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Regulatory landscape of heart development
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Figure 4. Dynamic regulatory networks of differentiating CMs. (A) Strategy used to establish gene-
chromatin regulatory network. (B) Changes (log,FC) of gene expression compared to those in chromatin
accessibility of cardiac module genes during heart development. Only significant (FDR < 0.05) genes are
shown. (C) Regulatory networks of heart development. Arrows indicate the direction of interaction.
Colors and the intensity of the circle edges indicate changes of chromatin accessibility, whereas those in-
side the circle show expression changes. Only significant (adjusted P-value <0.05) genes are shown. Hub
TFs are indicated in red font. (D) Visualization of ATAC-seq and RNA-seq read coverage of selected geno-
mic regions related to the turquoise module. (E) Visualization of ATAC-seq and RNA-seq read coverage of
selected genomic regions related to the brown module. Time points, NFRs, and TF binding motifs within

NFRs are indicated.

the disruption of which was linked to impaired migration of the
cardiac primordia to the embryonic midline, reduced number of
myocardial precursors, and failure of heart looping, respectively
(Reiter et al. 1999; Yelon et al. 2000; Garrity et al. 2002). RNA-seq
and ATAC-seq were performed on CMs isolated from homozygous
gata§'™m2363/tm236a g,y 5qm21/ m21 | j 3y d256/56 mutant 72 hpf embry-

os in Tg(myl7:EGFP) genetic background.
Homozygous mutant embryos were se-
lected based on their phenotypes of car-
dia blﬁdﬂ (gatastm236a/tm2363' hand256/56)
ot heart-string (tbx5a™2Y ™21y (Fig. 5A).

A number of genes were dys-
regulated (absolute[log,FC] >0, adjusted
P-value <0.05) in response to disruption
of gata5 (287 down-regulated, 739
up-regulated), hand2 (288 down-regulat-
ed, 618 up-regulated), and thx5a (255
down-regulated, 584 up-regulated) (Fig.
5B; Supplemental Table 9). Only a small
overlap was observed between genes
down-regulated in the three mutants
(14 genes including vcanb, bmp3, and
col18alb), whereas up-regulated genes
showed larger overlap (307 genes, e.g.,
trim46, map4k6, mtfl) between all three
mutants. GO enrichment analysis of all
down-regulated genes revealed the pres-
ence of biological processes related to
muscle development, muscle function,
heart process, and sensory perception
signaling; up-regulated genes were en-
riched in biological processes related to
ion transport and inflammatory re-
sponse (Supplemental Table 10).

Changes in chromatin accessibility
of NFRs localized in proximal promoter
regions (3 kb of TSS) of mutants and
wild-type embryos were generally less
pronounced than changes in gene ex-
pression (Fig. 5B; Supplemental Table
9). Moreover, loss of different TFs affect-
ed the chromatin to a variable extent,
the largest of which occurred in
gata5tm236a/tm236a mytants (335 differen-
tially accessible NFRs associated with
genes enriched in cardiac muscle devel-
opment processes) (Fig. 5B; Supplemen-
tal Table 10). In hand2°%/*® mutants, 53
NFRs were down-regulated. Lesser pro-
nounced chromatin changes were identi-
fied in thx5a™?" ™! mutant (17 NFRs).
Seven down-regulated NFRs associated
with nkx1.21a, dmd, frzb, gpr4, and vap
were common between gatas™236¥/
tm236a and hand2°°° mutants, whereas
246 up-regulated ones were localized in
the proximity of nr4al, mycbp2, irf2bp2a,
rpl3. No differentially regulated proximal
NFRs were shared between all three
mutants.

We further explored which fraction
of mutant down-regulated genes contrib-
uted to the cardiac regulatory modules identified in wild-type
analyses. We found that 31% (91 genes), 24% (71 genes), and 31%
(79 genes) of total down-regulated genes in gata§tm236a/tm236a
hand2°%/*®, and thx5a™>'/™2! mutants were present in cardiac mod-
ules, mainly in the brown and green modules (Fig. 5C). Among the
14 genes that were commonly down-regulated in all three mutants,
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Figure 5.

Loss-of-function mutations of cardiac TFs alters regulatory networks involved in heart development. (A) LSFM images of GFP-labeled CMs of

wild-type and TF mutant zebrafish hearts at 72 hpf. The dotted line indicates exact area of the LSFM image. (B) Venn diagrams and GO enrichment analysis
of TF mutant down-regulated (blue) and up-regulated (red) genes and chromatin accessibility of proximal promoter NFRs (+3 kb of TSS), adjusted P-value <
0.05. (C) Percent distribution of cardiac module down-regulated genes/proximal NFR chromatin accessibility as compared to total number of TF mutants
down-regulated genes/proximal NFR chromatin accessibility. (D) Percent distribution of cardiac module up-regulated genes/proximal NFR chromatin ac-
cessibility as compared to total number of TF mutants up-regulated genes/proximal NFR chromatin accessibility. (E) Cardiac module genes with differen-
tially regulated expression and chromatin accessibility of proximal promoter NFRs (+3 kb of TSS) in gata5, hand2, and tbx5a mutants.

four belonged to green (nid1b, papss2b, vcanb, bmp3) and two to
salmon (plppr3a, sponlb) modules. Genes including vcan, plppr3a,
and Bmp family were previously found to play a crucial role in heart
morphogenesis and function (Marques and Yelon 2009; Kern et al.
2010; Chandra et al. 2018). Similarly, comparing chromatin acces-
sibility data revealed that 21% (73 regions), 24% (13 regions), and
29% (five regions) of proximal NFRs that showed decreased acces-

sibility in gata5™2363/tm236a p3,71256/56 and tbx5a™?! ™! mutants
were located within the proximal promoters of genes belonging to
cardiac modules (Fig. SC). We also explored mutant up-regulated
genes and proximal NFRs associated with cardiac modules (Fig.
5D). It showed that 20% (153 genes), 21% (134 genes), and 20%
(119 genes) of total up-regulated genes in gata5'™236a/tm236a
hand2*®/*®, and tbx5a™*"/™2! mutants were present in cardiac
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modules, predominantly in the brown and turquoise modules.
Consequently, the most prominent changes were observed for
proximal NFRs in the brown and turquoise modules, and 43%
(292 regions) and 37% (229 regions) of total up-regulated NFRs con-
tributed to cardiac modules in gata$§™2363/tm2363 a1 4 hapd25°/*° No
changes were observed in thx5a™?'/ ™2! mutants. The vast majority
of either down-regulated or up-regulated cardiac module genes did
not exhibit a similar regulation of NFR chromatin accessibility
within their promoter regulatory regions (Supplemental Fig. 4).
We observed that the decrease in proximal promoter NFRs was
not correlated with the gene expression down-regulation, except
for c1qtnf5 and adamts9, the latter being a vcan-degrading protease
required for normal heart development and cardiac allostasis
(Supplemental Fig. SA,B; Kern et al. 2010). Similarly, only 10 genes
including hdr, gga3, fbxoS, rpl27, ybx1, actb2, cotll, rnaset2 showed
an increase in both gene expression and NFR chromatin accessibil-
ity (Fig. SE). Only 15 genes showed changes both in expression lev-
el and chromatin accessibility (either increasing or decreasing) in
gata5 mutant and three genes in hand2 mutant, whereas no such
genes were found in thx5a mutant.

Taken together, we identified genes that were responsive to
loss of Gata5, Hand2, and Tbx5a functions, including those be-
longing to cardiac modules, therefore providing a strong valida-
tion of the cardiac regulatory networks controlling specific
processes of heart development.

Evolutionarily conserved enhancers ensure proper heart
development

Gene expression changes in all three mutants were, to a large ex-
tent, uncorrelated with changes in chromatin accessibility, at least
in proximal promoter regulatory regions. This led us to question
whether loss of Gata5, Hand2, and/or Tbx5a cardiac TFs may cause
global chromatin changes at genomic sites other than proximal
gene promoters, and whether the observed changes in gene expres-
sion could be attributed to distal regulatory elements. To this end,
we have identified distal NFRs (more than +3 kb of TSS) and their
differential accessibility between wild type at 72 hpf and the mu-
tants. We identified 59, 14, and 33 down-regulated and 551, 321,
and 2 regions up-regulated (adjusted P-value<0.05) in
gata§tm2363/tm236a 44 256/56 and thx5a™?Y ™21 mutants, respec-
tively (Fig. 6A). Among down-regulated regions, one was in com-
mon between gata5"2364/m2364 and thx5™?1 M2 mutants (Fig.
6B). On the other hand, much stronger overlap was observed be-
tween gata5""2364/m2360 and hand2°**° mutants for up-regulated
regions (183 regions), whereas no overlap was found between
gatqstm2363/tm236a anq  fhysm2l/ m21 - QOne region at Chr 21:
15,013,048-15,013,154 was commonly up-regulated in all three
mutants. To further explore genomic locations of differentially reg-
ulated distal NFRs and identify evolutionary conserved putative en-
hancers, we compared them with the database of highly conserved
noncoding elements (HCNEs) between zebrafish and human (Fig.
6C; Supplemental Table 11; Engstrom et al. 2008). We found a total
of 22 regions to be conserved between zebrafish and human geno-
mic sequences among which three were down-regulated in thx5a
and hand2 mutants, whereas 19 of them showed significantly in-
creased accessibility in hand2 and gata5 mutants. The three most
down-regulated HCNEs were localized on Chromosome 1, between
hand2 and fbxo8 loci (Chr 1: 37,584,384-37,584,724) as well as
those localized in the introns of ppp3cch (Chr 10: 20,246,264-
20,246,845) and akt7a (Chr 20: 4,714,760-4,715,050) genes (Fig.
6D). We also identified HCNE-NFRs with increased chromatin ac-

cessibility in gata5 mutant (Chr 1: 8,598,642-8,598,893) and in
the genomic region at Chr 10: 8,580,509-8,581,153, which was
commonly up-regulated in hand2 and gata5 mutants (Fig. 6E).
Therefore, we have determined a number of distal NFRs whose ac-
cessibility is affected by mutations of cardiac TFs, among which
weidentified highly conserved NFRs serving as potential enhancers
that may play key roles in heart development.

Discussion

Heart development involves multiple layers of interactions at mo-
lecular, cellular, and tissue levels. These processes are regulated by
various TFs, signaling proteins, as well as epigenetic factors such as
histone and DNA modifications, chromatin remodeling, and tran-
scriptional enhancers. We obtained CM-enriched cell fractions
from developing heart during crucial events of heart morphogen-
esis. GFP-positive cells were sorted from transgenic Tg(nxk2.5:
EGFP), Tg(myl7:EGFP) zebrafish embryos. In zebrafish, at 6-9
somite stage (~12-14 hpf), nkx2.5 expression only partially over-
laps the anterior lateral plate mesoderm (ALPM) in its medial
part (Schoenebeck et al. 2007), whereas at 17 somite stage (~17-
18 hpf), the most posterior nkx2.5+ cells of the bilateral cardiac pri-
mordia do not express myl7, a marker of terminal myocardial dif-
ferentiation, suggesting the presence of nkx2.5+ cells that do not
contribute to the myocardium (Yelon et al. 1999). This agrees
with other studies in zebrafish, suggesting the presence of specific
nkx2.5+ second heart field (SHF) progenitors that give rise to the
fraction of ventricular myocardium and outflow tract (OFT)
(Guner-Ataman et al. 2013). Nevertheless, it has been shown
that at prim-5 stage (24-30 hpf), nkx2.5 is expressed both in ven-
tricular and atrial myocardium exactly overlapping the expression
of myl7 (Yelon et al. 1999). The most prominent changes in gene
expression and chromatin accessibility occurred between linear
heart tube formation (24 hpf) and looping (48 hpf). This major
shift in molecular profile likely reflects the continuous process of
CM differentiation throughout which progenitors migrate and dif-
ferentiate into CMs once they are incorporated into the growing
heart tube (Kelly et al. 2014). Importantly, genes in the sienna3
and turquoise modules showed significant increase in expression
between the two developmental stages. In particular, sienna3
genes were enriched in the largest number of GO terms related
to cardiac function and contained at least three TFs known for
their crucial roles in specification of CMs and their function in
heart contraction (Singh et al. 2005, 2010), which suggests the
prominent role of this network in CM differentiation and heart
tube formation during this developmental period. Concordantly,
we observed that chromatin landscape changed most significantly
between 24 and 48 hpf, suggesting that the changes in gene ex-
pression profiles during this stage were likely regulated at the chro-
matin level. Besides validating the biological relevance of our
ATAC-seq data set, this observation suggests that active chromatin
remodeling occurs throughout development, and the regions with
differential accessibility represent cis-regulatory hubs driving the
biological processes associated with differentiating CMs.
Modules of coregulated genes represent subnetworks under-
lying specific biological processes associated with heart develop-
ment. Further integration of these networks with ATAC-seq data
allowed us to link TFs to their putative target genes, which was sup-
ported by the enrichment of DNA binding motif for specific TFs
within NFRs in proximal promoters of the genes within each
particular module. Collectively, our analyses of the regulatory net-
works and their representative expression patterns revealed
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Figure 6.

Identification of putative cardiac enhancers. (A) A volcano plot of differentially accessible distal NFRs between wild-type and TF mutants at 72

hpf. Adjusted P-value < 0.05 are indicated in green, the number of down-regulated NFRs is indicated in blue, and up-regulated NFRs in red. (B) Venn diagram
of mutant down- and up-regulated distal NFRs (more than +3 kb of TSS); adjusted P-value <0.05. (C) Graphical representation of differentially accessible
distal NFRs genomic localization onto zebrafish chromosomes. NFRs overlapping with HCNE (£500 bp) and their accessibility log,FC in comparison to
wild type is indicated; adjusted P-value <0.05. (D) Genome track of ATAC-seq peaks for wild type (black), tbx5a—/- (green), and gata5—-/- (blue) for the
three most down-regulated NFRs overlapping with HCNE (500 bp). (E) Genome track of ATAC-seq peaks for wild type (black), hand2—-/- (pink), and

gata5—-/- (blue) of the three most up-regulated NFRs overlapping with HCNE (500 bp).
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increased expression of genes defining CM structure and function,
whereas the expression and proximal promoter chromatin accessi-
bility of hematopoietic genes were suppressed during CM differen-
tiation. Sorted GFP-positive cells also expressed hematopoietic
determinants at the earliest stage observed (24 hpf). These were
grouped into a single expression module (brown) and correlated
between gene expression dynamics and chromatin accessibility
in proximal promoters that decreased between 24 and 48 hpf.
One explanation is that the expression of hemato-vascular genes
was contributed by cells giving rise to the pharyngeal arch meso-
derm which also express nkx2.5 used as our selection marker.
Another equally plausible hypothesis is that a group of cells that
possess alternative potential to become the blood or vascular line-
age exist within the pool of CM progenitors. Numerous evidences
from mouse studies suggested the presence of bipotential cardiac
progenitor populations which coexpressed cardiac and hemato-
poietic markers in the developing heart tube (Caprioli et al.
2011; Nakano et al. 2013; Zamir et al. 2017). To distinguish be-
tween these possibilities, it would be necessary to obtain molecular
profiles of individual cells to determine whether hemato-vascular
progenitors exist as a separate population expressing specific mark-
ers or rather, as a common progenitor population expressing both
CM and hemato-vascular markers. This also highlights the limita-
tions of currently available marker genes and calls for higher reso-
lution analyses of gene expression in specific cell types, which is
possible with the single cell sequencing technology.

Finally, comparing wild-type CMs to that of GataS, Hand2,
and Tbx5 mutants, we observed only a minor correlation between
changes in gene expression and chromatin accessibility within
proximal promoter NFRs, suggesting that transcriptional regula-
tion of genes involved in heart development might be affected
by distal regulatory elements. Alternatively, changes in gene ex-
pression between wild-type and TF mutants could be related to im-
paired TF binding to constitutively accessible proximal NFRs.
Because we could only perform mutant analyses at 72 hpf , we
could not rule out the possibility of observing secondary effects
arising from changes in earlier developmental stages. Moreover,
the lack of chromatin interaction data prevents the inference of de-
finitive associations between distal regulatory elements and their
target genes. Regardless, we identified a substantial number of
gene-distal-located NFRs that were altered in accessibility in mu-
tants that may serve as potential distal transcriptional regulatory
elements, some of which were highly conserved between zebrafish
and human, suggesting that they might be critical developmental
enhancers (Polychronopoulos et al. 2017).

Altogether, we characterized the dynamics of gene expression
and chromatin landscape during heart development and identi-
fied genetic regulatory hubs driving biological processes in CMs
at different stages of heart morphogenesis. We elucidated the alter-
ations in global transcriptional regulatory landscape resulting
from disruptions to the developmental program caused by the
loss of cardiac TFs. Collectively, our study identified potential tar-
get genes and regulatory elements implicated in heart develop-
ment and disease.

Methods

CM collection by fluorescence-activated cell sorting (FACS)

Zebrafish transgenic lines Tg(nxk2.5:EGFP), Tg(myl7:EGFP) in AB
wild type and gata5"™23%/* (Reiter et al. 1999), tbx5a™*'/*
(Garrity et al. 2002), hand2°®™* (Yelon et al. 2000) mutant back-

ground were maintained in the International Institute of Mole-
cular and Cell Biology (IIMCB) zebrafish facility (License no.
PL14656251) according to standard procedures. Cell suspension
was prepared from 500 embryos and larvae as previously described
(Winata et al. 2013). Fluorescent (GFP+) and nonfluorescent
cells (GFP-) were sorted by using FACSAria II cytometer (BD
Biosciences).

qPCR

Total RNA was extracted from 100,000 GFP+ and GFP- cells using
TRIzol LS (Thermo Fisher Scientific) according to the manufactur-
er’s protocol and followed by DNase I (Life Technologies) treat-
ment. Transcriptor first strand cDNA synthesis kit (Roche Life
Science) was used to obtain cDNA. Relative mRNA expression
was quantified by using FastStart SYBR Green master mix on the
Light Cycler 96 instrument (Roche Life Science) with specific
primer sets (Supplemental Table 12).

RNA-seq

For RNA-seq, 100,000 GFP+ and GFP- cells were sorted directly to
TRIzol LS (Thermo Fisher Scientific). cDNA synthesis for next-gen-
eration sequencing (NGS) was performed by SMARTer Universal
Low Input RNA Kit (Clontech Laboratories) as recommended by
the manufacturer. Paired-end sequencing (2 x 75 bp reads) was per-
formed with NextSeq 500 (Illumina). Pearson correlation of bio-
logical replicates and read distribution over zebrafish genome
features were performed (Supplemental Fig. 6A,B).

Assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq)

For ATAC-seq, 60,000 GFP+ cells from zebrafish embryos were sort-
ed to Hank’s solution (1x HBSS, 2 mg/mL BSA, 10 mM HEPES at pH
8.0), centrifuged for 5 min at 500g, and prepared for chromatin tag-
mentation as previously described (Buenrostro et al. 2015). Paired-
end sequencing (2 x 75 bp reads) was performed with NextSeq 500
(Illumina).

Light sheet fluorescence microscopy (LSFM)

Embryos were maintained in medium containing 0.003% 1-phe-
nyl-2-thiourea. For LESM (Zeiss), embryos were collected and
mounted in 1% low-melting agarose (Sigma-Aldrich). Images
were analyzed with Imaris 8 software (Bitplane).

Bioinformatics analysis

Raw RNA-seq and ATAC-seq reads were quality checked using
FastQC (0.11.5) (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Adapters were removed using Trimmomatic
(0.36) (Bolger et al. 2014). Reads matching ribosomal RNA were re-
moved using rRNAdust (Hasegawa et al. 2014). Reads quality filter-
ing was performed using SAMtools (1.4) (Li et al. 2009). RNA-seq
reads were aligned to the zebrafish reference genome (GRCz10) us-
ing STAR (2.5) (Supplemental Fig. 7; Dobin et al. 2013). Bowtie 2
(2.2.9) (Langmead and Salzberg 2012) was used to map ATAC-seq
reads to the GRCz10 genome (Supplemental Fig. 8). Read distribu-
tion was assessed with Picard (2.10.3). NFR regions were identified
as previously described (Buenrostro et al. 2013). Peaks of open chro-
matin regions were called using MACS2 (2.1.0) (Zhang et al. 2008).
Enriched motifs in NFRs were identified using HOMER (Heinz et al.
2010). Downstream bioinformatics analysis were performed in R
3.4 using following Bioconductor and CRAN (Huber et al. 2015)
packages as indicated in Supplemental Data. RNA-seq gene counts
and ATAC-seq NFR read counts for all samples were transformed to
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regularized log (r1d) (Supplemental Tables 13, 14). Differentially ac-
cessible ATAC-seq peaks were quantified by DESeq2 (Supplemental
Table 15). Gene network visualization and statistical analysis of
gene networks was performed using Cytoscape (Cline et al.
2007). Metascape was used to visualize the output of GO enrich-
ment analysis (Tripathi et al. 2015).

Data access

RNA-seq and ATAC-seq data from this study have been submitted
to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE120238.
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Corrigenda

Genome Research 29: 2088-2103 (2019)

Corrigendum: Murine single-cell RNA-seq reveals cell-identity- and tissue-specific trajectories
of aging

Jacob C. Kimmel, Lolita Penland, Nimrod D. Rubinstein, David G. Hendrickson, David R. Kelley,

and Adam Z. Rosenthal

The authors would like to correct an error in the Methods section of the above-mentioned article under the
“Quality control” subheading. The corrected text is as follows and has been updated in the article online:

“Additionally, we filtered out cells with a high fraction of reads mapping to the mitochondrial genome
(>10%) or the Rn45s repeat (>5%) as likely dead cells (Ilicic et al. 2016).”

The authors apologize for any confusion this may have caused.

doi: 10.1101/gr.259820.119

Genome Research 29: 506-519 (2019)

Corrigendum: Dynamics of cardiomyocyte transcriptome and chromatin landscape demar-
cates Kkey events of heart development

Michal Pawlak, Katarzyna Z. Kedzierska, Maciej Migdal, Karim Abu Nahia, Jordan A. Ramilowski,
Lukasz Bugajski, Kosuke Hashimoto, Aleksandra Marconi, Katarzyna Piwocka, Piero Carnindi,
and Cecilia L. Winata

The authors would like to correct an omission in the Methods section of the above-mentioned article under
the “CM collection by fluorescence-activated cell sorting (FACS)” subheading. The corrected text is as follows
and has been updated in the article online:

“Cell suspension was prepared from 500 embryos and larvae as previously described (Winata et al. 2013),
omitting the fixation step and directly resuspending cells in FACSmax Cell Dissociation Solution (AMS
Biotechnology) for cell sorting.”

The authors apologize for any confusion this may have caused.

doi: 10.1101/gr.260273.119
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