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Abstract

A balance between progenitor cell maintenance and differentiation is tightly regulated
during embryonic development'® and adult tissue homeostasis*®. Hedgehog (Hh)
signaling is known to function within the progenitor cell populations of several
developing® and regenerativel® organs, and in cancers with resident progenitor
subpopulations-'2, Here we provide evidence that Hh signaling dictates differentiation
timing by promoting progenitor status and inhibiting differentiation during mammalian
heart morphogenesis. Removal of active Hh signaling from cardiac progenitors in vivo
caused increased cardiomyocyte differentiation gene expression, precocious
differentiation, and Congenital Heart Disease (CHD). Modeling active Hh signaling
through expression of the activating Hh transcription factor (TF), GLI1, in cardiac
progenitors enabled the maintenance of a progenitor-specific regulatory network and
delayed onset of the cardiomyocyte differentiation program. Progenitor-specific, but not
differentiated cardiomyocyte-specific, accessible chromatin regions were enriched for
GLI binding motifs. Furthermore, GLI1 expression promoted a global shift of chromatin
accessibility towards progenitor-like, and away from cardiomyocyte-like, profiles at distal
regulatory elements. The shift from active to repressive GLI TF abundance comprised a
molecular switch that determined the activity patterns of progenitor-specific regulatory
elements in vitro and in vivo. Thus, Hh signaling modulates a GLI switch at progenitor
enhancers to activate progenitor gene expression and inhibit premature differentiation,
thereby determining cardiac progenitor differentiation timing. This provides a novel
molecular paradigm for progenitor maintenance by signal-dependent TFs with

implications for organ development, regenerative potential, and cancer.


https://doi.org/10.1101/270751

bioRxiv preprint doi: https://doi.org/10.1101/270751; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Main text

The vertebrate heart forms from two spatially distinct pools of cardiac progenitors that
differentiate at different stages - the first heart field, which differentiates early into the
embryonic heart tube (HT) and the second heart field (SHF), which differentiates later
after migrating into the HT to form cardiac structures critical for mammalian
cardiopulmonary circulation, including the right ventricle, pulmonary artery, and atrial
septum (reviewed in *3). The juxtaposition of SHF cardiac progenitors (blue region) and
differentiating cardiomyocytes in the HT (red region) thus provides a unique system for
investigating the spatiotemporal regulation of cardiomyocyte differentiation (Fig. 1a).
Active Hh signal is sent from pulmonary endoderm to the adjacent SHF and is required
in the SHF for the genesis of SHF-derived structures!#16, Hh signaling is excluded from
the heart itself*15, Hh signaling is effected by the nuclear accumulation of activating
GLI TFs (GLI* TFs: GLI1, GLI2A, GLI3*) at the expense of repressive GLI TFs (GLIR
TFs: GLI2R, GLI3R), however, the molecular mechanism by which GLI TFs direct
cardiogenesis in cardiac progenitors of the SHF remains unclear.

We defined Hh-dependent SHF gene expression by performing transcriptional
profiling of the pSHF from E10.5 Shh mutant (Shh”’-) and littermate control (Shh*/*)
embryos. RNA-seq and confirmation with qPCR or in situ hybridization revealed
downregulation of many genes expressed in embryonic mesoderm or cardiac
progenitors, such as Foxfl, Wnt2b, Snail, and Osrl and Gli1, a marker for Hh signaling
itself (Fig. 1b, Extended Data Fig. 1a-d, f, g). Gene Ontology (GO) analysis of these
genes identified terms including “smoothened signaling” and progenitor-specific

developmental terms including “pattern formation”, “morphogenesis”, and
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‘regionalization” (Fig. 1d). In contrast, upregulated genes in the Shh mutant pSHF
included cardiomyocyte differentiation products such as Myl3, Tnni3 and Nppa (Fig. 1b,
Extended Data Fig. la-b, e). GO analysis on upregulated genes identified terms
associated with cardiomyocyte differentiation, including “muscle cell differentiation”,
‘myofibril  assembly”, “sarcomere”, “myofibrils”, and “cardiac muscle tissue
development” (Fig. 1d). These findings suggested that Hh signaling in the pSHF
activated progenitor-specific gene expression but repressed cardiomyocyte
differentiation-specific gene expression. Indeed, genes downregulated in the Shh
mutant pSHF were normally more highly expressed in the pSHF compared with the HT,
whereas genes upregulated were normally more highly expressed in HT compared with
pSHF (Fig. 1c). These observations suggested that Hh signaling maintained progenitor
gene expression and prevented cardiomyocyte differentiation gene expression in the
PSHF.

We hypothesized that removal of Hh signaling from the SHF would affect cardiac
progenitor differentiation status in-vivo. We observed precocious differentiation of the
pSHF, based on the inappropriate expression of sarcomeric myosin (MF20) in the pSHF
and lack of mesenchymal cells migrating into the heart from the pSHF (yellow
arrowhead) in Shh”- mice, compared to wild type littermate controls at E10.5 (Fig. 1e).
Shh”’- embryos demonstrated CHD (atrioventricular septal defects) at E14.5, consistent
with previous reports'’-2°, We predicted that Hh-dependent differentiation control in the
SHF was exerted through Hh effector GLI TF activity. We predicted that ectopic GLIR
expression in the embryonic SHF would override GLI* activity to cause precocious

differentiation in the SHF and CHD. We induced constitutive expression of GLI3R from


https://doi.org/10.1101/270751

bioRxiv preprint doi: https://doi.org/10.1101/270751; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

the ROSA26C!8T-Flag cic gllele?! in the pSHF with tamoxifen-inducible Cre-recombinase
expressed from the Osr1eCGFPCre-ERZ  gllele??, administering tamoxifen during SHF
maturation from E7.5 — E9.5%°. Indelible expression of GLI3R in the pSHF (Osr1eGFPcre-
ER2: ROSA26°!I8T-Flag ¢*) caused precocious differentiation of cardiomyocytes in the SHF,
evidenced by increased expression of pSHF sarcomeric myosin (MF20) and lack of
mesenchymal cells migrating into the IFT, relative to littermate controls at E10.5
(ROSA26C!I8T-Flag ¢+ Eig  1e). Mutant embryos, but not littermate controls, demonstrated
AVSDs at E14.5 (Fig. 4f). Together, these findings linked a disruption of GLI* / GLIR TF
balance to structural heart defects and suggested that Hh signaling maintained SHF
progenitor status by maintaining GLI* TF predominance.

We utilized a mouse embryonic stem cell (mMESC) system to investigate GLI TF
control of cardiac differentiation timing?® (Extended Data Fig. 2a). We evaluated
baseline Hh signaling in a time course of mESC differentiation into cardiomyocytes.
Active Hh signaling was observed in stem cells (Day -2-0) and early mesoderm (D2)
based on the expression of Hh targets Glil and Ptch1?426 and the relative protein ratios
of GLI* (GLI1, GLI34) to GLIR (GLI3R), which demonstrated a predominance of GLI* by
western blot (Extended Data Fig. 2b, d-g). In contrast, specified cardiomyocyte
progenitors (Day 5-7) and differentiated cardiomyocytes (Day 8-12) demonstrated
inactive Hh signaling, based on the reduction of Glil and Ptchl expression and a
predominance of GLIR by western blot (Extended Data Fig. 2b, d-g). Quantification of
the relative protein abundances of GLI* (GLI1, GLI3*) and GLIR (GLI3R) demonstrated a
transition from active Hh signaling with high GLI to inactive Hh signaling with high GLIR

coincident with the onset of cardiomyocyte differentiation (Extended Data Fig. 29).
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We hypothesized that the transition from GLI* to GLIR TF predominance was
required to promote cardiomyocyte differentiation and predicted that enforced GLI*
expression may prevent cardiomyocyte differentiation. We developed a doxycycline-
inducible GLI1 overexpression (GLI1 OE) mESC line to enable GLI* expression during
cardiac differentiation in vitro (Extended Data Fig. 3a). To mimic the transient exposure
of SHF cardiac progenitors to active Hh signaling experienced in vivo, we induced GLI1
expression for 24 hours in cardiac progenitor (CP) stage cells (Day 5-6; Fig. 2a).
Doxycycline treatment resulted in activation of Glil transcript and GLI1 protein, and the
SHF Hh target gene Foxf1'® within 24 hours (Extended Data Fig. 3b-d). Strikingly,
transient GLI1 overexpression in cardiac progenitors (GLI1 OE) inhibited cardiomyocyte
differentiation, reflected in a dramatic reduction in the expression of cardiac troponin
(cTnT) and in the number of beating cardiomyocyte foci Day 8, compared to control
cells (Fig. 2b-d). By Day 12 of differentiation, however, beating foci number and cTnT
expression had recovered in GLI1 OE cells, compared to control cells (Fig. 2e-g).
These observations indicated that transient activation of Hh signaling in cardiac
progenitors resulted in delayed cardiac differentiation, not abrogated differentiation
potential.

We investigated the effect of transient GLI1 OE in cardiac progenitors on the
progenitor and differentiation gene expression programs in a temporal series of
differentiation stages: cardiac progenitors (Day 6), early cardiomyocytes (Day 8) and
late cardiomyocytes (Day 12). GLI1 OE caused a sharp and global increase in the

expression of progenitor and mesoderm-specific genes, and a sharp decrease in the
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expression of cardiomyocyte differentiation genes at Day 6 (Fig. 2h, j-k, Extended Data
Fig. 4a-b). GO terms associated with genes induced by GLI1 at Day 6 included
progenitor terms such as “developmental programs”, “cell division” and “growth factor
activity”, while those associated with genes down-regulated by GLI1 OE included
differentiation terms such as “differentiation”, “cardiomyopathy” and “the sarcomere”
(Fig. 2h). After doxycycline was removed from the media and differentiation proceeded,
both progenitor- and differentiation-specific gene expression levels normalized over
time. The number of differentially expressed genes (logFC = 1.5; FDR < 0.05)
decreased from 1,652 at Day 6 to 78 by Day 12, and the correlation between global
transcriptional profiles of GLI1 OE and control cells increased (Fig. 2i, Extended Data
Fig. 4a-b). By Day 12, expression levels of progenitor-specific genes Glil, Foxfl and
Bra in treated cells were similar to control cells, as were the expression levels of the
cardiomyocyte differentiation genes Tnnt2, Myh6 and Hand2 (Fig. 2j-k). Collectively,
these results suggest that transient GLI* expression in cardiac progenitors temporarily
prevented differentiation by up-regulating progenitor program genes and down-
regulating cardiomyocyte differentiation program genes.

We hypothesized that GLI* maintains cardiac progenitor status by promoting
gene expression directly at progenitor-specific cis-regulatory elements (CREs). We
identified candidate cardiac progenitor-specific and cardiomyocyte-specific cis-
regulatory regions by comparing accessible chromatin regions in the embryonic pSHF
and HT at E10 using ATAC-seq?’. De novo motif analysis on pSHF-specific accessible
regions revealed enrichment for binding sites of mesoderm and progenitor-specific

transcription factors, such as TCF/LEF, HOXC10, and TWIST1, while HT-specific


https://doi.org/10.1101/270751

bioRxiv preprint doi: https://doi.org/10.1101/270751; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

regions were enriched for cardiac TF motifs, including GATA6, NKX2-5 and TBX5,
indicating that chromatin organization in cardiac progenitors and cardiomyocytes
reflects the distinct gene expression programs activated in each tissue (Fig. 3a).
Importantly, we observed strong enrichment of GLI and GLI-similar (GLIS) binding
motifs in pSHF-specific regions, relative to HT-specific regions (Fig. 3c, Hs GLI2
adjusted P-value = 3.74e?%). These results suggest that Hh signaling may direct a
progenitor gene expression program in the pSHF through direct GLI* regulation from
CREs accessible in the progenitor state.

GLI* motif enrichment at pSHF-specific accessible chromatin regions could
reflect passive localization of GLI* to previously accessible sites or GLI* localization
causing active chromatin remodeling and increased accessibility specifically in cardiac
progenitors. We investigated the consequence of GLI* expression on chromatin
accessibility by comparing the ATAC-seq profile of GLI1 OE cardiac progenitors to
control cells at Day 7. We found 8,001 newly accessible regions upon GLI1 OE in
cardiac progenitors (Fig. 3b). De novo motif analysis of GLI1 OE-specific accessible
chromatin regions revealed strong enrichment for Hh-dependent FOX TF motifs, while
control-specific regions were enriched for motifs of blood and cardiac lineage-specifying
TFs, including TAL1 and NKX2-5. Interestingly, GLI1 OE-specific regions were also
enriched for ZFX and HIC1 binding motifs, two transcription factors known to cooperate
with GLI TFs to prevent neuronal differentiation and propagate Hh-activated
medulloblastoma?®-2°, Similar to pSHF-specific accessible regions, GLI1 OE-specific
peaks were enriched for GLI binding motifs, relative to control cells (Fig. 3c). Strikingly,

GLI1 OE-specific accessible chromatin regions were highly overrepresented in pSHF-
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specific regions compared to HT-specific regions (Extended Data Fig. 5a), suggesting
that GLIA expression in cardiac progenitors in vitro promotes the global adoption of
pSHF-like progenitor cell chromatin organization.

To investigate the progenitor-specific mechanism by which GLI* controls the
expression of Hh target genes, we examined the locations of accessible regions specific
for GLI1 OE progenitors. Putative CREs near Hh-dependent genes containing known
GLI binding sites?! were transformed from inaccessible in control cells, as in the HT, to
accessible, as in the pSHF, upon GLI1 OE (Fig. 3d green boxes, region upstream of the
Hh target, Ptchl). While chromatin at the promoters of direct GLI1 targets, such as Glil
and Foxfl, were rendered more accessible upon GLI1 OE (Extended Data Fig. 5b-c),
we observed that the majority of chromatin reorganization occurred at regions distal to
transcriptional start sites (Fig. 3e). We therefore examined the concordance between
the ATAC-seq signal intensity at accessible distal CREs in control and GLI1 OE cardiac
progenitors in vitro and embryonic pSHF and HT in vivo. Pearson correlation analyses
indicated increased similarity between pSHF and ESC-derived cardiac progenitor CRE
accessibility profiles upon GLI1 OE (Fig. 3f). Conversely, the correlation between HT
and ESC-derived cardiac progenitors decreased due to expression of GLI1 (Fig. 3f).
These observations indicate that GLI* promotes cardiac progenitor-specific chromatin
accessibility at distal CREs, a potential mechanism for maintaining progenitor-specific
gene expression of Hh target genes.

We hypothesized that the transition from GLI* to GLIR dominance during
differentiation functioned as a molecular switch at distal progenitor-specific CREs to turn

off progenitor-specific gene expression. We previously identified a GLI-bound distal
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CRE upstream of the SHF Hh target gene Foxf11®. This enhancer dives SHF-specific
reporter expression but is silenced in the heart in vivo, and therefore represents a
progenitor-specific CRE and candidate for GLI* (pSHF) to GLIR (HT) transitional switch.
The CRE contains 3 GLI-binding sites and binding sites for other cardiac TFs including
3 for TBX5%6., TBX5 activated reporter expression from the CRE in vitro using a
luciferase transcriptional reporter assay in HEK 293T cells (Fig. 4b). Co-transfection of
GLI1 with TBX5 dramatically enhanced transcriptional activation (Fig. 4b). Conversely,
co-transfection of GLI3R with TBX5 silenced TBX5-dependent transcriptional activity
(Figure 4B). These results suggested that the ratio of GLI* to GLIR TF abundance was a
dominant predictor of CRE activity, establishing a functional high-to-low switch as
cardiomyocytes differentiate. This hypothesis predicted that GLI binding site would be
required for switching CRE expression from on in progenitors to off in the heart. The
GLI-bound, Hh activated Foxfl CRE demonstrated SHF-specific activity in vivo!®. In
contrast, the CRE harboring mutation of the 3 GLI binding sites demonstrated ectopic
reporter expression in the HT (5/5 embryos with HT expression, Fig. 4c and Extended
Data Fig. 6a-b). These results indicate that GLI-dependent CREs comprise a
progenitor-on/cardiomyocyte-off molecular switch near progenitor-specific genes,
providing a model for executing GLI*/GLIR TF abundance into cardiac progenitor-
specific gene expression. This model suggests that maintenance of cardiac progenitor-
specific gene expression in the pSHF requires dynamic activation of gene expression by
GLI* and subsequent repression by GLIR as cells enter the inactive Hh signaling
environment of the HT, implicating GLI TFs as a biphasic switch determining the timing

of cardiac progenitor differentiation (Fig. 4d).
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We elucidate a GLI TF-dependent switch controlling the maintenance of cardiac
progenitor status. The transition from GLIA to GLIR experienced by cells migrating from
the pSHF to the HT allows for the coordination of cardiac morphogenesis and cellular
differentiation. These studies link the spatial distribution of signal-dependent TFs during
embryonic development to the temporal regulation of a progenitor gene expression
program. Hh-dependent maintenance of progenitor gene expression in the SHF allows
for normal SHF morphogenesis, while a decrement of Hh signaling resulted in
precocious differentiation and CHD. A strong association between cilia genes, required
for Hh signaling, and CHD has recently been reported3®:3!, suggesting that inappropriate
differentiation control may play a significant role in CHD. Active Hh signaling in the SHF,
causing delayed differentiation, provides a plausible mechanism explaining a key
distinction between the early-differentiating FHF and the later-differentiating SHF.

Recent work has illuminated a role for Hh signaling in the maintenance of the
stem cell niche important for repair and regeneration of several adult tissues. Hh
signaling functions to maintain or expand quiescent stem cell populations in the
regenerating hair follicle>3?, intestinal enteroblasts®3, bladder epithelial cells34, adult lung
epithelium?, skin®® and brain3-38, Additionally, GLI TFs pattern the embryonic ventral
neural tube by activating repressive TFs that prevent the acquisition of alternate fates3°.
Our results suggest that developmental patterning in multiple contexts may be
controlled in part by Hh-dependent direct GLI* TF activation of progenitor-specific
networks, maintaining progenitor status and pausing differentiation until the Hh source

is deprecated. Our results, in the context of these reports, suggest a possible role for Hh
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signaling in the maintenance of progenitor populations and inhibition of differentiation

across multiple tissue types during development and adult tissue homeostasis.
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Methods

Animal Husbandry

Mouse experiments were completed according to a protocol reviewed and approved by
the Institutional Animal Care and Use Committee of the University of Chicago, in
compliance with the USA Public Health Service Policy on Humane Care and Use of
Laboratory Animals. The Shh”- mouse line was obtained from the Jackson laboratory.
CD1 embryos were obtained from Charles River Laboratories. Osr16GFPCre-ERR2(22) gnd

ROSA26°!3T-Flag21) ines were reported previously.

Embryo transcriptome profiling

The pSHF was microdissected from five individual E10.5 Shh** and five Shh”’- embryos,
and yolk sacs were collected for genotyping. Tissues were mechanically homogenized
in TRIzol Reagent (ThermoFisher Scientific 15596026), and RNA was isolated using
RNeasy Mini RNA Isolation Kit (Qiagen 74104). Overall, 12ug of total RNA for each
sample was treated with the mouse GLOBINclear kit (ThermoFisher Scientific AM1980)
to remove the majority of globin RNA. 1ug of total RNA was then used to generate
sequencing libraries using the TruSeq RNA Sample prep kit v2 (lllumina RS-122-2001),
as per recommended instructions. Libraries were quantitated on an Agilent Bio-Analyzer
and pooled in equimolar amounts. Pooled libraries were sequenced on the HiSeg2500
in Rapid Run Mode following the manufacturer's protocols to generate stranded single-
end reads of 50bp. The number of sequenced reads per sample ranged between 11.7
million 17.7 million with an average of 15 million sequenced per sample. Quality control

for raw reads involved trimming the first 13bp with FastQ Groomer to ensure a median
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quality score of 36 or above for each sample. Fastq files were aligned to the UCSC
mouse genome (mm9) using TopHat (version 2.0.10) with the following parameters: (--
segment-length 19 --segment-mismatches 2 --no-coverage-search). Between 11.4
million 17.2 million successfully mapped reads were then merged. One Shh** sample
was discarded due to discordance with all other samples. Remaining samples were
then analyzed for differential gene expression using Cuffdiff (version 2.1.1) with quartile
normalization. Significantly differentially expressed genes were identified using
thresholds of FDR <0.05 and fold change > 1.5, resulting in 204 and 52 genes up-
regulated and down-regulated, respectively, in the Shh”’- pSHF samples compared with
Shh** samples.

The pSHF and HT from six CD1 embryos was also microdissected and RNA-seq
analysis was performed to identify genes differentially expressed between the two
tissues. Shh”- dysregulated genes were then plotted on top of pSHF vs HT differentially
expressed genes using R, and the distributions of Shh” downregulated and Shh"
upregulated genes were compared to the distribution of all genes using Welch’s two-
sample T-test. Differential expression of selected genes identified by RNA-seq was
validated using gPCR. RNA was harvested from Shh** and Shh”- pSHF samples with a
Nucleospin RNA extraction kit (Machery-Nagel 740955.250). RNA was then used to
perform one-step qPCR with the iTag One-Step system (Bio-Rad 1725151), and
expression levels in mutant samples were normalized to Shh** samples. RNA-seq
identified differentially expressed genes were also used to identify associated gene
ontology (GO) terms that were enriched above a P-value cutoff of 0.05 using the DAVID

6.8 Functional Annotation tool°.
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Embryo Immunohistochemistry / Immunofluorescence

E10.5 embryos were harvested from timed pregnancies and yolk sacs were collected
for genotyping. Embryos were fixed overnight in 4% paraformaldehyde, washed with
PBS and processed for paraffin sectioning. 5um serial sections were generated and
used for immunofluorescence with primary antibodies recognizing sarcomeric myosin
(1:20; DSHB MF20) and Alexa Fluor-conjugated secondary antibodies (1:1000;
ThermoFisher Scientific). Antigen retrieval was performed on all sections with 10mM
sodium citrate buffer. DAPI was used to counterstain tissues and provide a tissue
reference. Sections were imaged with an Olympus IX81 inverted widefield microscope
using 10x and 20x objectives in the University of Chicago’s Integrated Light Microscopy

Core Facility. Images were processed with ImageJ*:.

Histology

Activation of CreER™ was accomplished by intraperitoneal injection with 2 mg
tamoxifen (TM) per dose in corn oil to pregnant dams, as previously described?!®.
Pregnant ROSA26C8T-Flag cfc females were dosed at E7.5, E8.5 and E9.5, and
histological studies were performed at E14.5. Embryos were harvested and fixed in 4%
paraformaldehyde overnight at 4°C, and then processed for paraffin sectioning. 5um
sections were then stained with hematoxylin and eosin to reveal the structural

morphology of the atrial septum in mutant and control embryos.

MESC line generation and differentiation culture
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To generate an inducible GLI1 mouse embryonic stem cell (mESC) line, the coding
sequence for mouse Glil was inserted into the Hprt locus of A2Lox.cre mES cells using
a method previously described#?. Individual clones were assessed for differentiation
potential and doxycycline-inducibility (data not shown). One clone was chosen and used
for all experiments described herein, and all experiments were performed at the same
passage number. mMESCs were maintained and differentiated into cardiomyocytes as
previously described?3,

For GLI1 overexpression experiments, doxycycline (Sigma D9891) was added to
cultures at the cardiac progenitor stage (Day 5). Cells were then washed and media
was changed after 24hrs of exposure to doxycycline. gPCR and western blots were
performed, as described above, on Day 6 samples to assess the expression level of
Glil and Hh targets, relative to untreated controls. Expression of the Hh target, Foxf1,
was quantified relative to Gapdh expression in cells treated with increasing
concentrations of doxycycline and relative to Gapdh in pSHF embryo samples. Based
on results from these assays, a final doxycycline concentration of 500ng/ml was chosen
for all GLI1 overexpression experiments.

MESC immunofluorescence was performed, as above, with an antibody
recognizing cardiac Troponin T (1:100; ThermoFisher Scientific MS-295-P1). The area
of cTnT positivity was calculated as the average area / mm? of 5 fields of view across
two biological replicates per condition, using the threshold measurement tool in ImageJ.
The number of beating foci was calculated as the average number of independently
beating regions within 5 fields of view across two biological samples, counted from 5

second videos taken on a Zeiss Axiovert 200m inverted widefield microscope. RNA-seq
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was performed on at least two replicate Day 6, Day 8 and Day 12 GLI1 OE and control
samples. Data were analyzed with FastQC*3, reads were mapped to the mouse genome
(mm9) with Bowtie244 and transcripts were assigned and quantified with Cufflinks with
default parameters*®. Reads were then normalized and differentially expressed genes
for each timepoint were identified with edgeR?®. Differentially expressed genes were
then filtered to include only genes with a fold change = 0.5 (log?) and an FDR < 0.05.
GO term analysis on Day 6 dysregulated genes, and qPCR validation of selected
genes, was performed as described above. The mean log2 fold changes of
downregulated, upregulated and all genes were compared with a non-parametric
Kruskall-Wallis rank sum test for Day 6, Day 8 and
Day 12 samples: Day 6 chi-squared = 3804.9, df = 2, p-value < 2.2e'%; Day 8 chi-
squared = 397.45, df = 2, p-value < 2.2e''%; Day 12 chi-squared = 363.78, df = 2, p-

value < 2.2e16,

Chromatin profiling

Assay for transposase-accessible chromatin was performed as previously described?’.
Briefly, the pSHF and HT were microdissected from CD1 embryos, pooled into three
replicates, and dissociated with TrypLE (ThermoFisher Scientific 12605-010). For
mMESC samples, 150,000 cells were collected from two replicate GLI1 OE and control
samples. Embryo and cell samples were then lysed, as described?’, and transposition
was carried out at 37C for 30 minutes with lllumina’s Nextera DNA Library Prep kit
(Nlumina 15028212). Libraries were generated from transposed DNA and sequenced on

an lllumina HiSeg4000 instrument in the University of Chicago’s Genomic Facility. Data
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were analyzed with FastQC and mapped to the mouse genome (mm9) with Bowtie2
using default parameters. Peaks were called for all samples with MACS24" using the
following parameters: -q 0.05 --nomodel --shift -100 --extsize 200 --nolambda --keep-
dup all --call-summits... Peak sets from biological replicates were overlapped with the
Bedtools*® intersect tool to identify replicated peaks. Peaks sets generated from regions
present in both replicates were then intersected to identify regions specific to each
tissue type. For motif analysis, the summits from replicated regions were extended
+250bp, and sequence was retrieved for these regions. De novo and targeted motif (GLI
and GLI-similar) enrichment analysis was then performed using the MEME Suite of
tools*® with a randomized or shuffled background. Pearson’s correlation was calculated
for read enrichment within region subsets in R and data were visualized with ggplot2*°.
To compare GLI1 OE-specific accessible chromatin regions to embryonic pSHF
accessible regions, a Monte Carlo simulation was run. The number of overlapping GLI1
OE-specific and pSHF-specific regions was determined. Next, the combined embryonic
regions (pSHF + HT) were used as the background from which 1000 random samplings
were taken. These samplings were then overlapped with GLI1 OE-specific regions, and
the P-value was calculated as: P = (# overlaps simulated > overlaps observed) + 1 /

number of simulations + 1.

Luciferase Assays
Expression vectors for mouse Glil, GIi3T and Tbx5, as well as a luciferase vector
containing the Foxfl enhancer were previously described!®. Expression and reporter

vectors were transfected into HEK293T cells using FUGENE HD (Promega E2311).
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Cells were cultured for 48 hours after transfection, then lysed and assayed using a

Dual-Luciferase Reporter Assay system (Promega E1960).

Transient transgenics

The Foxfla enhancer and minimal promoter used in the luciferase assays were
subcloned from the pENTR vector into the Hsp68-LacZ vector®® using the Gateway
system (Invitrogen). GLI binding sites were mutated using the Agilent QuikChange Multi
site-directed mutagenesis kit (Agilent 210515-5). The resulting constructs were digested
with Notl enzyme to remove the pBlueScript backbone, gel-purified, injected into
fertilized mouse eggs at the University of Chicago Transgenics Core Facility and
implanted into female mice. Five embryos were harvested at E9.5 and stained as

described previously!®.
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Figure 1. Hedgehog signaling activates a progenitor-specific gene
regulatory network in the pSHF. a, Schematic of cardiac progenitors (blue) in the
E10.5 pSHF and differentiating cardiomyocytes (red) in the HT, sagittal view. Active Hh
signaling in the pSHF leads to accumulation of GLI* in the nucleus and the activation of
Hh target genes, such as Ptchl (left). Inactive Hh signaling results in the truncation of
GLI* to GLIR and accumulation of the repressor in the nucleus (right). b, Volcano plot
displaying upregulated and downregulated genes in the Shh’ pSHF. Red is
upregulated, blue is downregulated. ¢, MA plot and box plots illustrating the distribution
of Shh’- downregulated and upregulated genes in the wild type pSHF and HT. Welch’s
T-test on downregulated vs all genes P-value = 1.05x108; upregulated vs all genes P-
value = 0.02. d, Gene ontology (GO) analysis of Shh’” dysregulated genes. e.
Immunofluorescent staining for MF20 (sarcomeric myosin) in the E10.5 pSHF of control
and Hh mutant embryos (grey = DAPI, red = MF20). f. Histological sections of E14.5

hearts from control and Hh mutant embryos. Scale bars in e, f = 200um.
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Figure 2. GLI* expression in cardiac progenitors delays cardiomyocyte
differentiation. a, Schematic of the in vitro cardiomyocyte differentiation system and
GLI1 OE experimental design. b, Immunofluorescent staining for cardiac troponin
(cTnT) in control and GLI1 OE cells harvested at Day 8. ¢, Quantification of the area of
cTnT-positivity in control and GLI1 OE cells at Day 8. d, Quantification of the number of
beating foci in videos taken of control and GLI1 OE cells at Day 8. e,
Immunofluorescent staining for cardiac troponin in control and GLI1 OE cells harvested
at Day 12. f, Quantification of the area of cTnT-positivity in control and GLI1 OE cells at
Day 12. g, Quantification of the number of beating foci in videos taken of control and
GLI1 OE cells at Day 12. h, Differential gene expression time series and GO analyses
of GLI1 OE cells. GO terms shown are those associated with development and
differentiation from gene dysregulated at Day 6. i, Time series of the mean log2 fold
change of genes downregulated and upregulated at Day 6, and their fold changes at
Day 8 and Day 12, relative to all genes. j. gqPCR validation of a temporary
downregulation of progenitor-specific genes in GLI1 OE cells. k, gPCR validation of a
temporary upregulation of cardiomyocyte-specific genes in GLI1 OE cells. Scale bars in

b,e = 100um.
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Figure 3. GLI* expression remodels chromatin at distal CREs near
progenitor-specific genes. a, Venn diagram showing common and specific accessible
chromatin regions in the embryonic pSHF and HT, and TF motifs enriched in each
subset. b, Venn diagram showing common and specific accessible chromatin regions in
GLI1 OE cells and control cells, and TF motifs enriched in each subset. c, GLI
consensus and GLI-similar (GLIS) binding motif enrichment in embryonic pSHF-specific
and GLI1 OE-specific regions and cardiogenic TF binding motif enrichment in HT-
specific and control cell-specific regions. d, ATAC-seq read enrichment and GLI ChIP-
seq binding regions at a putative regulatory locus upstream of Ptchl in embryonic
tissues and cardiac progenitor (CP) cells. e, Stacked bar graph depicting the location of
accessible regions relative to the closest TSS of all tissue-specific peaks (proximal is <
1.5kb; distal is = 1.5kb). f. Correlation between pSHF and HT-specific distal chromatin

profiles and GLI1 OE and control cell chromatin profiles.
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Figure 4. GLI transcription factors act as a biphasic switch on a progenitor-
specific regulatory element located near Hh target genes. a, ATAC-seq read
enrichment and GLI/TBX5 ChlIP-seq peaks at a putative regulatory element upstream of
the Hh-dependent Foxfl target in the pSHF, HT, GLI1 OE and control cardiac
progenitor (CP) cells. GBS = GLI binding site; TBS = TBX5 binding site. b, Luciferase
reporter activity modulated by GLI* and GLIR at the Foxfl enhancer, in cooperation with
TBX5. Mutation of all three GLI binding sites (GBS) or TBX binding sites (TBS) did not
completely abrogate reporter activation by GLI1 and TBX5, suggesting that their
cooperation is not entirely dependent on direct DNA binding. ¢, Transient transgenic
analysis of reporter expression driven by wild type and GBS mutant versions of the
Foxfl CRE. d, Model depicting the Hh-dependent activation of a progenitor gene
regulatory network in the embryonic pSHF by GLI* and repression of the progenitor
GRN in the HT by GLIR. In Hh mutant embryos, the progenitor GRN is not activated and
precocious differentiation of cardiomyocytes is permitted, resulting in severe cardiac

defects. Scale bar in ¢ (left) = 300um, c (right) = 100um.
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Extended Data Figures
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Extended Data Figure 1. Differential gene expression analysis reveals
downregulation of progenitor genes expressed in the SHF. a, Heatmap showing
differentially expressed genes in Shh** and Shh”- replicate samples. b, PCA plot of
differentially expressed genes demonstrating that genotype accounts for the highest
proportion of variation among embryo gene expression profiles. ¢, gPCR validation of
reduced Hh activation in the Shh” pSHF. d, qPCR validation of downregulated
progenitor genes in the Shh”- pSHF. e, qPCR validation of upregulated cardiomyocyte
genes in the Shh”- pSHF. f, In situ hybridization of Wnt2b in the SHF of Shh** and Shh-
'~ embryos demonstrating pSHF-specific loss of gene expression. g, In situ hybridization
of Osrl in the SHF of Shh** and Shh”- embryos demonstrating pSHF-specific loss of

gene expression. Scale bar = 100um.
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Extended Data Figure 2. Hedgehog signaling is inactive during mESC-
derived cardiomyocyte differentiation. a, Schematic depicting the in vitro
cardiomyocyte differentiation system employed in these studies. b, Expression level of
Glil, relative to Gapdh, during cardiomyocyte differentiation. c, Expression level of Gli3,
relative to Gapdh, during cardiomyocyte differentiation. d, Expression level of the Hh
target Ptchl, relative to Gapdh, during cardiomyocyte differentiation. e, Western blot
demonstrating the expression level of GLI1 protein during cardiomyocyte differentiation.
f, Western blot demonstrating the expression level of GLI3* and GLI3R protein during
cardiomyocyte differentiation. g, Relative proportions of GLI* and GLIR proteins

expressed during cardiomyocyte differentiation.
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Extended Data Figure 3. GLI1 overexpression in cardiac progenitors leads
to activation of pSHF Hedgehog targets. a, Schematic representation of the Glil-FTA
transgenic cassette inserted into the Hprt locus in mESCs. b, 500ng/ml doxycycline
treatment of the GIil-FTA transgenic line for 24 hours results in robust expression of
Glil1. c, Normally Hh-inactive cardiac progenitors express GLI1 protein after doxycycline
treatment for 24 hours, as assessed by western blot. d, Relative levels of the Hh target
Foxfl resulting from different doxycycline concentrations in cardiac progenitors, in

relation to endogenous Foxfl expression levels in the embryonic pSHF.


https://doi.org/10.1101/270751

bioRxiv preprint doi: https://doi.org/10.1101/270751; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a
Color Key
085 090 0.95 |_
D6 control REP 1
Velgs D6 control REP 2
D6 control REP 3
D6 control REP 4
D6 GLI1 OE REP 1
D6 GLI1 OE REP 2
D6 GLI1 OE REP 3
D6 GLI1 OE REP 4
D8 GLI1 OE REP 1
D8 control REP 1
D8 GLI1 OE REP 2
D8 control REP2
D8 control REP 3
D8 GLI1 OE REP 3
D12 GLI1 OE REP 1
D12 control REP 1
D12 GLI1 OE REP 2
D12 control REP 2
o o -~ -~ (2] (s} [\ o - o < (3] o - < (s} N ~
e TN - "N U« M FOy I Y« I O« O« MY
W w ow woww i oW ow W W ow ww W
r oo ococoec T oo oo o @c @ @ @ @@
S W 75 W w s g W s W W www s 5 5o
SARRS S L L R g RN
o ot o — — o o o o ot — L2 N ety o o [} o
o - o - - o d o - - - — - o o o o
N 0O o 6 0 @ 8 O o 6 6 6 6 06 © © © ©
A ¥ 5 & o O o O o © © ©o ©o 08 0 0o 0o
= - 0 a QO o o o o
[a} (a)
b
GO term / keyword (number of genes / total)
plasma membrane (20/92)
metal binding (14/92)
extracellular matrix (4/92)
organ morphogenesis (4/46) D8 Di2

transcription factor activity (4/46)
ureteric bud development (4/46)

guanyl-nucleotide exchange
factor activity (7/137)
ion transport (9/137)

spleen development (5/392)
Wnt signaling pathway (9/392)
positive regulation of cell division (6/392)

ion transport (10/113)
calmodulin binding (7/113)
sarcolemma (5/113)

intercalated disc (10/444)
cardiac muscle cell differentiation (7/444)
myosin complex (5/444)

muscle contraction (7/144)
calcium ion transport (6/144)
embryonic heart tube development (4/144)

Total = 1480 genes
negative regulation of transcription (8/112) 9

heart morphogenesis (4/112)
extracellular matrix (9/112) Color key

6 -2 2 6
Value


https://doi.org/10.1101/270751

bioRxiv preprint doi: https://doi.org/10.1101/270751; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Extended Data Figure 4. Brief GLI1 overexpression in cardiac progenitors
results in a transient disruption to the cardiomyocyte differentiation program. a,
Heatmap displaying correlation of gene expression profiles from GLI1 OE and control
cells at all differentiation stages analyzed. Clustering of samples reveals a strong
separation of samples by treatment at Day 6, but intercalation of treated with untreated
samples at Day 8 and Day 12. b, Heatmap time series of genes differentially expressed
at Day 6 demonstrates a trend towards normalization of gene expression as
differentiation proceeds and cells recover from GLI1 OE. Gene ontology (GO) term
analysis reveals that gene clusters containing genes that are transiently upregulated at
Day 6 associate with progenitor-related GO terms, while clusters containing genes that
are transiently downregulated at Day 6 associate with cardiomyocyte-differentiation

related GO terms.
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Extended Data Figure 5. Brief GLI1 overexpression in cardiac progenitors
results in alterations in the chromatin profile at Hh-dependent genes. a, Monte
Carlo simulation testing the hypothesis that GLI1 OE-specific accessible chromatin
regions are enriched within pSHF-specific embryonic accessible chromatin regions. P-
value = 0.001. b, Replicate ATAC-seq read enrichment and ChIP-seq peaks at the Hh
target Glil locus in GLI1 OE and control cardiac progenitor (CP) cells, as well as SHF
cardiac progenitors and HT cardiomyocytes. c. Replicate ATAC-seq read enrichment
and ChIP-seq peaks at the Hh target Foxfl locus in GLI1 OE and control cardiac

progenitor (CP) cells, as well as SHF cardiac progenitors and HT cardiomyocytes.
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Extended Data Figure 6. GLI binding sites are required for progenitor-
specific activity of a distal CRE upstream of Hh-dependent SHF genes. a, transient
transgenic analysis of embryos injected with the Hsp68-LacZ vector under the control of
the WT Foxfl enhancer. b, transient transgenic analysis of embryos injected with the

Hsp68-LacZ vector under the control of the GBS mutant Foxfl enhancer. Scale bar in a,

b =100um.
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