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To reveal the molecular mechanisms involved in cardiac lineage
determination and differentiation, we quantified the proteome of
human embryonic stem cells (hESCs), cardiac progenitor cells (CPCs),
and cardiomyocytes during a time course of directed differentiation
by label-free quantitative proteomics. This approach correctly iden-
tified known stage-specific markers of cardiomyocyte differentiation,
including SRY-box2 (SOX2), GATA binding protein 4 (GATA4), and
myosin heavy chain 6 (MYH6). This led us to determine whether
our proteomic screen could reveal previously unidentified mediators
of heart development. We identified Disabled 2 (DAB2) as one of the
most dynamically expressed proteins in hESCs, CPCs, and cardiomyo-
cytes. We used clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) mutagenesis in
zebrafish to assess whether DAB2 plays a functional role during car-
diomyocyte differentiation. We found that deletion of Dab2 in zebra-
fish embryos led to a significant reduction in cardiomyocyte number
and increased endogenous WNT/B-catenin signaling. Furthermore,
the Dab2-deficient defects in cardiomyocyte number could be sup-
pressed by overexpression of dickkopf 1 (DKK1), an inhibitor of
WNT/g-catenin signaling. Thus, inhibition of WNT/g-catenin sig-
naling by DAB2 is essential for establishing the correct number of
cardiomyocytes in the developing heart. Our work demonstrates
that quantifying the proteome of human stem cells can identify
previously unknown developmental regulators.
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irected differentiation of human embryonic stem cells (hESCs)

toward definitive cardiomyocytes provides a platform for un-
derstanding human heart development and disease (1). To this end,
genome-wide screens focusing on transcriptional regulation and
RNA expression during time course staging of cardiac develop-
ment have identified regulators of cardiac development (2, 3).
Although these studies have increased our understanding of the
transcriptional mechanisms active during heart development,
there remains little information regarding regulation of the pro-
teome in this same context. This led us to quantify the proteome of
hESCs during a stage-specific differentiation to definitive car-
diomyocytes, a primary functional cell of the heart muscle.

It is well known that tight regulation of the WNT/B-catenin
signaling pathway during the process of cardiomyocyte differen-
tiation is imperative (4, 5). Temporal overactivation or inhibition
of the WNT/B-catenin signaling pathway has been shown to result
in cardiac null phenotypes in vivo (4, 6, 7), because WNT/B-catenin
is required to form mesoderm, and it subsequently must be re-
pressed to form cardiomyocytes. Furthermore, overactivation of
WNT/B-catenin signaling during hESC-derived cardiomyocyte dif-
ferentiation results in a shift in mesoderm patterning to specify
endothelium and early blood cells, but not cardiomyocytes (8).
Conversely, inhibition of WNT/p-catenin has been shown to direct
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endocardial-like endothelial cells to differentiate toward the cardiac
lineage (3). Thus, understanding which proteins are involved in pro-
moting or repressing the WNT/B-catenin signaling pathway is crucial
for resolving the ambiguities associated with cardiac development.

Here, using label-free quantitation (LFQ) proteomics, we
measured protein expression patterns during a time course of
hESC-derived cardiomyocyte differentiation. LFQ proteomics is
a robust technology for quantifying differences in protein ex-
pression, which have been shown to correlate with differentiated
cell types (9, 10). Furthermore, quantifying unmodified protein
expression has the advantage of eliminating the unknown effects
of posttranscriptional regulation. Using this approach, we identified
regulators of cardiac development, including Disabled 2 (DAB2).
We found that DAB2 negatively regulates WNT/B-catenin sig-
naling and promotes cardiomyocyte differentiation from mesoderm-
derived progenitors.

Results

Quantification of the Proteome During hESC-Directed Differentiation
Toward Cardiomyocytes. To reveal molecular mediators and markers
of cardiac development, we quantified the proteome of hESCs as
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The directed differentiation of human embryonic stem cells into
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they differentiated toward cardiac progenitor cells (CPCs) and
definitive beating cardiomyocytes. hESCs were induced to differ-
entiate with activin A and bone morphogenetic protein 4 (BMP4),
in combination with sequential small molecule activation and in-
hibition of WNT/B-catenin signaling. Cells were then harvested as
pluripotent hESCs (day 0), CPCs (day 5), or cardiomyocytes (day
14) 3, 5, 8) (Fig. 14). We have previously shown that as cells
differentiate toward CPCs, they express cardiac transcription fac-
tors, such as GATA binding protein 4 (GATA4), T-box 5 (TBXS5),
and NK2 homeobox 5 (NKX2.5) (3, 8) (Fig. 14). CPCs then in
turn differentiate predominately toward cardiomyocytes and ex-
press the cardiac structural genes [cardiac troponin T (c7rT)] and
[myosin heavy chain 6 (MYH6)], with a minority of cells showing
characteristics of the fibroblast/smooth muscle (2, 3). Thus, we
assessed our cultures by fluorescence-activated cell sorting (FACS)
analysis to determine cardiomyocyte purity and differentiation
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Fig. 1. LFQ proteomics during directed differentiation of hESCs into car-
diomyocytes. (A) Schematic of differentiation protocol: hESCs (day 0), CPCs
(day 5), and definitive cardiomyocytes (CMs; day 14). (B) FACS analysis of day
14 hESC-derived CMs stained for cTnT (y-axis, total cell counts %; x-axis, cells
stained for cTnT). (C) qRT-PCR during CM differentiation at stages of hESCs
(day 0), mesoderm (day 2), CPCs (day 5), and CMs (day 14) for pluripotency
marker SOX2, pan-mesodermal marker BryT, cardiac transcription factor
GATAA4, and the cardiac structural protein MYH6. n = 4 biological replicates.
Data are mean + SEM. (D) Schematic of the experimental design for LFQ
proteomics, with assays of hESCs, CPCs, and CMs. (E) Relative protein ex-
pression (LFQ intensity) quantified by measuring tryptic digestions of cell
lysates using nano LC-MS/MS. n = 3 biological replicates per time point;
average Pearson’s correlation, 0.94. (F) Peptides corresponding to 3,834
proteins measured as in E.
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efficiency, and verified that >80% of the cardiomyocyte population
was cTnT-positive (Fig. 1B).

As a readout of normal cardiac differentiation, we assessed
markers of pluripotency, [SRY-box2 (SOX2)], mesoderm formation
[Brachyury T (BryT)], CPCs (GATA4), and cardiomyocytes
(MYHS6) by quantitative reverse-transcriptase PCR (QRT-PCR)
over the time course of differentiation (Fig. 1C). SOX2 is highly
expressed in hESCs, whereas expression decreases to baseline
levels as cells differentiate toward precardiac mesoderm. As cells
exit pluripotency, the pan-mesodermal marker BryT is expressed
on day 2, whereas during specification of CPCs, BryT expression
returns to baseline levels. The increased expression of the car-
diac transcription factor GATAA4 is observed at day 5, followed
by cardiac structural proteins MHY6 and cTnT at day 14 (Fig.
1B). These data indicate successful differentiation of hESCs
toward cardiomyocytes with normal transitioning among hESCs,
mesoderm, CPCs, and definitive cardiomyocytes.

Using LFQ proteomics, we measured changes in protein ex-
pression during a time course of hESC cardiomyocyte differen-
tiation by quantifying protein extracted from hESCs (day 0),
CPCs (day 5), and cardiomyocytes (day 14) (Fig. 1D). Normalized
quantities of protein were tryptically digested and fractionated
using reverse-phase chromatography before measurement by mass
spectrometry. Protein quantification was reproducible, with an
average Pearson’s correlation of 0.94 across all samples (Fig. 1E).
A total of 3,834 proteins were identified and quantified, of which
764 were differentially regulated among hESCs, CPCs, and car-
diomyocytes (Fig. 1F and Datasets S1 and S2).

LFQ Proteomics Identifies DAB2 as a Putative Regulatory Protein for
Cardiomyocyte Development. To identify system-level changes in
metabolic or signaling pathways during differentiation, we per-
formed principal component analysis (PCA), followed by nor-
malization of protein expression of CPCs and cardiomyocytes to
hESCs (Fig. 2). PCA demonstrated distinct patterns of protein
expression in hESCs, CPCs, and cardiomyocytes (Fig. 24). The
first principal component (PC1) distinguished cardiomyocytes
from hESCs and CPCs, whereas the second (PC2) distinguished
CPCs from cardiomyocytes and hESCs. We subsequently assessed
which proteins contributed to PC1 and PC2 based on positive and
negative PC loadings (Fig. 2 B and C and Dataset S3). After nor-
malizing CPCs and cardiomyocytes to hESCs (Fig. 2D), we per-
formed unbiased hierarchical clustering to confirm that global
protein expression can distinguish these three cellular fates (Fig. 2F).

We used Gene Ontology (GO) term enrichment to investigate
the functional relationships between differentially expressed pro-
teins (Fig. 2F and Dataset S4). During the transition between
hESCs and CPCs, proteins involved primarily in regulation of the
WNT/B-catenin pathway and cellular morphogenesis were rep-
resented. In contrast, GO terms associated with proteins that
regulate muscle and ventricular morphogenesis, the develop-
ment of sarcomeres, and metabolic processes were enriched in
cardiomyocytes. These data indicate that our LFQ proteomic ap-
proach can identify known, and also possibly unknown, regulatory
proteins associated with human cardiomyocyte differentiation.

To visualize changes in protein expression during cardiomyocyte
differentiation, we compared hESCs with CPCs (Fig. 34) or
cardiomyocytes (Fig. 3B) and compared CPCs with cardiomyocytes
(Fig. 3C), graphing differences in protein expression vs. significance
(P value). This method identified known and unknown stage-
specific markers of differentiation, including SOX2, GATA4,
and MYHG6 (Fig. 3 A-C). Furthermore, protein expression levels
of these markers were temporally correlated with mRNA ex-
pression (Fig. 3 A and B; cf. Fig. 1C).

To further reveal regulators of cardiac development, we ex-
amined proteins that were dynamically expressed throughout the
time course of hESC cardiomyocyte differentiation. To this end,
we analyzed the top-40 differentially expressed proteins from
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Fig. 2. Global proteomics analyses reveal enrichment of WNT/p-catenin signaling. (A) PCA of hESCs, CPCs, and cardiomyocytes (CMs). (B and C) Heat map
analyses of the top-20 contributing proteins (negative and positive PC loadings) for PC1 (B) and PC2 (C). (D) Protein expression of CPCs and CMs normalized
to that of hESCs. (E) Unbiased hierarchical clustering of total protein expression normalized to that of hESCs. (F) Significant GO terms associated with CPCs

and CMs.

CPCs and cardiomyocytes (20 up-regulated and 20 down-regu-
lated for each cell type). Heat map analyses demonstrated dynamic
expression levels, with many nonoverlapping proteins regulated
between CPCs and cardiomyocytes (Fig. 3D). From these analyses,
we identified a WNT/B-catenin inhibitor and mitogen-responsive
phosphoprotein, Disabled 2 (DAB2), as one of the most dynami-
cally expressed proteins across hESC cardiomyocyte differentiation
(Fig. 3 A-D). DAB2 protein expression was markedly increased
between hESCs and CPCs (mean + SEM LFQ intensity, 7.86 +
0.25), with levels approaching baseline in cardiomyocytes (mean =+
SEM LFQ intensity, 1.71 + 0.51). Moreover, DAB2 was dynami-
cally expressed at both the protein and transcript levels over the
time course of cardiomyocyte differentiation (Fig. 3 E and F). As
predicted by the proteomic results, we found a robust increase in
DAB2 mRNA expression between hESCs and CPCs, but not be-
tween hESCs and mesoderm or cardiomyocytes (Fig. 3F). Collec-
tively, these data demonstrate that our LFQ proteomics can
identify putative regulators of cardiac development.

DAB2 Loss of Function Results in Increased WNT/g-Catenin Signaling.
We sought to understand the role of DAB2 in vivo by using a
highly conserved in vivo model of heart development (11, 12) in
zebrafish (Danio rerio). Previous studies have shown that during
early-stage cardiac specification, dab2 is expressed within a
critical region for CPC specification, the ventral mesoderm, as
well as the pronephros (13, 14), but during late-stage heart de-
velopment, dab2 is expressed not in the heart but primarily
within regions of the developing endothelium (15). These data

1004 | www.pnas.org/cgi/doi/10.1073/pnas.1523930113

corroborate the dynamic expression patterns of DAB2 during
hESC cardiomyocyte differentiation. Thus, we created a loss-of-
function mutant using clustered regularly interspaced short pal-
indromic repeats (CRISPR) coupled with the CRISPR-associated
protein 9 (Cas9; CRISPR/Cas9) gene editing system to target the
Dab?2 locus (Fig. S1).

To introduce mutations, we injected one-cell stage zebrafish
with single guide RNA (sgRNA) and Cas9 RNA. The presence
of insertions or deletions (indels) was validated by reverse genet-
ics. In brief, quantitative PCR was conducted on genomic DNA
harvested from uninjected and Dab2-injected zebrafish embryos at
24 h postfertilization (hpf) using the primers shown in Fig. S14
and described in Materials and Methods (16). These data indicate
that following injection of sgRNA and Cas9, ~70% of the total
zebrafish alleles surveyed showed indels proximal to the proto-
spacer adjacent motif (PAM) (Fig. S1B), which we term Dab2
mutants. As an ancillary method, a T7 endonuclease assay con-
firmed correct targeting (Fig. S1C).

DAB?2 is a known inhibitor of the WNT/p-catenin signaling
pathway (17, 18) and has been shown to regulate endothelial
development in zebrafish (15). Thus, we sought to understand
whether our Dab2 mutants showed increased levels of WNT/
B-catenin signaling coupled with delayed development of the
endothelium. To test this, we performed qRT-PCR analysis on a
panel of WNT-responsive genes in control and Dab2 mutants at
24 hptf (Fig. 4A4). Dab2 transcript abundance was significantly
reduced by Dab2 mutagenesis, whereas expression of WNT/
B-catenin target genes, such as axin-related protein 2 (axin2),

Hofsteen et al.
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Fig. 3. System-wide proteomics analyses identify DAB2 as a putative reg-
ulator of cardiac development. (A-C) Volcano plots of protein expression
comparing hESCs with CPCs (A) and cardiomyocytes (CMs; B) and comparing
CPCs with CMs (C). Highlighted proteins are the pluripotency marker SOX2,
cardiac transcription factor GATA4, cardiac structural protein MYH6, and
putative cardiomyocyte developmental regulator DAB2. (D) Heat map
analyses of the top-40 differentially expressed proteins in CPCs (Left) and
CMs (Right). (E and F) Protein expression (LFQ intensity; £) and mRNA ex-
pression (F) of DAB2 during hESC—cardiomyocyte differentiation. n = 3 bi-
ological replicates measured by mass spectrometry and n >4 biological
replicates for qRT-PCR. Data are mean + SEM.

transcription factor 7-like 1a (tcf7I1a), and transcription factor 3b
(tcf3b), was significantly up-regulated. As a secondary method,
we crossed a WNT/p-catenin reporter (Siam:mCherry) with an
endothelial reporter (flkl:GFP) and assayed control and Dab2
mutants at 24 hpf. Loss of Dab2 significantly increased WNT/
fB-catenin reporter expression primarily in regions of the forebrain,
midbrain, hindbrain, anterior pronephros, and posterior vascula-
ture (Fig. 4 B-E, quantified in F). Consistent with previous reports

Hofsteen et al.

(15), Dab2 mutants also appeared delayed in the development of
posterior vasculature (Fig. 4 C and E). These data correspond with
previous findings indicating that Dab2 regulates WNT/B-catenin
signaling and endothelial development.

Dab2 Promotes Cardiomyocyte Differentiation in Part by Negatively
Regulating WNT/$-Catenin Signaling. To assess whether Dab?2 reg-
ulates cardiomyocyte differentiation, we assessed control and Dab2
mutants carrying a transgene (cmlc2:DsRed-nuc) for cardiomyocyte
nuclei at 48 hpf. In the absence of Dab2, cardiomyocyte numbers
were significantly reduced in both ventricles and atria compared
with controls (Fig. 4 G and H). Thus, Dab2 is a mediator of in vivo
cardiomyocyte development. Because Dab2 negatively regulates
WNT/p-catenin signaling and cardiomyocyte differentiation, we
hypothesized that during late-stage cardiomyocyte differentiation,
overexpression of an upstream inhibitor of the WNT/B-catenin
signaling pathway, dickkopf 1 (DKKI1), would rescue our pheno-
type. To this end, heterozygous (hisDKKI:GFP*'~;cmic2:DsRed-
nuc*’7) control and Dab2 mutants were heat-shocked to induce
transgene expression at the 1618 somite stage and assessed at 48 hpf
for gross morphology and cardiac abnormalities. Gross mor-
phology was scored using a previously described phenotype scale
(19), and cardiac abnormalities (normal, mild, or severe) were
scored as shown in Fig. 4/. In the heat-shock controls, there was
no indication of broad organismal or cardiac defects between
DKK1* and DKK1~ treatment groups (Fig. 4 I-K). In contrast,
compared with controls, Dab2 mutagenesis resulted in broad
organismal and cardiac defects, whereas this phenotype was par-
tially rescued by overexpression of DKK1 (Fig. 4 I-K).

To determine whether overexpression of DKK1 could restore
Dab2-mediated cardiomyocyte deficiencies, we assessed heat-
shocked hsDKKI:GFP*~;cmlc2:DsRed-nuc*'~ control and Dab2
mutants as before and quantified total cardiomyocytes at 48 hpf.
The controls showed no change in cardiomyocyte number asso-
ciated with overexpression of DKK1 (control DKK™, 226.2 + 22.0,
control DKK1%, 256.0 + 18.4; P = 0.345), whereas Dab2 mutants
consistently showed a significant decrease in total cardiomyocyte
number compared with controls. In contrast, following over-
expression of DKK1, Dab2 mutants had significantly higher car-
diomyocyte numbers compared with DKK1~ Dab2 mutants (Dab2
DKK, 124.5 + 12.5; Dab2 DKK*, 191.3 + 13.5; P < 0.01) (Fig. 4L).
These data indicate that Dab2 plays a critical role during heart
development, in part by negatively regulating the WNT/B-catenin
signaling pathway, and that Dab2 deficiency can be rescued by
overexpression of a distinct inhibitor of the WNT/B-catenin pathway

(Fig. 4M).

Discussion

The combination of LFQ proteomics and cross-species valida-
tion can be used to reveal previously unidentified regulators of
cardiac development that are relevant both in vitro and in vivo.
WNT/-catenin inhibitors have long been studied for their roles
in modulating cell fate decisions during development and also as
possible therapeutic options for the treatment of cancer (6, 8, 20).
In this study, we have identified DAB2 as a critical WNT/B-catenin
signaling inhibitor that is also essential for cardiomyocyte develop-
ment. Although we have focused on the expression and function of
DAB?2 in the context of WNT/p-catenin signaling, this dataset also
could be useful in determining other processes during heart devel-
opment, such as metabolic transitions, cell-cell communications,
and other signaling pathways.

In the presence of WNTs, the Frizzled (FZD) receptor and
low-density lipoprotein receptor-related protein (LRP5/6) form
a complex. WNT-mediated activation of FZD-LRP destabilizes a
destruction complex, resulting in an accumulation of p-catenin
and increased WNT signaling. By blocking the recruitment of
B-catenin to the FZD-LRP complex, DAB2 promotes stabili-
zation of the destruction complex and thereby inhibits WNT
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Fig. 4. Dab2 promotes cardiomyocyte development by negatively regulating WNT/g-catenin signaling. (A) qRT-PCR of dab2 and a panel of known
WNT/B-catenin target genes (axin2, tcf7I1a, and tcf3b) and ligands (wnt3, wnt8a, wnt5a, and wnt10a) in control (black bars) and Dab2 mutants (orange
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gross morphological defect scoring in control and Dab2 mutants after overexpression of DKK1 scored at 48 hpf. (J) Representative images of normal, mild,
and severe heart defects at 48 hpf. (K) Percent heart defects in control and Dab2 mutants after overexpression of DKK1 scored at 48 hpf. (L) Quantification
of total cardiomyocyte number. *P < 0.05, Student’s t test. n = 30-45 per group for heat shock and scoring for panels / and K. For quantification of
cardiomyocyte nuclei, n = 4-6 fish hearts per condition analyzed by z-series confocal microscopy. Data are mean + SEM. (M) Model: DAB2 inhibition of

WNT/p-catenin signaling promotes cardiomyocyte differentiation.

signaling (17). We found that the Dab2 mutation increases
WNT/p-catenin signaling and diminishes cardiac development
in vivo. By overexpressing an upstream WNT/B-catenin inhibitor
(DKK1) in our Dab2 mutants, cardiomyocyte numbers and car-
diac defects were partially rescued.

Here we link Dab2 to WNT/p-catenin signaling as a critical aspect
of cardiac development; however, we note that the WNT/p-catenin
signaling pathway also has known roles in controlling cellular pro-
liferation and the survival of CPCs. Thus, our findings also may be
attributed to the prosurvival or proliferative aspects of the WNT/
B-catenin signaling pathway, and not solely from the control of
mesoderm or CPC specification. Our findings highlight a previously
unidentified role for DAB2’s regulation of cardiac development
through modulation of the WNT/B-catenin signaling pathway.

DAB?2 is also involved in TGF-f signaling (15). Cross-talk
between TGF-f and WNT/f-catenin signaling is a critical com-
ponent during development (5, 21-23). During hESC-directed
differentiation, activation of both TGF-f and canonical WNT
signaling pathways promote direct differentiation of hESCs toward
precardiac mesoderm (2, 8), whereas subsequent WNT inhibition
specifies CPCs. In zebrafish, Dab2 regulates TGF-f signaling by
increasing the endocytosis of BMP2 to regulate angiogenesis (15).
Furthermore, Morris et al. (24) demonstrated that a murine ho-
mozygous null mutation of Dab2 is embryo-lethal with a phenotype
that closely resembles those of TGF-f mutations. Thus, the role of
DAB?2 in the whole organism is broad. Given that the heart is the
first vertebrate organ to form and function, and requires tight
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regulation of WNT/B-catenin signaling (6, 25), knowledge of which
proteins promote or repress WNT/B-catenin signaling is crucial for
identifying regulators of cardiac development. Our work demon-
strates that DAB2 is dynamically expressed in human stem cells,
and supports cardiomyocyte development in vivo in part by sup-
pressing WNT/B-catenin signaling.

Materials and Methods

Cell Culture and Cardiac-Directed Differentiation. Undifferentiated RUES2
hESCs (female; Rockefeller University, NIHhESC-09-0013) were maintained as
described previously (1). The hESCs were seeded on Matrigel (BD Biosciences)-
coated plates and maintained with mouse embryonic fibroblast-conditioned
medium containing 5 ng/mL human basic fibroblast growth factor (Pepro-
tech; 100-18B) until appropriate confluency was observed. Directed differ-
entiation of hESCs toward cardiomyocytes was performed in high-density
monolayers, using a combination of activin A, BMP4, and small molecule
activation and repression of WNT/B-catenin signaling, as described pre-
viously (1) and illustrated in Fig. 1A.

gRT-PCR. Total RNA isolation was isolated using the Qiagen RNeasy Miniprep
Kit, in accordance with the manufacturer’s protocol. First-strand ¢cDNA from
500 ng of total RNA was synthesized using the SuperScript Ill Enzyme Kit
(Invitrogen). qRT-PCR was performed using the Sensimix SYBR PCR Kit (Bioline)
on a 7900HT Fast Real-Time PCR system (Applied Biosystems). Primers are listed
in Table S1. For human in vitro studies, all transcripts were normalized to
HPRT, and in vivo zebrafish studies were normalized to p-actin.

Flow Cytometry. Cardiomyocyte purity was obtained by flow cytometry using
cTnT (Thermo Scientific; 1:100) antibody or isotype control. Cells were analyzed
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with a FACSCanto Il flow cytometer using FACSDiva software (BD Biosciences).
Raw FACS data were analyzed using FlowJo software (Tree Star).

Proteomics. Cells were analyzed as described previously (10). In brief, cell
pellets were lysed in 1 M urea and 50 mM ammonium bicarbonate (pH 7.8)
and heated to 50 °C for 20 min. Normalized quantities of protein were re-
duced, alkylated, and digested overnight with trypsin. Three biological
replicates per time point were run in technical triplicate. Peptides were
measured by nano LC-MS/MS on a Thermo Scientific Orbitrap Fusion mass
spectrometer. Peptides were separated in a 180-min gradient [1-45%
(vol/vol) acetonitrile] at 250 nL/min. The Orbitrap was operated in data-
dependent mode with a 60,000 resolution, 400-1,600 m/z full scan, top speed
of 3's, and 1.8-m/z isolation window. Identification and LFQ of peptides was
done with MaxQuant 1.5 (26) using a 1% false discovery rate (FDR) against the
UniProt human proteome dataset. To identify proteins that were significantly
different between conditions, Perseus 1.4.1.3 was used to perform permutation-
based t tests (FDR, 5%) and hierarchical clustering analysis. PCA was con-
ducted in MetaboAnalyst 3.0, and the data were filtered using mean
intensity values and Pareto-scaled (27). GO terms linked to proteins enriched
in hESCs, CPCs, or cardiomyocytes were analyzed in g:Profiler using the
CoCoA algorithm (28). Mean protein abundance was quantified by LFQ, and
samples were normalized to hESCs to compare protein expression patterns
during the time course of cardiomyocyte differentiation.

Zebrafish Strains and Husbandry. WT (AB; Zebrafish International Resource
Center), cmic2:DsRed [Tg(cmic2:DsRed-nuc] (29), Siam:mCherry [Tg(7xTCF-Xla.
Siam:nlsmCherry)] (30), Tg(hsDKK1:GFP), and Tg(flk1:GFP) zebrafish strains were
used in these experiments. All fish were maintained using standard procedures
in accordance with the Institutional Animal Care and Use Committee-approved
protocols. Heat shocking of heterozygous hsDKK1:GFP fish was conducted as
described previously (31). Blinded scoring of DKK1 overexpression was done
as described in Results with genetic DKK1~ internal heat-shocked controls.
Zebrafish biological replicates are considered to represent individual spawning
pairs and experiments conducted on separate days unless stated otherwise.

Analysis of Zebrafish WNT/p-Catenin Reporter Expression. Homozygous
Siam:mCherry and flk1:GFP lines were crossed to obtain a heterozygous line
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(7xTCF—XIa.Siam:nlsmCherry*'";flk1:GFP+"). Fish were injected with either
control (dab2 sgRNA) or Dab2 (dab2 sgRNA/Cas9) at the one-cell stage as
described previously. At 24 hpf, fish were fixed in 4% (vol/vol) para-
formaldehyde (PFA) and mounted in Vectashield containing DAPI (Vector
Laboratories) for confocal microscopy. Whole-mount anterior and posterior
images (z-series) were obtained, and total fluorescence intensity was quanti-
fied using Image) software. Confocal images were obtained using a Nikon
A1R confocal mounted on a Nikon TiE inverted microscope.

Cardiomyocyte Nuclei Quantification. Heterozygous cml/c2:DsRed-nuc and
hsDKK1:GFP*'~;cmic2:DsRed-nuct’~ control (dab2 sgRNA) and Dab2 (dab2
sgRNA/Cas9)-injected fish were collected at 48 hpf and fixed in 4% (vol/vol)
PFA overnight, then subjected to immunhistochemistry as described pre-
viously (32). Rabbit anti-DsRed (1:200; AnaSpec) and mouse anti-activated
leukocyte cell adhesion molecule (ALCAM; 1:50) primary antibodies were
used, followed by staining with Alexa Fluor 596 anti-rabbit and Alexa Fluor
633 anti-mouse secondary antibodies at 1:100. Blocking and dilutions were
done in PBS with 0.03% Triton and 4% (wt/vol) BSA. The ALCAM antibody
was used to decipher the zebrafish heart ventricle from atrium owing to
preferential staining of the ventricle. Hearts were imaged (z-series) by
confocal microscopy, and cardiomyocytes were counted in a blinded fashion.

Statistics. Single variable analyses between two samples were performed
using Student'’s t test. Univariate and multivariable assays were analyzed by
one- or two-way ANOVA.

CRISPR-Cas9 genome editing in zebrafish embryos is described in S/ Methods.
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