, 49, 50). When projected onto two dimensions using Uniform Manifold 

Approximation and Projection (UMAP), the proximity between clusters roughly recapitulated 

developmental relationships (Fig. 3.1E) with and without batch correction (Fig. S3.6). Specifically, 

we identified that the majority of embryonic mesoderm cells contributed to mesenchyme (4,619, 

51.7%, dark blue) followed by: cardiac (1109, 12.4%, orange), lateral plate (887, 9.92%, grey-

blue), allantoic (734, 8.21%, pale orange), somitic (641, 7.17%, light-green), pharyngeal (433, 

4.85%, dark-green), cranial (311, 3.48%, red) and intermediate (203, 2.27%, salmon) mesoderm 

lineages (Fig. 3.1E, Fig. S3.3, and Fig. S3.4). 

Expression of Gli3R significantly altered the distribution of Mesp1Cre-derived cells (Fig. 

3.1F). Specifically, we observed a selective deficiency in the proportional contribution of cells to 

anterior mesoderm lineages including cranial, pharyngeal and somitic mesoderm (Fig. 3.1G). 

Cranial mesoderm, marked by Otx2 expression (51), is the anterior-most mesoderm lineage and 

demonstrated the most pronounced deficiency where there was more than four-fold reduction in 
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lineage contribution from mutant Mesp1-Gli3R cells (1.33% of cells) compared to Mesp1-

tdTomato controls (6.06%). Somitic mesoderm, which is marked by Meox1 and Tcf15 (52, 53) and 

contributes to the development of the anterior-most somites at E8.25, was reduced in mutants by 

nearly three-fold (3.82% vs 11.2%). Finally, pharyngeal mesoderm, marked by Col2a1 and Sox9 

(51, 52), demonstrated nearly 2-fold reduction within mutants (3.43% vs 6.53%). Therefore, 

multiple independent anterior mesoderm lineages demonstrated a deficieincy in Mesp1Cre-derived 

cell contributions after expression of the Hh-pathway transcriptional repressor, Gli3R.  

Interestingly the cardiac lineage derives from the anterior mesoderm, was severely 

malformed in Mesp1-Gli3R embryos—yet does not show obvious proportial reduction in cell 

contribution. To investigate this further we analyzed this lineage in isolation which was comprised 

of three distinct sub-clusters: differentiated cardiomyocytes marked by Tnnt2 and Myh6 (54, 55) 

and two cardiac progenitor clusters comprised of a cardiac progenitor pool called the second heart 

field (SHF) which is located anatomically dorsal to the heart tube (56, 57). The SHF can be divided 

anatomically into anterior (aSHF) and posterior (pSHF) regions which express distinct transcripts 

where the aSHF is defined by Fgf10 and Isl1 expression (Fig. 3.1 H and I) (58) while the pSHF is 

defined by Wnt2 and Tbx5 expression (Fig. 3.1 H and I) (59, 60). Within the SHF populations,  

mutant embryos contribute proportionally less cells to the aSHF (57.3%) compared to controls 

(73.9%)(Fig. 3.1J). To directly test whether Hh mutants exhibited decreased aSHF cellularity 

(???), we performed a genetic fate map using a Cre (Mef2cAHF-Cre) that primarily marks cells within 

the aSHF (61). We analyzed the aSHF progenitor pool in Smo+/+ and Smo-/- backgrounds using 

Mef2cAHF-Cre and a Cre-dependent lacZ reporter (R26R)(62). We observed a substantial reduction 

of the aSHF in Mef2cAHF-Cre;R26Rc/+;Smo-/- mutants compared to Mef2cAHF-Cre;R26Rc/+;Smo+/+ 

controls at E9.5, when the aSHF is normally well established (Fig 3.1J). These data suggest that 
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reduction in Hh signaling cause anterior-selective defects within the cardiac lineage, just as the 

embryo as a whole shows a deficiency of anterior lineages in Mesp1-Gli3R embryos. 

   

Hh signaling is selectively required for anterior mesoderm development 

Overall, Drop-seq analysis suggested that anterior mesoderm lineages were selectively 

reduced in Hh mutants during organogenesis. We hypothesized that this disruption would 

culminate in anterior-specific phenotypic defects later in development. Anterior embryonic 

mesoderm lineages arise during gastrulation when undifferentiated epiblast cells migrate through 

a transient structure known as the primitive streak (1, 3-5, 63). The earliest cells to contribute to 

the embryo enter the streak during early to mid-streak stage and migrate furthest towards the 

anterior embryonic pole (4, 5) where they subsequently differentiate into specific lineages 

including, from anterior to posterior, pharyngeal mesoderm, cardiac mesoderm, and anterior 

somitic mesoderm (Fig. 3.2A).  We directly analyzed the development of anterior mesoderm-

derived structures in both mesoderm-intrinsic and germline Hh pathway mutants. Mesoderm-

intrinsic Hh mutants, including Mesp1Cre/+;Smof/-(41, 64) and Mesp1-Gli3R embryos, exhibited 

cardiac and first pharyngeal arch hypoplasia compared to Mesp1Cre/+;Smof/+ controls (Fig. 3.2B 

and C).  Although the anterior-most somites in mesoderm-intrinsic Hh mutants were positioned 

normally, they exhibited severe morphologic defects and failed to compact (Fig. 3.2 E and G) 

which was in contrast to the anterior somites which were relatively similar to Mesp1Cre/+;Smof/+ 

controls (Fig. 3.2E and G). Germline removal of Smo resulted in the most severe anterior defects 

including agenesis of the first pharyngeal arch and previously published cardiac defects (Fig 

3.2J)(31). Smo-/- mutants also revealed a complete absence of the anterior-most somites, which 

were replaced by loosely packed mesenchyme (Fig. 2M). In contrast, removal of Shh resulted in 
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cardiac chamber and somite development indistinguishable from Wt controls (Fig. 3.2 H-K) (65). 

These results demonstrated that severely reduced Hh signaling, by Smo but not Shh mutation, 

selectively affected the development of anterior mesoderm (31). 

 

Hh reception by cardiac progenitors is not required for early heart development 

Due to the selective role of Hh signaling in anterior-specific mesoderm development, we 

hypothesized that anterior lineages would autonomously require intact Hh pathway function. To 

test this in the cardiovascular lineage we conditionally removed Smo from the earliest specified 

cardiac precursors using Nkx2.5Cre (66). Surprisingly, no phenotypic abnormality was observed in 

Nkx2.5Cre/+;Smof/- embryos (Fig. S3.7B) compared to Nkx2.5Cre/+;Smof/- controls (Fig. S3.7A) at 

E9.5. To rule-out insufficiency of Nkx2.5Cre to functionally delete Smo in cardiac progenitors we 

analyzed Nkx2.5Cre/+;Smof/- embryos later in development where Hh signaling is required within 

the Nkx2-5 sub-domain of the SHF for atrioventricular septum development (30, 67). At E14.5, 

Nkx2.5Cre/+;Smof/- displayed completely penetrant atrioventricular septal defects (AVSDs) (Fig. 

S3.7D) compared to normal morphology observed in Nkx2.5Cre/+;Smof/+ littermate controls (Fig. 

S3.7C). Additionally, genetic fate mapping of Nkx2.5Cre expression revealed no Hedgehog 

dependence. We observed identical fate maps between Nkx2.5Cre/+;Smof/-;R26Rc/+ mutants and 

Nkx2.5Cre/+;Smof/-;R26Rc/+ controls where both genotypes demonstrated robust staining 

throughout the cardiac chambers and SHF (Fig. S3.7 E and F).  These data suggested that Hh 

signaling was either not cell-autonomously required for cardiac development or required for 

cardiac development in early pre-cardiac mesoderm prior to specification.  
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Hh-dependent anterior mesoderm lineages do not directly receive Hh signaling  

To ask whether anterior mesoderm lineages receive Hh signaling at any point during early 

development, we utilized an inducible CreERT2 knock-in allele at the Gli1 locus (Gli1CreERT2)(68) 

to mark Hh-receiving cells and their decedents in a tamoxifen (TM)-dependent manner. TM was 

administered between E5.5 to E8.5 in Gli1Cre/+;R26Rc/c embryos which were analyzed at E9.5 (Fig. 

3.3 A). We observed a near-absence of marked cells when TM was administered one day preceding 

gastrulation at E5.5 (Fig 3.3A)—suggesting that Hh signaling is not active in embryonic mesoderm 

immediately prior to gastrulation. Administration of TM during early gastrulation at either E6.5, 

or late gastrulation at E7.5, resulted in robust X-gal staining throughout the neural tube and lateral 

mesenchyme; notably, few to no positive clones appeared in the pharyngeal mesoderm, somite 

bodies, or heart (Fig 3.3A). TM administered shortly after gastrulation at E8.5 demonstrated much 

more prevalent staining in the ventral neural tube and paraxial mesoderm but anterior mesoderm 

lineages remained unmarked (Fig. 3.3A). TM administration at both E6.5 and E7.5 did not result 

in the marking of anterior mesoderm lineages, although a higher proportion of stained cells within 

previously marked lineages was observed (Fig 3.3B). Serially sectioned embryos revealed a near-

absence of labeled clones in the pharyngeal mesoderm and somite bodies (Fig 3.3C). In contrast 

to the heart itself, which had few to no labeled clones throughout several litters analyzed (Table 

S1, Fig 3.3D), SHF cells were robustly labeled—providing a positive control for a lineage with 

known Hh signaling activity (Fig. 3.3D)(30, 67, 69). These results suggested that Hh signaling is 

required for anterior lineage development in a cell non-autonomous manner. 
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Transcriptional profiling identified Hh-dependent transcription factors and signaling 

pathways necessary for mesoderm morphogenesis 

To search for candidate Hh-dependent genes capable of acting through cell non-

autonomous mechanisms, we performed RNA-seq on Mesp1-Gli3R mutants late during 

gastrulation at E7.5. We utilized a Cre-dependent dual color system to separate red fluorophore-

expressing wild type (Mesp1-Tomato), from yellow fluorophore-expressing Hh mutant (Mesp1-

Gli3R) Mesp1Cre-labeled cells by FACS in order to generate three biological replicates of litter-

matched RNA-seq samples (Fig. 3.4A). We observed consistent differential expression profiles 

between biological replicates and identified 190 dysregulated genes by mRNA-seq (FDR <= 0.10) 

and (Fig. 3.4B). We observed a consistent enrichment of genes expressed in the posterior 

midline—especially those important for mesoderm development including: Wnt3a, Mesogenin, 

Fgf4, and Fgf8 (8, 70-74). Furthermore, we identified downregulation of genes essential for both 

mesoderm induction and anterior-posterior axis patterning, including Brachyury (T), FoxA2, and 

Tdgf1 (Crypto) (10, 37, 38, 73, 75). Gene Ontology (GO) analysis for all downregulated genes 

(FDR < 0.10) (Fig. 3.4D) identified terms related to processes essential for mesoderm 

morphogenesis, such as paraxial mesoderm and cardiac development—highlighted by the GO term 

for Mesoderm Development (GO:0007498) (FDR <0.3) (Fig. 3.4E) in addition to previously 

described Hh-dependent processes such as L-R patterning, and lung morphogenesis (31, 34, 76). 

Bmp4, which has been shown to be antagonized by positive Hh signaling in multiple contexts (77, 

78), was one of the few upregulated mesoderm determinants. In agreement with our earlier finding 

that Hh signaling does not directly signal to cardiac precursors, we did not observe dysregulation 

of genes implicated in cardiac specification such as Gata4 Tbx5 or Nkx2.5 (Fig. 4C) (79).  
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Hh-dependent TFs are enriched for determinants of mesoderm morphogenesis and 

somitogenesis.  

GO analysis for Hh-dependent TFs identified somitogenesis and paraxial mesoderm as the 

most highly represented terms (Fig. 3.5A). Genes disrupted within the GO term for somitogenesis 

(GO:0001756)(FDR <0.3) reveal downregulation of transcription factors that are important to both 

somite development alone (Hes7, Tcf15, Dll3, Ripply2)(80-84) and factors that are jointly 

responsible for gastrulation and somite development (Msgn1, Tbx6, Mesp2, FoxA2, T, and 

Smad3)(37, 38, 74, 75, 85)(Fig. 3.5B). Using RNA in situ hybridization, we analyzed the spatial 

expression patterns for key genes responsible for shared paraxial and general mesoderm 

development (Tbx6, Msgn1, and Mesp2) along with Dll3, a gene responsible primarily for 

somitogenesis. Tbx6, which is critical for L/R patterning and mesoderm formation (74, 85-87), is 

lost from all but the most distal mesoderm expression domains (Fig. 3.5C).  Msgn1, which is a 

master regulator of pre-somitic mesoderm development (73, 74), lost expression in the majority of 

paraxial mesoderm and only maintained medial posterior expression—proximal to the primitive 

streak (Fig. 3.5C). Mesp2, which is crucial for both nascent mesoderm development for somite-

psm boundary determination (88), prematurely lost expression in the posterior streak while 

maintaining nascent somite boundary expression. In summary, all three shared mesoderm-somite 

program genes demonstrated significantly reduced expression near the posterior primitive streak 

(Fig. 3.5C).  
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Transcriptional profiling identified FGF signaling downstream of Hh signaling for anterior 

mesoderm morphogenesis  

Anterior mesoderm lineages require an intact Hh pathway within the mesoderm despite not 

receiving direct Hh signaling. Due to the indirect nature of this mechanism, we hypothesized that 

a secondary signaling pathway downstream of Hh signaling was directly responsible for anterior 

mesoderm development. To identify candidate pathways, we performed GO analysis for 

downregulated genes classified as either signal ligands or ligand receptors in the Fantom 

consortium database (89) (Fig. 3.5D). The FGF pathway comprised the top candidate using this 

approach and differential expression for genes in the GO category “FGF Receptor signaling 

pathway” (GO:0008543) revealed a striking pattern of downregulation among all included FGF 

ligands (FDR <= 0.30) (Fig. 3.5E). Specifically, Fgf4 and Fgf8 share posterior expression domains 

in the primitive streak and both lose much of their posterior-lateral expression in Hh mutants (Fig 

3.5F). Studies in early mammalian development have shown that the FGF pathway directs the 

migration of nascent mesoderm towards the anterior embryonic pole (72, 90-92) and Fgf4 and 

Fgf8 are uniquely important for this process (8, 70-72).  Given the quantitative and spatial 

reduction in the expression of these ligands in the primitive streak, we hypothesized that Hh 

signaling lies upstream of an FGF signaling pathway for mesoderm migration.  

 

Gastrulation cell migration defects caused by Hh pathway antagonism are rescued by 

FGF4 

To directly assess whether impaired Hh signaling disrupts mesoderm migration, we utilized 

a chicken embryonic model of gastrulation. Mesoderm migration was tracked by adding either DiI 

(red) and DiO (green) fluorescent lipophilic dyes on each side of the primitive streak in 
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Hamburger-Hamilton (93) stage 3 chick embryos (Fig. 3.6A). Embryos treated with DMSO vehicle 

demonstrated classic anterior-lateral movement of labeled cells consistent with well-established 

fate and migration maps of nascent mesoderm (Fig. 3.6B) (72, 94, 95) which could be quantified 

(Fig. 3.6C). We observed a dose-response of nascent mesoderm migration to the Hh signaling 

antagonist cyclopamine (96) (Fig. 3.6F) where embryos treated with 25µM cyclopamine 

demonstrated a marked reduction in directional migration (Fig. 3.6D) whereas embryos treated 

with 50µM or higher concentrations of cyclopamine demonstrated migratory defects compounded 

with widespread phenotypic disruptions including greatly reduced overall embryo size (Fig. 3.6E). 

These experiments demonstrated that A-P cell migration during gastrulation was hindered by Hh 

pathway inhibition (Fig. 3.6F).  

To test whether FGF-directed cell migration was downstream of the Hh pathway, we 

placed beads coated with either a BSA control or FGF4 protein on opposite sides of the anterior 

midline in 25µM-cyclopamine-treated HH4-stage chick embryos (Fig. 3.6G). We determined and 

quantified migration by monitoring the anterior excursion of DiO or DiI labeled regions of the 

primitive streak over a 16 hr period of gastrulation. Importantly, labeled cells that gastrulated on 

the same side as FGF4-coated beads showed a statistically significant increase in anterior-posterior 

spread when compared with cells migrating through the contralateral side of the primitive streak 

(towards control beads coated with BSA) (N=11; ttest pValue=0.0057; Fig. 3.6H and I). These 

data suggest that the migratory defects resulting from cyclopamine treatment could be rescued by 

FGF4 and provide evidence that Hh signaling is required upstream of FGF signaling for anterior 

mesoderm development through morphogenetic movements at the primitive streak during 

gastrulation.       
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Chapter 3 Discussion 

The mechanism by which embryos pattern tissues across their axes has fascinated 

developmental biologists since the founding of embryology. The A-P axis is the most complex—

establishing the template for the distribution of all embryonic structures. A-P patterning is 

executed in two stages—the first stage is the initiation of TGF-B signaling to establish the rotation 

of the distal embryonic axis towards the nascent anterior embryonic pole (97). The second phase 

involves the concurrent specification of mesoderm and anteriorward cell migration through the 

newly formed primitive streak at the posterior embryonic through midline Nodal, FGF, Wnt, and 

BMP pathway expression (7-12, 98). Cells fated to form extraembryonic tissues are the first to 

migrate through the early streak and are followed by the anterior embryonic mesoderm lineages 

such as the cardiac, cranial, pharyngeal, and anterior somitic mesoderm precursors during the mid-

streak stage (99). Although the Hh pathway is critical to the patterning of diverse tissues across 

multiple organisms, its role in patterning the early A-P axis has not been previously described.   

In this study, we provide evidence that midline Hh signaling acts upstream of an FGF-

migratory pathway for anterior mesoderm development during gastrulation. Although the FGF 

pathway can function as a mitogen, its primary role during gastrulation is to direct coordinated cell 

migration through matrix remodeling and chemotaxis (92, 100)—particularly through the action 

of FGF4 and FGF8 which function as potent chemotactic signals (72). For example, severe 

gastrulation defects observed in Fgfr1-/- embryos, which FGF4/8 signal through (101), can be 

phenotypically rescued by restoring cell migration through downregulation of the cell-adhesion 

molecule, EPCAM (102). The expression of Fgf4 and Fgf8 ligands are particularly important 

patterning distal structures in diverse contexts. Fgf8 germline hypomorph mutants reveal anterior-

specific defects across multiple organ systems—including hypoplasia of the pharyngeal 
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mesoderm, cardiovascular lineages, and selective anterior truncation of the zygomatic arch (103, 

104). Fgf4/8 conditional deletions within the late-streak posterior mesoderm reveal widespread 

somite defects distal to the posterior source of Fgf4/8 expression (70, 71). The anterior-specific 

defects we observed in mutant embryos where Hh signaling was disturbed in the primitive streak 

echo phenotypes produced by perturbations to FGF signaling in the streak where tissues distal to 

the signaling event are either absent or reduced. Because we established the FGF pathway as a 

downstream component of Hh signaling for cell migration during gastrulation, it is possible that a 

major role of the Hh pathway in early development is to modulate anterior mesoderm migration 

through control of Fgf4/8 expression at the streak. 

Hh signaling may also be an integral part of a broader gene regulatory network within the 

embryonic midline for anterior mesoderm development. Surprisingly, the vast majority of 

mutations that drive anterior-specific phenotypes during early mouse development are confined to 

the Nodal pathway (6). Furthermore, a recent pathway controlled by toddler-appelin signaling was 

shown to pattern anterior mesoderm solely through dictating cell migration downstream of Nodal 

signaling (105, 106). In mammals, while there exists modest evidence for direct cross-activation 

between the Hh and Nodal pathways during early development (31, 107-109), our mutants present 

phenotypes common to mild and moderate perturbations to early Nodal expression without direct 

downregulation of Nodal expression itself. We did however observe a critical network of shared 

target genes downstream of Nodal and Hh signaling, including FoxA2, T, Tdgf1, and Fgf4—all of 

which are involved in A-P axis patterning (10, 37, 38, 75, 110). This shared gene set suggests that 

the Hh and Nodal pathways coordinately regulate downstream genes necessary for mesoderm 

morphogenesis through gastrulation.  
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Removal of redundant Hh signals in the early embryo through either double knockout of 

Shh and Ihh or knockout of Smo uncovers a previously uncharacterized role for Hh signaling in A-

P axis patterning. Hh signaling within the node functions to drive sufficient midline FGF signaling 

from the primitive streak for proper anterior mesoderm allocation (Fig. 3.7A). Disruption to Hh 

signaling during this period diminishes expression of migratory FGF midline signals which 

subsequently leads to defects in A-P patterning through a deficit in anterior mesoderm contribution 

(Fig. 3.7B). Furthermore, extant mutants in the literature, which show commonality of phenotype 

with Hh mutants also share a commonality of expression domains within midline node and 

primitive streak compartments in addition to shared downstream genes for mesoderm 

morphogenesis. This suggests that the migratory Hh-FGF signaling pathway described in this 

study may describe a broader mechanism by which signaling pathways in the embryonic midline 

control A-P axis patterning through mesoderm allocation. 
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Fig. 3.1. Single cell RNA-seq identifies Hh-dependent selective defects to anterior mesoderm 

progenitor populations. (A) PtchLz marks Hh receiving cells during early development between 

E7.0 (top-left) and E8.5 (bottom-right. (B) Whole-mount sagittal views of Hh-mutant embryos  
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(Fig. 3.1, Continued)  

comparing defects observed between Smo-/- mutants (top-right) and Mesp1Cre/+R26Gli3R mutants 

(bottom-right). (C) Schematic of experimental setup for collecting mutant (R26-Gli3R) and wild 

type (R26-tdTomato) Mesp1Cre-labeled cells by FACS for single-cell RNA-seq. (D) Uniform 

manifold approximation and projection (UMAP) for all R26-tdTomato and R26-Gli3R cells used 

in this study. Extra embryonic mesoderm and blood were colored grey and light blue, while 

embryonic mesoderm lineages are shaded in dark blue. (E) UMAP representation of embryonic-

derived mesoderm lineages where cells are colored by their cell type annotation with labels 

provided on the side of the plot. (F) UMAP for embryonic mesoderm with color segregation of 

control R26-tdTomato (blue) and mutant R26-Gli3R (orange) derived cells. (G) Column graph 

representing the proportion of R26-tdTomato (blue) and R26-Gli3R (orange) cells in each 

annotated lineage from (E) where the number linked to each column represents absolute cell 

counts. (H) Heatmap of marker gene expression for aSHF (red), pSHF (green), and 

cardiomyocytes (blue). Expression of aSHF and pSHF markers Isl1 and Wnt2 (I) superimposed 

on UMAP clusters derived from (E). (J) Proportion of R26-dtTomato (blue) and R26-Gli3R 

(orange) cells across aSHF, pSHF, and CM populations. (K) Fate map aSHF-specific Cre 

(Mef2cAHFCre) 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 top and bottom panels 

respectively. (Legend: LV=left ventricle SHF = Second Heart Field, At = Atrium, HT = Heart 

tube). Size bars = 200µm.  
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Fig. 3.2: Hh signaling is required for anterior mesoderm morphogenesis. (A) Represents a 

cartoon   model  depicting   the   developmental  ontogeny   of  anterior  mesoderm   lineages   with  
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(Fig. 3.2, Continued)  

estimated size bars for each embryonic stage. (B-G) demonstrate phenotypic abnormalities in  

conditional Hh mutants, Mesp1Cre/+Smof/-  (C and F) and Mesp1Cre/+;R26Gli3R/+ (Mesp1-Gli3R)(D 

and G) with their respective control, Mesp1Cre/+;Smof/+ (B and E) at E9.5. (H-M) Represent 

germline Hh pathway mutants, Shh-/- (I and L) and Smo-/- (J and M) and their respective Wt 

control (H and K) at E9.5. (B-D and H-J) Represent frontal whole-mount views of embryos (left 

panels) with corresponding sagittal histology sections of the pharyngeal arch (top-right panels) 

and heart (bottom-right panels). Black arrows link the whole mount views of the pharyngeal arch 

and heart to their corresponding histology section. (F-G and K-M) represent low-power sagittal 

histology views of both anterior and posterior somites (left panel). High power views of anterior 

and posterior somites are represented in the top-right panels and bottom-right panels 

respectively. Somite 1 is indicated by an * in each top-right panel. (Size bars = 200µm). 

(Legend: IFT = Inflow tract; LV = Left Ventricle; OFT = Outflow tract; At = Atrium; PA = 

pharyngeal arch; D = Dorsal; A = Anterior; P = Posterior; V = Ventral).  
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Fig. 3.3: Anterior mesoderm lineages do not receive Hh signaling during gastrulation. (A-D)  

Genetic-inducible fate maps for Hh-receiving cells in Gli1CreERT2/+; R26Rc/c embryos. (A) Shows 

whole-mount left lateral views of E9.5 embryos harvested from pregnant dams given a single 

tamoxifen dose at the times indicated at top. (B-D) Shows whole mount (B) and sagittal sections 

(C and D) from embryos harvested from pregnant dams dosed with tamoxifen at both E6.5 and 

E7.5. (C) Sagittal sections of the pharyngeal arch at low power (left) and high-power images of 

the pharyngeal arch (top-right) or somite bodies (bottom-right). D) Shows sagittal views of the 

heart and SHF arch at low power (left) and high-power images of the left ventricle (top-right) or 

SHF (bottom-right). (Size bars = 200µm) (Legend: PA = Pharyngeal arch; H = heart; SHF = 

Second Heart Field; S = somite). 



 
 

53 

Fig. 3.4: Disruption of Hh signaling causes major disruptions in genetic pathways for 

mesoderm development. (A) Represents a breeding strategy to produce litter-matched controls 
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(Fig. 3.4, Continued) 

between hedgehog mutant (Mesp1-Gli3R) and wild type (Mesp1-tdTomato) mesoderm by FACS-

sorting Mesp1Cre-marked cells by yellow and red channels respectively. (B) Z-score normalized 

heatmap for dysregulated genes (FDR <= 0.10).  (C) A volcano plot for dysregulated genes in Hh 

mutants. (D) GO analysis for genes downregulated genes in Mesp1-Gli3R mutants. (E) Heatmaps 

for all genes dysregulated under the Mesoderm Devbelopment (GO:007498) term (FDR <= 0.30). 
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Fig. 3.5: Targeted pathway analysis reveals widespread dysfunction of nascent mesoderm 

and Fgf pathways. (A) GO analysis performed only on downregulated genes classified as  
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(Fig. 3.5, Continued) 

transcription factors (B) shows a heatmap generated from dysregulated genes (FDR <=0.30) 

overlapping with top GO term, Somitogenesis (GO:0001756). (C) ISH for the somitogenesis genes 

Msgn1, Tbx6, Mesp2, and Dll1 in Wt (Mesp1+/+R26Gli3R/+) and Mut (Mesp1Cre/+;R26Gli3R/+) 

embryos at E7.5. (D) GO analysis for downregulated genes classified as signaling molecules. (E) 

A heatmap for dysregulated genes FDR (<= 0.30) for the top GO term, Fgf Receptor Signaling 

Pathway (GO:0008543. (F) ISH for FGF ligands Fgf4, Fgf8, Fgf15, and Fgf5 in Wt 

(Mesp1+/+R26Gli3R/+) and Mut (Mesp1Cre/+;R26Gli3R/+) embryos at E7.5. (Size bars = 200um). 
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Fig. 3.6. Hh signaling is required for anterior cell migration during gastrulation upstream of 

the FGF pathway. (A) Demonstrates the placement of two lipophilic dye at the posterior portion 

of the embryo at (HH stage 3). (B and C) Demonstrates the trajectory of post-ingression mesoderm 

cells in vehicle control-treated chick embryos (B) which is spatially quantified in (C). (D and E) 

Addition of Smo antagonist Cyclopamine at 25 uM (D) and 50µM (E). (F) Shows quantification  
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(Fig. 3.6, Continued)  

of inhibitory effect of cyclopamine between 10µM and 100µM. (G-I) Embryos treated with 25µM 

of cyclopamine had heparin beads coated with FGF4 placed towards the anterior-right pole of the 

embryo and BSA-coated heparin beads placed on the anterior-left portion of the embryo to serve 

as a contralateral control (G). After 16 hours of development 7/11 embryos show a marked rescue 

of specific directional migration on the side of the embryo with Fgf4 treatment (H) which was 

quantified to significantly differ from the control p=0.0057 (I).  
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Fig. 3.7: Midline Hh signaling from the node drives an FGF pathway for anterior mesoderm 

morphogenesis. (A and B) Demonstrate a cartoon model for the role of Hh signaling in anterior 

mesoderm patterning. In (A) Wt Hh signaling is active early in embryonic midline in the node 

which is required for the full activation of a midline Fgf4/8 signaling axis from the primitive streak 

which drives mesoderm migration. In (B) Hh pathway mutants, the FGF migratory pathway is 

greatly attenuated—resulting in disproportionate impacts on the migration and patterning of 

anterior mesoderm lineages which must migrate furthest during development. (Legend: Prox = 

Proximal, Dist = Distal, Ant = Anterior, Post = Posterior).  
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Fig. S3.1. Consistent gene and UMI counts are observed between Drop-seq replicates. (A) 

Violin plots for numbers of genes detected between all samples. (B) Violin plots for numbers of 

Unique Molecular Identifiers (UMIs) detected between all cell replicates. 
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Fig. S3.2. Drop-seq Assay detects all Mesp1-derived lineages from Mesp1Cre-sorted cells. 

UMAP for all cell types detected in Drop-seq assay for Meps1Cre-marked cells at E8.25.  
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Fig. S3.3. Re-clustering of embryonic mesoderm identifies all mesodermal sub-lineages by 

canonical marker expression. Heatmap for the expression of canonical lineage markers in sub-

clustered embryonic mesoderm.  
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Fig. S3.4. Mesoderm cell distribution is highly consistent between replicates. Bar graph 

showing the proportional cell contribution to each mesoderm lineage split up by individual 

replicate. 

 



 
 

64 

 

Fig. S3.5. Pseudo-bulk correlation analysis between embryonic mesoderm and extant 

scRNA-seq datasets. Correlation matrix comparing averaged (pseudo-bulk) RNA-seq signal in 

each assigned embryonic mesoderm cluster with a reference whole-embryo scRNA-seq database. 

The legend colors correspond to correlation values.  
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Fig. S3.6. UMAP plots with non-batch-corrected scRNA-seq data. (A and B) UMAP 

projections demonstrating cluster assignment (A) and genotype (B). 
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Fig. S3.7: Conditional removal of Smo reveals that Hh signaling is not required in specified 

cardiac precursors for proper heart  development. (A and B) Shows frontal whole-mount (top 

panels) and sagittal histology (bottom panels) views of Conditional embryos with conditional Smo 

deletions from specified cardiac precursors in Nkx2.5Cre/+Smof/- E9.5 (B)  and Nkx2.5Cre/+Smof/+ 

controls (A). (C and D) show four-chambered-view histology slices of E14.5 Nkx2.5Cre/+Smof/+ 

and Nkx2.5Cre/+;Smof/-  embryos; arrow points to the atrial septum. (D). (E and F) Shows sagittal 

whole-mount (top panels) and sagittal histology (Bottom panels) views of Nkx2.5Cre fate maps in 

Smof/+ (E) and Smof/- (F) backgrounds. Blue X-gal stain marks cells that have expressed Nkx2.5 

during development and their derivatives.   (Size bars = 200µm) (LV = Left Ventricle, At = 

Atrium).  



 
 

67 

 

Tamoxifen at E6.5-E7.5         
Analyzed at E9.5         
 Litter 1 Litter 2 Litter 3 
  #1 #2 #3 #1 #2 #3 #1 #2 #3 
IFT 5 5 4 5 5 4 5 5 4 
AT 4 3 1 4 3 1 4 3 1 
AVC 1 2 0 1 2 0 1 2 0 
LV 1 2 1 1 2 1 1 2 1 
RV 2 3 1 2 3 1 2 3 1 
OFT 3 4 3 3 4 3 3 4 3 

 

Table S3.1: Fate map quantification for Hh-receiving cells during gastrulation shows sparse 

and stochastic contribution to early cardiac structures. Values indicate numbers of marked 

clones in each cardiac structure derived from Gli1CreERT2 fate maps induced by tamoxifen 

administration at E6.5 and E7.5 in development. Key: IFT (Inflow tract), AT (common atrium), 

AVC (Atrioventricular canal), LV (Left Ventricle), RV (Right Ventricle, OFT (Outflow tract). 
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CHAPTER 4: HH SIGNALING IS REQUIRED FOR PROPER ERYTHROCYTE 

DIFFERENTIATION FROM HEMOGENIC PRECURSORS 

 

Chapter 4 Introduction 

Introduction to Hematopoiesis 

Hematopoiesis is thought to occur in three waves during embryogenesis (1). The first wave 

begins near the onset of gastrulation where newly specified mesoderm migrates to the embryonic 

yolk sac and begins forming the first blood progenitors (1). The prevailing hypothesis is that blood 

is produced during this phase through an intermediate ‘hematoendothelial’ cell type that arises 

from the nascent mesoderm during gastrulation and expresses both hemogenic and endothelial 

genes. Despite expression of endothelial genes, these hematoendothelial precursors are likely not 

a common precursor for both blood and endothelial cells as was posited by the prediction of a 

hemangioblast cell (2, 3). However, angioblasts are generated during the same developmental 

period and give rise to the endothelial cells of the yolk sac vasculature which later participate in 

second wave hematopoiesis (4).   

 The second wave of hematopoiesis occurs in the yolk sac vasculature which is comprised 

of both non-hemogenic and hemogenic endothelium (5). The hemogenic endothelium undergoes 

an endothelial to hematopoietic (EHT) transition where it can produce multipotential 

erythromyeloid progenitors while non-hemogenic endothelium function solely to transport blood 

(5, 6). These hemogenic endothelial clusters were first described in classic embryology as ‘blood 

islands’ and can be defined by expression of the gene Lyve1(5, 7). Additionally, fate maps for 

Lyve1-expressing cells reveal an absence of primitive erythrocytes which are formed during first 

wave hematopoiesis—making it a specific marker for second wave hematopoietic lineages (5). 
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Throughout second wave hematopoiesis, the endothelial cells in the yolk sac undergo angiogenesis 

and remodel themselves into larger vessels and eventually join with the embryonic vasculature 

proximal to the onset of circulation (1, 3, 7). The connection between the embryonic and 

extraembryonic vasculature provides the embryo with early blood cells during the first two waves 

of hematopoiesis including: primitive erythrocytes cells formed during first wave hematopoiesis, 

megakaryocytes and tissue-resident macrophages formed from both waves, and definitive 

erythrocytes and erythromyeloid progenitors (EMPs) formed during second wave hematopoiesis 

(1). 

 The third wave of hematopoiesis begins around E10.5 and is localized to clusters of 

hemogenic endothelial cells located to the posterior region of the dorsal aorta in a region called 

the aorta gonad mesonephros (AGM) (6, 8). These hemogenic endothelial cells give rise to the 

first true hematopoietic stem cells which eventually colonize the adult bone marrow (9). 

Interestingly, the source of AGM hemogenic endothelium seems to largely originate from Runx1-

expressing cells produced from the first wave of hematopoiesis (3). Ablation of this early 

population of Runx1-expressing cells during first wave hematopoiesis at E6.5 and E7.5 reduces 

future populations of hemogenic endothelium within the dorsal aorta and subsequently 

hematopoietic stem cell development to the point of causing perinatal lethal anemia (3). Although 

first wave hemogenic cells are incapable of directly producing mature hematopoietic stem cells, 

they are clearly linked to the development of AGM hemogenic endothelium and may have 

unappreciated roles in the generation of hematopoietic stem cells (10).  
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The role of Hh signaling in blood development 

The role of Hh signaling in hematopoiesis has been both controversial and sparsely studied. 

While the Hh pathway is dispensable within adult hematopoietic stem cells for renewal and 

function (11), Hh signaling is critical for blood development throughout embryogenesis (10, 12, 

13). Smo-/- mutants exhibit anemia and a marked failure to remodel primitive yolk sac endothelial 

tubes into larger blood vessels through angiogenesis (14). The first study to provide a positive link 

between Hh signaling and blood demonstrated that Ihh was expressed within the early yolk sac 

endoderm and is sufficient to induce ectopic hematovascular lineage specification in the anterior 

epiblast (13). Additionally, Ihh-/- mutants also display anemia yolk sac angiogenesis defects (15). 

Because defects within the Hh pathway disrupt both blood development and vascular remodeling 

through angiogenesis, it is often claimed that the disruption to angiogenesis itself is directly related 

to the blood development defects (16). While there is strong evidence showing Hh signaling is 

both necessary and sufficient for vascular remodeling, the initial specification of endothelial cells 

and the formation of the rudimentary yolk sac vascular bed through neovasculogenesis is preserved 

(15). Furthermore, endothelial disorganization in itself is likely probably not sufficient to explain 

the defects to blood development given the disparate developmental influences governing the  

hemogenic and non-hemogenic endothelium (2, 3).  

The rationale that endothelial tube formation is required for both hemogenic endothelium 

development and subsequent blood production was used as the basis for recent in vitro studies (16, 

17). While it is clear that inhibition of Hh signaling greatly reduces the potential for blood 

formation in mouse embryonic stem cell (mESCs) differentiation models, the disruption to 

hemogenic endothelial cells is consistently modest or negligible (16-18). In one case, 

cyclopamine-mediated Hh pathway inhibition increased the expression of the hemogenic 
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endothelial marker Runx1 (16). This provides evidence more in favor of separate requirements for 

Hh signaling in blood and hemogenic endothelium development.   

In summary, there is clear evidence that both endothelial tube formation and blood 

development are acutely disrupted in Hh mutants in vivo. Although it is clear that Hh signaling is 

required for proper blood formation in vitro, the presumption that this is secondary to defect in 

henmogenic endothelial development is tenuous. Furthermore, there has yet to be any attempt in 

the literature to clarify which phase of blood development is dependent upon Hh signaling. In this 

chapter, I will discuss my findings regarding a putative role for Hh signaling in the establishment 

of endothelium, hemogenic precursors, and blood during early embryonic development.    
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Chapter 4 Results 

Transcription of blood genes is severely disrupted in Hh mutants after organogenesis  

 To survey the impact of early disruptions to Hh signaling on early embryonic mesoderm 

development, we dissociated whole E8.5 embryos and isolated Mesp1Cre-marked cells from 

dominant negative Hh mutants overexpressing Gli3R in the mesoderm (Mesp1-Gli3R) and control 

(Mesp1-tdTomato) mesoderm using FACS. Litter-matched samples were processed for RNA-seq 

and the resultant differential gene expression was consistent between biological replicates with 

majority of significantly different genes (FDR < 0.10) being downregulated (Fig 4.1 A).  Although 

phenotypic defects were present across all in Mesp1-Gli3R embryos at this stage in development, 

the vast majority of significantly downregulated genes were related to blood development—

including a large number of embryonic hemoglobin subunits and canonical transcription factors 

for hematopoiesis including Runx1 and Gata1 (Fig. 4.1 B)(2, 3, 19). This suggested that a major 

effect of disruptions to early Hh signaling is a defect to erythrocyte production.  

 To confirm the observation that blood genes were overrepresented amongst our 

downregulated gene set, we performed Gene Ontology (GO) analysis. As expected, terms for 

blood development dominated the list generated for downregulated genes (Fig. 4.1 C). 

Interestingly, when we performed GO analysis for the genes upregulated in Hh mutants, terms for 

angiogenesis and vascular development were the most highly represented (Fig. 4.1D). This was of 

particular interest as disruptions to Hh signaling have classically been described as disruptive to 

the early endothelium (12-15). Interestingly, the downregulation of blood developmental genes 

was not observed at E7.5 when the first wave hemogenic precursors are produced. Overlap 

between downregulated genes at both E7.5 and E8.5 resulted in many classically Hh-dependent 
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genes such as Ptch1 (20) and context-specific Hh-dependent genes such as Foxf2 (Fig 4.1 E) (21). 

However, when genes that were downregulated in E8.5 Mesp1-Gli3R mutants were overlapped 

with genes upregulated in E7.5 Mesp1-Gli3R mutants I observed the inclusion of many genes for 

early blood and endothelial development (Fig. 4.1 F). This suggested that there may be disparate 

effects of hh signaling on first and second wave hematopoiesis.   

 

scRNA-seq of Hh mutant mesoderm reveals a proportional shift from embryonic blood to 

hemogenic precursor populations 

 Although it was clear that blood development was generally disrupted in Hh mutants, it 

was unclear which wave of hematopoiesis was affected, and by what mechanism. To address these 

questions, we performed scRNA-seq on FACS-sorted Mesp1Cre-marked cells from Mesp1-Gli3R 

(Hh signaling deficient) and Mesp1-tdTomato (control) embryos at E8.25, which coincides with 

the onset of organogenesis (Fig 4.2 A) (22). The advantage of conducting studies at this time point 

was that we could assay both the tail-end of 1st wave hematopoiesis and the beginning of 2nd wave 

hematopoiesis within the same embryos (1, 8). UMAP projections from single cells revealed that 

extraembryonic tissues responsible for early blood formation are the most highly represented 

populations (Fig 4.2 B).  

 We removed lineages unrelated to blood development from further analysis and re-

clustered the remaining cells to gain finer resolution of blood sub-lineages. By gene expression, 

we identified three primary cell types consisting of either erythrocytes, hemogenic endothelium, 

and non-hemogenic endothelium (Fig 4.2 C). When we mapped cells by genotype, it was clear that 

there was a major change in the distribution of cells across different lineages (Fig 4.2 D). We 

plotted the proportion of cell types for each genotype and found a major relative deficit across the 
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observed erythrocyte population in Mesp1-Gli3R mutants in addition to relative enrichment of both 

endothelium and hemogenic endothelium (Fig. 4.2 E). This result was in-line with our E8.5 bulk 

RNA-seq which showed a relative reduction in blood transcripts in Hh mutants and a relative 

increase to vascular and endothelial transcripts (Fig 4.1 A-D). However, it is unclear whether Hh 

was required within pre-blood hemogenic precursors or within nascent erythrocytes. To 

complicate this further, hemogenic and non-hemogenic endothelium derived from both embryonic 

and extraembryonic mesoderm receive active Hh signaling throughout hematopoiesis (Fig 4.2 

F)(15). Additionally, erythrocytes retain active Hh signaling well after organogenesis at E9.5—

before the onset of embryonic blood production from the dorsal aorta (Fig. S4.1)—though it is 

unclear whether marked erythrocytes originate from first or second wave hematopoiesis. 

 

Hh signaling is involved in blood precursor development for both first and second wave 

hemopoiesis 

 In order to understand the independent effects of Hh signaling on first and second wave 

hematopoiesis, we used single cell gene expression to determine the identity extraembryonic sub-

lineages. We created a heatmap for canonical lineage-marker expression where the expression 

level of individual genes in single cells was represented by the color intensity. We noted that each 

cluster expressed a unique combination of genes with the exception of clusters 0-2, which represent 

erythrocyte populations and share nearly identical gene expression patterns (Fig. 4.3 A). However, 

the most notable aspect of the lineage distribution is the appearance of two superclusters of cells 

separated on the x-axis of the UMAP which represent first and second waves hematopoiesis 

respectively. The clusters on the right side of the UMAP comprise first wave hemogenic cells and 
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are marked by high Runx1 expression while cells on the left represent the maturing yolk sac and 

are marked by Lyve1 expression (5).  

 First wave hematopoiesis, represented by clusters 0-3 and 6, begins during gastrulation as 

extraembryonic mesoderm generates blood in the yolk sac through an intermediate cell that 

expresses both hemogenic and endothelial genes. This so-called hematoendothelial cell type, 

represented by Cluster 3 expresses endothelial genes such as Tal1, Etv2 and Pecam1, but not Rhoj 

(17, 23-27), in addition to genes that confer hemogenic potential such as Gfi1b, Runx1 and Itga2b 

(CD41)(6) (Fig 4.3 A and B). Cluster 3 hematoendothelial cells then progress through development 

into a transitional lineage represented by cluster 6 where precursor genes such as Runx1 and Gfi1b 

are downregulated and mature erythrocyte genes such as Gata1 and Hbb-y start to become 

expressed (Fig 4.3 A and B)(19, 28). They then give rise to the erythrocyte population, which is 

almost exclusively produced by first wave hematopoiesis at this stage.  

 The yolk sac located on the left side of the UMAP is represented by clusters 4, 5, and 8. 

This supercluster shows robust expression of classic endothelial markers in at least one cluster 

including: Pecam1, Etv2, Flt1, Tal1, and Rhoj (Fig 4.3 A and B). Conversely, these clusters lack 

expression of most hemogenic precursors including Gata1 and Runx1—though they do begin to 

express early markers of blood differentiation including CD34, CD41 and Kit (c-kit) (Fig 4.3 A 

and B)(6). However, the main gene to distinguish this supercluster from first wave hemogenic 

precursors is Lyve1, which exclusively expressed in the definitive yolk sac hemogenic 

endothelium—the site of secondary hematopoiesis (Fig 4.3 A and B)(5).  

 In this study, it is clear that Hh-mutant Mesp1-Gli3R cells preferentially contribute to 

endothelial and hemogenic precursor lineages at the expense of mature erythrocytes in both first 

and second wave hematopoietic lineages (Fig. 4.2 E). This result is particularly striking because it 
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seems contrary to extant literature citing both endothelial and blood defects within the early yolk 

sac. This may suggest that the dysfunction to erythrocyte production in Hh mutants may be due to 

a failure for hemogenic endothelial precursors to properly differentiate into mature erythrocytes.  
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Chapter 4 Discussion 

In this study, we identified that Hh mutations cause defects to hematopoiesis in the early 

embryo while preserving, or perhaps enhancing the development of endothelial and hemogenic 

endothelial precursor development. This is contrary to all current theories about the role of Hh 

signaling in blood development where it is widely assumed that blood defects are secondary to 

defects to the production of endothelium and hemogenic precursors (16).  

 The first studies to investigate the role of Hh signaling in early blood development were 

primarily concerned with the ability of Hh ligand to induce endothelial tube formation in 

angioblast cells and to ectopically induce hemogenic and angiogenic cell fates in the early anterior 

epiblast (12, 13, 15, 29). Loss of function studies in mouse embryos focused exclusively on the 

defects of large vessels where it is noted that vascular remodeling in the yolk sac and anterior 

dorsal aorta require Hh pathway activity (12, 14, 15, 29). However, it was shown that even in Smo-

/- embryos, robust expression of the endothelial-specific protein, PECAM, is observed in the yolk 

sac—suggesting that extraembryonic endothelial cell specification is intact (15). Additionally, it 

is clear by gross morphology that the primitive vascular bed of the yolk sac is appropriately 

formed—restricting the defect to that of vessel remodeling.  

 A recent in vitro study attempted to link the endothelial remodeling defects observed in Hh 

mutants to defects in blood development (16). However, although they noted clear defects to blood 

differentiation, they noticed only mild defects to hemogenic endothelium production. 

Interestingly, they were able to overcome the effects of Hh inhibition by upregulating either Scl or 

Delta/Notch signaling though this may speak to a rescue of EHT rather than a rescue of hemogenic 

endothelium production (16). Of note, they rest a large part of their model on extant literature 

citing developmental disruption to endothelial organization despite the fact that there is no current 
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linking a requirement for endothelial tube organization alone to produce blood.  Furthermore, past 

in vitro models for blood development have led to improper conclusions. Notably evidence for a 

bipotential progenitor cell for both blood and vascular lineages, referred to as the hemangioblast, 

was supposedly identified in vitro (30, 31). Later studies demonstrated that this bipotential cell 

was not resident in vivo and was primarily a product of exogenous culture conditions which alter 

cellular differentiation potential (1, 30-35).  

 For the above reasons, it is imperative to use in vivo systems to study the role of Hh 

signaling in early blood development. Based on our transcriptional studies, it appears that both 

first wave hematoendothelial precursors and second wave hemogenic endothelial cells are enriched 

in Hh mutants at the expense of functional blood development. Firstly, this decouples the link 

between endothelial tube dysfunction and the specification of endothelial cells themselves.  

Second, this suggests that the reduction in blood is due to a failure of hemogenic endothelial cells 

to differentiate into mature erythrocytes rather than un underlying deficit in hemogenic 

endothelium production. Furthermore, the fact that E8.5 embryos demonstrate even greater 

reduction to blood transcripts compared to E8.25 embryos suggests that anemia persists in early 

Hh mutants and suggests that this defect continues through at least through second wave 

hematopoiesis.   

 Several questions remain—the first being why there is a lack of downregulated blood 

transcripts in E7.5 Mesp1-Gli3R mutants even though these cells are generated during gastrulation 

(Fig 4.1 E and F). It may be the case that the original specification of these progenitors from the 

mesoderm is intact but have reduced potential for renewal without active Hh signaling. We are 

also unaware of which genes are directly regulated by Hh signaling for blood differentiation. An 

obvious candidate is the Vegf pathway which has been shown to be downstream of Hh signaling 
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in vascular development and is responsible for assisting in both primitive and definitive 

hematopoiesis (10, 36). Finally, although the Hh pathway is dispensable for adult hematopoietic 

stem cell (HSC) function in mammals, it has never been shown whether Hh signaling is required 

for the initial development of HSCs during mammalian embryogenesis despite the fact that Hh 

signaling is required for HSC development in zebradish (10). This will require ablation of the Hh 

pathway from hemogenic endothelium within either the dorsal aorta which directly produce 

presumptive adult HSCs or in the Runx1+ hematoendothelial precursors that give rise to the 

hemogenic endothelium in the dorsal aorta (2, 3).  
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Fig. 4.1. Hh mutants reveal an absence of blood gene expression after organogenesis. (A) Heat 

map for differentially-expressed Hh-dependent genes (A) shows consistency of gene expression  
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(Fig. 4.1, Continued) 

between replicates majority and that downregulated genes comprise the bulk of differential 

expression. (B) A volcano plot for Hh-dependent genes shows classic determinants of blood 

development and blood differentiation products are greatly reduced in expression. (C and D) Gene 

ontology (GO) analysis for downregulated genes (C) reveals almost exclusive enrichment for 

blood terms while GO analysis for upregulated genes (D) are represented mainly by terms for 

vascular development. (E) Shows overlap of downregulated genes between E7.5 and E8.5 Mesp1-

Gli3R mutants with overlapping Hh-dependent genes highlighted in green while (F) shows overlap 

between upregulated E7.5 and downregulated E8.5 Mesp1-Gli3R mutants with overlapping blood 

development genes highlighted in green.
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Fig. 4.2. scRNA-seq of Mesp1-Gli3R mutant mesoderm during organogenesis reveals 

increase in endothelial populations at the expense of blood: (A) Mesp1Cre-labeled cells from  
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(Fig. 4.2, Continued) 

both Wt (Mesp1-tdTomato) and Mut (Mesp1-Gli3R) were isolated by FACS and processed for 

scRNA-sequencing using Drop-seq. (B) UMAP projections of single-cell transcriptomes revealed 

that the majority of cells are comprised of extraembryonic tissues which are responsible for early 

embryonic blood production. (C) Re-clustering blood cells after removing embryonic mesoderm 

reveals two distinct populations of extraembryonic tissues consisting of yolk sac endothelium and 

an active blood-producing hematoendothelial lineage. (D and E) Marking cells my genotype on 

UMAP projections (D) revealed that mutant cells (orange) are enriched within the endothelial 

population and dis-enriched in blood populations compared to Wt controls (blue); this is confirmed 

by cell proportion graphs (E). 
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Fig. 4.3. Specific sub-lineages for blood development are identified by expression of canonical 

markers. (A) Heatmap for gene expression in single cells revealed discrete gene expression  
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(Fig. 4.3, Continued) 

differences between clusters representing three general cell types including endothelium, 

hemogenic endothelium, and embryonic blood. (B) Heatmaps for individual gene expression 

confirmed this finding however general cell-type markers do not explain the left-right bifurcation 

of cells across the UMAP1 axis. Expression of general endothelial genes Pecam1, Flt1, and Etv2 

are represented in both branches while a marker specific to definitive YS hemogenic endothelium, 

Lyve1, is only represented on the left branch. By exclusion, the right branch is likely to represent 

early hemogenic precursors from first wave hematopoiesis which are the first cells to produce 

blood in the embryo. These cells express general hemogenic endothelium markers such as Tal1 

and selectively express Runx1 which is a known marker of hematoendothelial cells. Finally, only 

right-branch lineages significantly express Gata1 and Hbb-y which represent maturing and mature 

erythrocytes respectively.  
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Fig. S4.1. Transverse embryo section displaying ISH for GFP expressed under a Hh-

dependent reporter allele. Staining of a Hh-dependent reporter transgene in transverse sections 

of otherwise wild-type E9.5 embryos. 
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CHAPTER 5: SYNTHESIS AND FUTURE DIRECTIONS 

 
A new role for Hh signaling in A-P Patterning  

 Although Hh signaling has been shown to be necessary for the patterning of diverse tissues 

in mammals, it has not been previously shown to pattern the A-P axis. In this study, I identified a 

major mechanism for anterior-specific developmental defects, which involves the Hh dependence 

of Fgf4/8 signaling to drive the genesis and morphogenetic movements of the nascent mesoderm 

during gastrulation. Additionally, I found that a critical subset of genes for anterior mesoderm 

development are Hh-dependent in the mesoderm of the early mouse gastrula. Genes such as Hnf3b 

(FoxA2), and Brachyury (T) are downregulated in early Hh mutants and are critically important 

for the formation of embryonic organizers that drive the development of anterior mesoderm (1-3). 

This suggests that Hh signaling may be an upstream component in a general pathway for 

coordinating anterior mesoderm morphogenesis and furthermore, may be a signaling component 

for a classic embryonic organizer.  

 

Much of A-P axis determination and patterning is determined by embryonic organizers 

The first mention of an embryonic organizer was by Victor Henson who noted the ability 

of the leading edge of the primitive streak to organize tissues around itself (4). Perhaps the first 

mechanistic experiment to address axis formation and patterning in vertebrates was performed by 

Spemann and Mangold where they identified a cluster of cells in amphibian embryos that could 

induce ectopic axis in orthografts (5). Since the discovery of this gastrula organizer, similar 

Spemann-Mangold-type organizers were discovered in other amphibians along with analogous 

structures such as the ‘shield’ in zebrafish (6, 7). The organization of the mammalian embryonic 

axis however, has been a more contentious topic due in part to the baked-in difficulties of internal 
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fertilization which made embryos inaccessible to classic transplantation/explantation experiments 

until the development of modern ex-vivo embryonic culture systems (8). Even then, fundamental 

limitations to the length of time mouse embryos can be cultured successfully constrain the 

developmental windows open to be assayed. 

 To make matters more difficult, murine tissues with organizing capability behave in a 

manner unconventional to most classic models. For instance, the mouse node, which bears 

morphologic resemblance to Hensen’s node in the chick, does not in itself sufficient to induce 

anterior neurectoderm markers at ectopic sites in orthotropic transplantation experiments (9). 

However, additional transient embryonic organizers were identified in the posterior midline of the 

embryo during early to mid-gastrulation and were identified as the early gastrula organizer (EGO) 

and mid-gastrula organizer (MGO) respectively (10). Interestingly, although both organizers 

occupy the same relative posterior-midline embryonic position immediately distal to the advancing 

primitive streak, they have different organizing potential. While the MGO alone has been shown 

to induce ectopic neuroectoderm fates, the EGO requires co-transplantation of the primitive streak, 

anterior epiblast, and anterior visceral endoderm to achieve the same end (11). Needless to say, 

the specification of axes requires the communication of many tissues expressing genes in a 

spatiotemporally restricted manner.  

 In addition to axis formation, embryonic organizers play a role in axis patterning. For 

example, physical resection of the mouse node at late gastrulation causes failure to establish 

asymmetry across the L-R axis although supposedly leaves the A-P axis intact as anterior 

neurectoderm markers continue to be expressed (12). Although the A-P axis itself was established, 

it was not determined whether the distribution of tissues across the A-P axis was effected due to 

short time course of development post-resection, the lack of sagittal histology, and the near 
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singular focus on L-R patterning (12). In order to determine the necessity of this tissue on A-P axis 

patterning, closer attention must be paid to anterior-specific gene expression and organ formation.  

 Genetic ablations of the node have arguably yielded far more useful information as to its 

role in embryonic patterning. For instance, deletion of Foxa2 results in the absence of axial tissues 

including the node and notochord in conjunction with severe deficits to anterior mesoderm 

formation—although anterior axis formation is not completely lost due to the preservation of 

certain anterior neuroectoderm markers (2, 3). Additional genes such as Mixl1 and Tdgf1 also 

result in node agnenesis concomitant with selective defects to anterior tissue development (13, 14). 

These data suggest that not only is A-P patterning more sensitive to perturbation, but also that the 

node likely plays a critical role in this process.  

  The question then stands as to how the node, which is comprised of few cells and 

contributes to relatively few adult tissues, exerts patterning information on nascent tissues arising 

from the primitive streak. This must require some communication with tissues in the primitive 

streak, which are actively involved with the generation and migratory potential of nascent 

mesendoderm. In chapter 3, I identified a crucial link between these two tissues where Hh pathway 

activity in the node seems to exert influence over the Fgf4/8 migratory pathway within the 

primitive streak. Although many studies have identified factors that influence both node and 

primitive streak function, unlike the studies I present in chapter 3 concerning the role of Hh 

signaling exclusively in the node, all other extant studies involve genes that are expressed in both 

the primitive streak and the node (15, 16)—making it impossible to definitively answer whether 

their effect on anterior structure development is the result of direct action within primitive streak 

or through tissue communication between the node and primitive streak. 
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The Nodal and Hh pathways have shared function in A-P patterning  

One way to go about studying the intersection of influences from the node and primitive 

streak on anterior mesoderm morphogenesis is to identify genes that are 1) expressed in the node 

and 2) produce anterior-specific mesoderm defects in loss-of-function experiments. Although 

several candidate pathways fulfill this requirement, the Nodal pathway is by far the most 

represented in the literature (16). Through deletion of various pathway components, it has been 

shown that the most severe mutants completely fail to generate mesoderm while moderate mutants 

have anterior lineage truncations and mild pathway mutants reveal selective defects to the anterior 

mesoderm relative to posterior mesoderm (16-18). Interestingly, although most Nodal pathway 

components do not seem to be downregulated in Hh mutant mesoderm, there does seem to be a 

shared downstream network between both pathways consisting of FoxA2, T, Tdgf1, and Fgf4 (17, 

19-21). Furthermore, the Hh and Nodal pathways intersect within the node during the onset of 

anterior mesoderm migration and activate similar downstream genes. This reveals the potential for 

a shared downstream network between the Hh and Nodal pathways in embryonic midline for 

mesoderm allocation across the A-P axis. 

Although there is only mild evidence that Hh signaling directly regulates Nodal itself (22), 

Hh signaling may be directly upstream of downstream of Nodal pathway components that 

modulate the level of Nodal pathway activity (23, 24). In E7.5 Mesp1-Gli3R mutants, both Tdgf1 

and Smad3 are significantly dysregulated (FDR <= 0.10) where both genes produce anterior 

mesoderm defects of varying severity (Fig. 3.4). TDGF1 is a co-receptor for NODAL ligand and 

greatly increases downstream pathway signal transduction while SMAD3 acts as an important 

transcriptional co-activator in the nucleus (18, 23). Another mechanism for Hh and nodal pathway 

interaction may be through a shared genetic network for mesoderm formation downstream of both 
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Hh and Nodal signaling. In Chapter 3, I found that a primary explanation for the role of Hh 

signaling anterior mesoderm patterning was through an Fgf4/8 signaling pathway for cell 

migration during gastrulation. Fgf4 is a common downstream target of both pathways as is T, 

which is part of a well-described positive feedback loop for Fgf8 expression (25-29). Based on 

gene expression alone this may describe a shared role of Nodal and Hh signaling for anterior 

mesoderm migration.  

 One pressing question is whether Nodal signaling shares a common developmental 

mechanism with Hh signaling for anterior mesoderm development. In Zebrafish it was recently 

identified that a novel signaling event through the toddler-apelin pathway drives mesendoderm 

cell migration during gastrulation and functions downstream of Nodal signaling (30, 31). However, 

the role for directing cell movements in mammalian gastrulation is far less clear. One study 

attempted to address this by creating chimeric mouse embryos by injecting labeled Nodal-/- stem 

cells into unlabeled Wt blastocysts and analyzing the resultant cell fates. Due to Nodal’s selective 

role in directing anterior mesoderm formation, it was hypothesized that cells lacking Nodal would 

demonstrate insufficient contribution to anterior tissues—however, Nodal-/- cells preferentially 

populated the anterior embryonic pole after gastrulation (17).  It may still be possible that Nodal 

does have an impact on influencing anterior mesoderm development through control of migration 

but likely involves more complex regulation than originally conceived.  

 Finally, shared pathway interaction between Hh and nodal signaling may be mediated 

through the proper formation and function of the axial mesoderm. Hh pathway activity, Nodal, T, 

and FoxA2 are all localized to the node (2, 3, 21, 32). Interestingly, deletion of Smo and 

perturbations to Nodal signaling through conditional deletion of Nodal or Smad3 in the posterior 

streak does not eliminate the formation of axial organizers such as the node or notochord yet causes 
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anterior-specific phenotypes and perturbs the expression of FoxA2 and T(17, 18, 21, 33, 34). 

FoxA2 and T are required for the formation of both anterior mesoderm and axial tissues where 

deletions to T interrupt node and notochord formation and deletions to FoxA2 result in complete 

agenesis (2, 3, 35, 36). Additionally, development of axial mesoderm itself appears to be 

responsible for anterior mesoderm development as Mixl1-/- mutants fail to form axial mesoderm 

and display severe anterior mesoderm defects independent of Hh or Nodal pathways (14). In 

summary, it appears that upstream signaling from Hh or Nodal pathways may induce anterior-

specific defects by blunting important gene expression within the axial mesoderm while shared 

downstream genes control anterior mesoderm development through the proper development of the 

axial mesoderm tissues. 

 

Differential roles for Hh signaling in embryonic and extraembryonic mesoderm 

development 

 One lingering question is whether Hh signaling functions through separate mechanisms for 

extraembryonic and embryonic mesoderm formation. Although both tissues derive from cells that 

migrate through the primitive streak during gastrulation, they arise from spatiotemporally distinct 

populations within the epiblast (37, 38). Additionally, it has been shown that the generation of 

these two populations of cells does not necessarily share the same gene network for gastrulation. 

For example, disruptions to Nodal signaling through Tdgf1 deletion severely affect embryonic 

mesoderm formation while extraembryonic structures such as the allantois and yolk sac are 

preserved (39).  

 Although the detection of blood defects by RNA-seq is delayed compared to the detection 

of defects to the embryonic mesoderm, it is entirely possible that the defects to gastrulation may 
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also influence the development in extraembryonic tissues. For example, blood and endothelial 

defects seem to be more severe in Smo-/- and Ihh-/-;Shh-/- mutants, which have impaired 

gastrulation, compared to Ihh-/- embryos which have milder blood defects and unimpeded 

gastrulation despite Ihh being the only ligand expressed in the yolk sac (22, 40-42). However, my 

analysis of single-cell RNA-seq from E8.25 Mesp1-Gli3R mutants revealed an increase of Runx1+ 

hematoendothelial precursors relative to Mesp1-tdTomato controls, which are generated directly 

from gastrulation during first wave hematopoiesis. This suggests that either the dysfunction to 

gastrulation eventually affects the ability of hemogenic precursors to differentiate into erythrocytes 

days later in development, or that Shh is able to compensate for a loss of Ihh signaling in the yolk 

sac during blood development. Due to the technical challenges of parsing between these two 

scenarios, I focused my studies on the role of Hh signaling in endothelial and hemogenic precursor 

development as it relates to the differentiation of erythrocytes. 

 

The role of Hh signaling in blood and endothelial development 

Endothelial precursors, called angioblasts, migrate to the extraembryonic tissues of the 

yolk sac during gastrulation around the same time that the fist hemogenic precursors emerge (43). 

Both populations share common developmental ontogeny and gene expression which was 

originally interpreted to mean that these lineages shared a common bipotential progenitor called 

the hemangioblast (44, 45). Although the hemangioblast was postulated decades earlier, the first 

experimental evidence to give credence to its existence was derived from in vitro differentiation 

experiments (44-47). Despite decades of work, this cell type was never isolated in vivo and through 

various fate maps it was shown that the closest identified common progenitor was a cell type that 

was competent to give rise to additional mesoderm lineages such as smooth muscle (48, 49). 
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Additionally, careful fate mapping of the nascent mesoderm identified discrete populations in the 

primitive streak that give rise to either endothelial cells or blood cells, but not both (43).   

 The role of Hh signaling in vertebrate vascular endothelial development is perhaps best 

studied in the context of the yolk sac. Early studies revealed that Ihh ligand was expressed by the 

extraembryonic endoderm and received by the nascent extraembryonic mesoderm during 

gastrulation as evidence by Ptch1 expression (40, 50). The absence of either extraembryonic 

endoderm or Hh pathway activity revealed profound defects within the vascular mesoderm where 

vascular reorganization was severely impaired (51, 52). Additionally, it was shown that vascular 

reorganization could be sufficiently induced through the re-introduction of Hh ligand to 

angioblasts (51). Although Hh-dependent vessel remodeling defects are observed concomitant 

with embryonic anemia, it should be noted that the yolk sac vascular bed is fully formed through 

neovasculogenesis in early Hh mutants but fails to undergo further angiogenic remodeling (40, 

53).  

 Despite the uninterrupted specification of the vascular endothelium, one study postulated 

that disruption to Hh signaling resulted in blood defects secondary to the failure to specify 

endothelium and hemogenic endothelium (54). Although this study demonstrated severe effects to 

blood differentiation in vitro, defects to either endothelium or hemogenic endothelium were 

modest. Additionally, the authors’ own in vivo data from zebrafish partially contradict the main 

claims of their paper as note that Hh inhibition through cyclopamine disrupted arterial specification 

of the dorsal aorta but preserved Runx1+ hemogenic endothelial cell populations. This reinforced 

the importance of Hh signaling in endothelial function but not to the specification of hemogenic 

endothelium (54). This result is more in-line with my in vivo mouse data where the specification 
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of endothelial lineages are either unaffected or increased despite the presence of an anemic 

phenotype.  

 In summary, Hh signaling seems to be critical to the formation of organized vascular 

development through angiogenesis in the early blood-forming tissues. Although the current dogma 

states that the role of Hh signaling in early blood development is inextricably linked to its role in 

blood development, there does not appear to be a definitive link between endothelial tube in the 

early vascular system and blood development independent of Hh signaling.  

 

Alternative links between Hh signaling, endothelial development, and erythrocyte 

differentiation.  

There does seem to be a surprising link between the vascular developmental phenotypes of 

Hh mutants and those of embryos with phenotypes that impaired blood flow. Embryos with 

deletions to the gene Mlc2a result in impaired circulation due to contractile deficiencies of the 

primitive heart tube are capable of forming the primitive bed of vascular endothelium within the 

early yolk sac yet fail to undergo angiogenic remodeling at E9.5 (55). Although the obvious link 

between Hh pathway and Mlc2a mutants is the impairment of early embryonic circulation due to 

cardiac dysfunction, it has also been clearly demonstrated that Hh signaling acts independent of 

blood flow to induce angiogenic remodeling of yolk sac vasculature (56).  

It unlikely that shear forces caused by circulation in the yolk sac activate the Hh pathway 

directly due to the uniform expression pattern of Ihh in Hh-sending tissues within the yolk sac 

which precede the onset of circulation (50). However, Hh signaling and shear stresses may work 

through a common pathway to arrange the embryonic vasculature. Yolk sac vessel remodeling 

seems to be dependent upon the activation of the eNOS pathway which works in concert with the 
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Vegf pathway for angiogenesis (57). There has also been past evidence demonstrating the direct 

action of Hh signaling on the Vegf pathway through modulating the expression of the ligand Vegfa 

(51, 58-60).  

While the Vegf pathway is best known for its role in angiogenesis, it plays a lesser known 

role in hematopoiesis during early embryogenesis (61, 62). In zebrafish, it has been shown that 

Vegf pathway activity has a positive effect erythrocyte production during embryonic 

hematopoiesis (61). Although bulk E8.5 RNA-seq in my study didn’t identify disruptions to Vegfa 

expression in E8.5 Mesp1-Gli3R embryos, this data was derived from embryonic tissue while the 

majority of blood production is relegated to the extraembryonic yolk sac at this developmental 

stage (47). Furthermore, disrupted Vegf signaling in Hh mutants would explain the fact that both 

angiogenesis and blood differentiation are disrupted while preserving the initial specification of 

both hemogenic and non-hemogenic endothelium.   

 

Conclusion and Future Directions 

 The Hh signaling pathway is one of the most well known in development and yet there is 

still much to be learned about its ability to pattern and specify tissues within the early embryo. 

Perhaps the most well-known function of the pathway is the ability to pattern tissues across their 

axes (63-65). In this thesis, I have presented evidence that Hh signaling from the node in 

gastrulating embryos is a major factor in determining A-P patterning. Additionally, I discovered a 

mechanism for Hh signaling for blood development in the yolk sac.  

 One of the most exciting prospects of this work is that it opens the possibility to find a 

common gene regulatory network for A-P patterning within a classic embryonic organizer, the 

mammalian node. Although the node has been well studied in its role as an organizer of the L-R 
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axis, its role in determining the A-P axis has been largely ignored and presents ample opportunity 

for further study. Several genes arise as obvious candidates for A-P patterning from the node 

including Foxa2, T, Mixl1, and multiple members of the Nodal pathway including: Nodal, 

Smad2/3, Tdgf1, and FoxH1—all of which have overlapping expression domains in the node (2, 

3, 14, 20, 21, 32). Hh signaling is likely not upstream of Nodal expression itself yet two 

downstream genes, Tdgf1 and Smad3, are viable candidates for direct regulation by Hh signaling 

since they are downregulated within the mesoderm in Mesp1-Gli3R mutants.  

One major challenge in proving direct targets for Hh signaling in the node is the tissue-

input limitation of chromatin assays such as ChIP-seq which ideally require millions of cells (66). 

Recently, a new Assay for Transposase-Accessible Chromatin (ATAC)-seq was scaled down for 

single-cell measurements yet the ability to find TF-specific binding events at this input level is yet 

to be achieved (67, 68). Mouse Embryonic Stem Cells (mESCs) can be utilized to model the role 

of Hh signaling in early embryogenesis and overcome tissue input limitations of various assays 

yet they do not endogenously experience active Hh signaling throughout mesoderm induction (69). 

Additionally, these cells are recalcitrant to exogenous pathway activation through SHH and small 

molecule Smoothened agonists. Bypassing upstream signaling by expressing activating Hh-

dependent TFs such as Gli1 during mesoderm development is a potential option to overcome this 

technical challenge yet introduces the caveat that overexpression systems introduce ectopic 

binding events that are not present in vivo. 

Another, perhaps more fruitful approach would be to look for pathway interdependence for 

A-P patterning through genetic interaction studies. The requirement for Hh and Nodal pathways 

in A-P patterning can be studied through progressive loss of function allelic series mutants using 

extant mouse lines. For one, MoxCre can conditionally delete Hh or Nodal pathway genes from the 
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epiblast to produce hypomorphic signaling from either or both pathways (17). Additionally, both 

Nodal+/- and Smo+/- mutants have been shown to provide effective sensitized backgrounds in 

genetic interaction studies (24, 70). It would be interesting to first confirm whether Nodal and Hh 

signaling share a common mechanism for A-P patterning—for example by observing whether 

Smo-/-;Nodal+/- embryos demonstrate a worsened anterior phenotype compared to Smo-/- embryos. 

Additionally, putative downstream pathway components such as FoxA2 or T can be analyzed by 

creating heterozygous null mutants on sensitized backgrounds lacking portions of the Hh or Nodal 

pathways.  

Genetic interaction studies may also uncover whether the Hh-dependent defects to both the 

embryonic and extraembryonic mesoderm share a common mechanism. Although Hh-mutants 

demonstrate clear defects to erythrocyte production, the phenotype is not completely penetrant and 

can be exacerbated by perturbing additional genes in a common pathway.  If there is a common 

pathway for the development of both tissues, it would be most interesting to test whether genetic 

interactions disrupt erythrocyte differentiation from both first and second wave hematopoiesis, as 

seems to be the case in Hh mutants, or if the there is a disparate effect on the two processes.  

Lastly, it has been known for many decades that Smo-/- and Shh-/-;Ihh-/- mutants produce 

vastly different phenotypes than individual ligand knockouts (22, 41). However, there has been a 

failure to investigate this phenomenon beyond defects to L-R patterning and endothelial tube 

formation. Through extensive phenotyping and an array of independent assays, I have shown that 

these defects stem primarily from improper gastrulation due to signaling dysfunction for the 

development of both embryonic and extraembryonic mesoderm. Additionally, these studies may 

implicate a general mechanism for anterior axis patterning through the action of a conserved 

signaling network within the embryonic midline.  
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