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GATA-targeted compounds modulate
cardiac subtype cell differentiation in dual
reporter stem cell line
Mika J. Välimäki1�, Robert S. Leigh1�, Sini M. Kinnunen1, Alexander R. March1, Ana Hernández de Sande2,
Matias Kinnunen3,4, Markku Varjosalo3,4, Merja Heinäniemi2, Bogac L. Kaynak1* and Heikki Ruskoaho1*

Abstract

Background: Pharmacological modulation of cell fate decisions and developmental gene regulatory networks
holds promise for the treatment of heart failure. Compounds that target tissue-specific transcription factors could
overcome non-specific effects of small molecules and lead to the regeneration of heart muscle following
myocardial infarction. Due to cellular heterogeneity in the heart, the activation of gene programs representing
specific atrial and ventricular cardiomyocyte subtypes would be highly desirable. Chemical compounds that
modulate atrial and ventricular cell fate could be used to improve subtype-specific differentiation of endogenous or
exogenously delivered progenitor cells in order to promote cardiac regeneration.
Methods: Transcription factor GATA4-targeted compounds that have previously shown in vivo efficacy in cardiac
injury models were tested for stage-specific activation of atrial and ventricular reporter genes in differentiating
pluripotent stem cells using a dual reporter assay. Chemically induced gene expression changes were characterized
by qRT-PCR, global run-on sequencing (GRO-seq) and immunoblotting, and the network of cooperative proteins of
GATA4 and NKX2-5 were further explored by the examination of the GATA4 and NKX2-5 interactome by BioID.
Reporter gene assays were conducted to examine combinatorial effects of GATA-targeted compounds and
bromodomain and extraterminal domain (BET) inhibition on chamber-specific gene expression.
Results: GATA4-targeted compounds 3i-1000 and 3i-1103 were identified as differential modulators of atrial and
ventricular gene expression. More detailed structure-function analysis revealed a distinct subclass of GATA4/NKX2-5
inhibitory compounds with an acetyl lysine-like domain that contributed to ventricular cells (%Myl2-eGFP+).
Additionally, BioID analysis indicated broad interaction between GATA4 and BET family of proteins, such as BRD4.
This indicated the involvement of epigenetic modulators in the regulation of GATA-dependent transcription. In this
line, reporter gene assays with combinatorial treatment of 3i-1000 and the BET bromodomain inhibitor (+)-JQ1
demonstrated the cooperative role of GATA4 and BRD4 in the modulation of chamber-specific cardiac gene
expression.
(Continued on next page)
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(Continued from previous page)
Conclusions: Collectively, these results indicate the potential for therapeutic alteration of cell fate decisions and
pathological gene regulatory networks by GATA4-targeted compounds modulating chamber-specific transcriptional
programs in multipotent cardiac progenitor cells and cardiomyocytes. The compound scaffolds described within
this study could be used to develop regenerative strategies for myocardial regeneration.

Keywords: Stem cells, Cardiomyocyte subtype, Atrial cardiomyocyte, Ventricular cardiomyocyte, Heart regeneration,
GATA4, NKX2-5

Introduction
Myocardial infarction results in the loss of ventricu-
lar heart tissue which is not efficiently replaced [1].
Exogenously delivered pluripotent stem cell-derived
cardiac progenitors (CPs) or cardiomyocytes repre-
sent a potential cell source for replacement of lost
myocardium in the injured adult heart [2, 3]. Add-
itionally, low levels of endogenous cardiomyocyte
proliferation occurs via de-differentiation into a
progenitor-like state, proliferation of progenitor-like
cells, and re-differentiation into mature cardiomyo-
cytes [4, 5]. Importantly, failure of cells to re-
differentiate after the induction of de-differentiation
and proliferation results in adverse outcomes, including
left ventricular hypertrophy, arrhythmias, and sudden
death [6, 7]. Thus, small molecules capable of influencing
the fate decisions and differentiation programs of multipo-
tent progenitor cells could facilitate therapeutic regener-
ation of lost myocardium. Indeed, though in vitro
expansion and cell transplantation of pluripotent stem cell
(PSC) derived CPs, cardiomyocytes, cardiosphere-derived
cells, and mesenchymal stem cells are being explored as
therapeutic options for cardiovascular diseases [2, 8–16],
it is unknown if exogenously delivered CP differentiation
could be augmented by simultaneous delivery of chemical
inducers of atrial or ventricular cardiomyocyte differenti-
ation. Furthermore, it is unknown whether endogenous
progenitors/stromal cells in the adult human heart could
be chemically induced to generate functional atrial or ven-
tricular heart muscle to treat adult heart diseases. Add-
itionally, cardiomyocyte subtype differentiation could aid
in the generation of stem-cell derived cardiac patches or
bioengineered hearts for transplantation [17–19]. Cardio-
genic compounds might also modify pathological gene ex-
pression programs characterized by activation of fetal
gene expression networks, such as those observed during
adult heart disease [20, 21].

Though previous in vitro studies have led to the identifi-
cation of cardiogenic small molecules targeting develop-
mental signaling pathways [22–26], the ubiquitous role of
these pathways in non-cardiac organ homeostasis and
stem cell niches might limit their use in vivo. This could
be circumvented by developing cardiogenic compounds
targeting tissue-specific proteins, such as combinations of

developmental transcription factors (TFs). Notably, the
transition from proliferative multipotent progenitor cells
to differentiated cardiomyocytes is orchestrated by core
cardiac TFs acting synergistically and antagonistically [27].
These TFs include GATA4/MEF2C/TBX5/NKX2-5, and
loss of function phenotypes of these genes demonstrate
their effects on cardiac morphogenesis and target gene
activation [28–32]. More detailed studies on cardiac TF
machinery have revealed a low number of regulatory TFs
(e.g., GATA4, HAND2, MEF2, and TBX5) that are
required and able to cooperatively reprogram cardiac
fibroblasts into functional cardiac-like myocytes in vitro
and in vivo [1, 33–35]. Moreover, we have previously
identified GATA4 and NKX2-5 as master regulators of
stretch-induced hypertrophic responses in differentiated
cardiomyocytes [36] and reported the structural basis for
the GATA4/NKX2-5 interaction [37]. The observed
nuclear receptor-like structure of the GATA4/NKX2-5
complex provides an opportunity for small molecule inter-
ference, and we subsequently reported a novel family of
compounds targeting the GATA4/NKX2-5 interaction
that inhibited synergistic transcription from reporter
genes possessing NKX2-5 binding sites [38, 39]. Further-
more, we showed that the hit compound 3i-1000 inhibited
cardiomyocyte hypertrophy in vitro and improved left
ventricular ejection fraction/structural remodeling
after myocardial infarction and other cardiac injuries
in vivo [39–41].

Though the importance of GATA4 and NKX2-5 to
cardiovascular development and postnatal function has
been extensively reported [30, 31, 42], it is unknown to
what degree chemical perturbation of GATA4/NKX2-5
synergy affects atrial and ventricular cardiomyocyte dif-
ferentiation of cardiac progenitors. In the present study,
we have tested compounds that we previously identified
to inhibit the GATA4/NKX2-5 interaction in a dual
reporter assay for the differentiation of atrial and
ventricular cardiomyocytes from PSCs, leading to the
identification of small molecules modulating atrial and
ventricular gene expression, respectively. Chemically
induced gene expression changes were characterized by
qRT-PCR, global run-on sequencing (GRO-seq) and
immunoblotting, revealing the alteration of GATA4 pro-
tein and gene regulatory networks by novel compound
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3i-1000 during the differentiation process. Structure-
function analyses of active compounds implicated the in-
volvement of an acetyl lysine-like fragment that is poten-
tially related to the activity of the bromodomain and
extraterminal domain (BET) family of proteins such as
BRD4, and GATA4-BRD4 interactions were confirmed
by analysis of the GATA4 protein interactome by BioID.
Follow-up studies revealed that (+)-JQ1, an inhibitor of
BET bromodomains, increased the activity of both
GATA4-dependent and GATA4/NKX2-5-dependent
chamber-specific transcription programs, and this was
inhibited by 3i-1000. Collectively, these experiments re-
sulted in the identification of small molecules 3i-1000
and 3i-1103 as novel selective regulators of atrial and
ventricular gene expression, as well as provided insight
into the mechanism-of-action of GATA4-targeted com-
pounds involving an acetyl lysine-like subdomain.

Materials and methods
Spontaneous and directed differentiation assays of
mouse embryonic stem cells
Differentiation assays for dual reporter mouse embryonic
stem cells (ESCs) were conducted as described previ-
ously [43], though compound treatment windows were
modified as indicated. Flow cytometry was performed on
a BD Accuri C6 or BD LSRFortessa flow cytometer. Syn-
thesis of compounds used in the present study was per-
formed in the Division of Pharmaceutical Chemistry at
the University of Helsinki, Pharmatory (Oulu, Finland),
Chembridge (San Diego, USA), and Maybridge (Leices-
tershire, UK) as described [38, 39]. All-trans retinoic
acid (ATRA) and (+)-JQ1 were purchased from a com-
mercial provider (Sigma). Compounds were diluted in
DMSO prior to administration (final DMSO concentra-
tion 0.1% in medium) and values were normalized to
DMSO controls. For characterization of chemically dif-
ferentiated embryoid bodies (EBs) by qRT-PCR, RNA
was isolated from D12 EBs using TRIzol reagent
(Thermo Fisher Scientific) and RNeasy MinElute
Cleanup kit. qRT-PCR reactions were performed using
Taqman gene expression assays (Supplementary Table 1),
and values were normalized to a reference gene (Actb).
qRT-PCR reactions were performed on a Fluidigim Bio-
mark HD system.

Immunoblotting of GATA4
GATA4 protein was examined in mESC-derived EBs
collected on D5 and D12 of differentiation with com-
pound treatments. For overexpression studies, HEK293
cells were transfected with GATA4-V5 tagged plasmid.
See extended description of these studies in the Supple-
mentary Methods.

Analysis of protein sequences and compound
conformations
Protein sequences for GATA4 were downloaded from
UniProt Knowledgebase (UniProtKB) which contains
two separate sections: UniProtKB/Swiss-Prot (SP, manu-
ally annotated) and UniProtKB/TrEMBL (TR, computa-
tionally annotated). Sequences were aligned by using
Clustal Omega (European Bioinformatics Institute,
EMBL-EBI).

The commercial modeling package MOE 2019.0102
(Chemical Computing Group Inc., Montreal, Canada;
http://www.chemcomp.com) with LowModeMD module
was utilized to generate small-molecule conformation
databases. A force field MMFF94x suitable for small
molecule calculations was applied for molecule parame-
terizations and energy minimizations as described previ-
ously [39]. Moreover, default settings were employed to
score and rank conformational databases. The lowest en-
ergy conformation was selected as a representative struc-
ture of the compound.

GRO-seq
The GRO-seq method was performed as described pre-
viously [44]. Neonatal rat ventricular myocytes (NRVM)
were cultured as previously described [39], and isolation
of nuclei was performed as detailed in Supplementary
Methods. Samples from two biological replicates were
pooled so that in GRO-seq analysis there were around 5
M nuclei/sample. A run-on reaction was performed with
Br-UTP in the presence of sarkosyl that prevents loading
of new polymerases. The run-on products were purified
and DNAse treated. Base hydrolysis was used for RNA
fragmentation. Anti-BrUTP beads were used to enrich
run-on products. Poly-A tailing was used in the first step
of sequencing library preparation.

BioID measurements
Cell line generation for expressing GATA4 or NKX2-5
with N-terminal MAC tag, sample preparation and mass
spectrometry was performed similarly as described [45],
with the modification of using 1% n-Dodecyl-�-D-Mal-
toside, instead of 0.5% IGEPAL, during sample prepar-
ation. Proteins detected by BioID were filtered using the
CRAPome contaminant repository [46].

Bromodomain assays
Selected compounds (10 �M) were subjected to the
Eurofins/DiscoverX BROMOscan™ assay to identify the
interaction with biologically relevant bromodomains. In
brief, this consists of a cell-free assay in which competi-
tive inhibition is identified based on the interference of
the bromodomain interaction under study with a known
ligand. In total, test compounds were assayed against 32
bromodomains.
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Percent control was calculated as follows:
((test compound signal – positive control signal)/

(negative control signal – positive control signal)) × 100.

Reporter gene assays
COS-1 cells were cultured and reporter gene assays were
performed as previously described [40] and in the
Supplementary Methods. Each experiment included
three replicates. For the analysis of the results, the firefly
values were normalized to the vehicle-treated control
values, i.e., GATA4 or GATA4/NKX2-5 synergy.

Data analysis and statistics
Data from differentiation assays, qRT-PCR experiments,
and reporter gene assays were analyzed in R. Data were
normalized to DMSO (vehicle)-treated and are presented
as the mean ± SEM. Differences between compounds-
and vehicle-treated groups were determined by perform-
ing T test or Wilcoxon test as indicated (****P � 0.0001,
***P � 0.001, **P � 0.01, *P � 0.05).

For GRO-seq analysis, the sequencing reads were
quality controlled using the FASTX toolbox and mapped
to the rat genome using Bowtie. The Homer tool was
used to quantify the GRO-seq signal level (http://
biowhat.ucsd.edu/homer/chipseq/index.html) in four
conditions. Genes were ranked based on their fold
change between 2 h treatment and control, and those
with at least 1.5-fold change were selected for further
analysis based on hierarchical clustering. The library size
normalized read counts were visualized as a heatmap.
USCS genome browser tracks were generated using
Homer to overlay the transcriptional activity data from
GRO-seq with gene annotations. For BioID analysis, the
proteins detected by mass spectrometry were filtered
using the CRAPome contaminant repository [46]. Those
proteins seen in more than 10% (41/411) of CRAPome
database experiments were discarded.

Results
Effects of GATA4-targeted compounds on ventricular
cardiomyocyte gene expression during pluripotent stem
cell differentiation
In order to test for the effects of GATA4-targeted com-
pounds on differentiation programs of cardiomyocyte
subtypes (atrial vs ventricular), a differentiation assay
based on the expression of markers of ventricular (Myl2-
eGFP, venGFP) and atrial (SMyHC3-TdTomato, atrRFP)
cardiomyocytes was used [43]. As compounds affect
GATA4/NKX2-5 protein-protein interactions [38, 39],
and it is unknown to what extent these protein-protein
interactions have temporal characteristics during the
differentiation process, compounds were tested during a
broad treatment window (D2–D10) representing both
mesodermal commitment and activation of differentiation

markers (Fig. 1a). Spontaneous beating is observed on D9
of this assay, in line with activation of venGFP and atrRFP
reporters. Both the % of venGFP+ cells and the single cell
mean fluorescent intensity (MFI) of venGFP were
analyzed for all tested compounds to assess ventricular
cardiomyocyte differentiation. To assess differentiation to
the atrial fate, atrRFP and the atrRFP/venGFP ratio were
also measured for a subset of compounds.

Primary compound screening was conducted for 32
derivatives of GATA4-targeted lead compound 3i-1000
(Supplementary Table S2, Figures S1 and S2), and active
compounds were evaluated in follow-up experiments.
Statistically significant increases in the %venGFP+ cells
were observed for 3i-1000, 3i-1047, 3i-1103, 3i-1148,
and 3i-1236 (Fig. 1b). A trend for increases in
%venGFP+ cells were observed for 3i-1194 (Fig. 1b), 3i-
2042, 3i-2043, and 3i-2045 (Supplementary Figure S1a).
All-trans retinoid acid (ATRA), a known inhibitor of
embryonic multipotent CPs [47], induced statistically
significant dose-dependent decreases in the %venGFP+
cells, as expected (Fig. 1b).

The single-cell mean fluorescent intensity (MFI) was
also measured in order to understand the levels of acti-
vation of marker gene expression in cardiac cells at a
single-cell level (Fig. 1c, Supplementary Figures S1b,
S2b). As GATA4-targeted compounds inhibit NKX2-5-
dependent transcription [38, 39], and germline deletion
of NKX2-5 in mouse embryos resulted in detectable, but
downregulated expression of the venGFP promoter se-
quence (encoded by Myl2) [32], a decline in venGFP
MFI at a single cell level would be consistent with previ-
ous models of NKX2-5 regulation of ventricular tran-
scriptional networks. Indeed, statistically significant
decreases in venGFP-MFI were observed upon com-
pound treatment with 3i-1000, 3i-1103, 3i-1148, and
ATRA (Fig. 1c). Additionally, there was a tendency of
venGFP-MFI to decrease upon treatment with 3i-1047,
3i-1165 (Fig. 1c), and 3i-2043 (Supplementary Figure
S1b). We therefore concluded that active compounds in-
creased the proportion of venGFP+ cells, but venGFP
levels in these cells decline compared to control samples,
consistent with expected effects of interruption of
GATA4/NKX2-5 interactions.

Subclass of GATA4-targeted compounds possessing an
acetyl lysine-like domain associated with ventricular
differentiation
In order to determine the effects of compounds on
stem cell differentiation, venGFP was utilized to rank
the activity of GATA4-targeted compounds in the
spontaneous differentiation assay. Based on our previ-
ous studies [38, 39], a group of 32 structurally or func-
tionally similar compounds (Supplementary Table S2)
were selected for screening experiments (n > = 2).
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Screening results (Fig. 1b, Supplementary Figures S1a,
S2a) reveal a consistent finding: all compounds that
were either inactive (90–110%, 10 out of 32
compounds) or agonistic (> 110%, 3 out of 32 com-
pounds) in previous GATA4/NKX2-5 synergy studies

(Supplementary Table S2) showed no significant change
(> twofold) of %venGFP+ cells in spontaneous differen-
tiation experiments. However, a number of the inhibi-
tory compounds in the GATA4/NKX2-5 synergy assay
(< 90%, 19 out of 32 compounds) were able to

Fig. 1 Compound screening for activation of atrial and ventricular reporter genes. a Screening strategy for identification of cardiogenic
compounds during the spontaneous differentiation of reporter mESCs. GATA4-targeted compounds were screened during a D2�D10 window
encompassing mesodermal commitment, cardiac progenitor specification, and differentiation of spontaneously beating cardiomyocytes.
Differentiation cultures were measured on D12 of differentiation after treatment with GATA4-targeted compounds for b %venGFP+ cells and c
venGFP-MFI. Pluripotent stem cells (PSCs), cardiomyocyte (CM), atrRFP (SMyHC3-TdTomato, atrial), venGFP (Myl2-eGFP, ventricular), all-trans
retinoic acid (ATRA), and mean fluorescent intensity (MFI). Data is presented as mean ± SEM (n � 3, independent experiments). ****P � 0.0001,
***P � 0.001, **P � 0.01, *P � 0.05 (T test or Wilcoxon vs DMSO control). n = 3 (3i-1000 300 nM, 3i-1194 10 �M, 3i-1194 15 �M, 3i-1165 10 �M, 3i-
1165 30 �M), n = 4 (3i-1103 1 �M, 3i-1236 5 �M, 3i-1236 10 �M), n = 5 (3i-1047 3 �M, 3i-1103 3 �M, 3i-1148 5.5 �M), n = 7 (3i-1103 5 �M), n = 8 (3i-
1047 10 �M), n = 10 (ATRA 10 �M), n = 11 (3i-1000 1 �M), n = 13 (ATRA 2.5 �M), n = 21 (3i-1000 5 �M), n = 26 (3i-1000 3 �M)
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demonstrate an effect on the number of venGFP+ cells.
Therefore, screening data of 32 compounds demonstrate
that GATA4/NKX2-5 inhibitory activity is preferred for
the chemical modulation of ventricular differentiation. A
more detailed structural comparison of low energy confor-
mations revealed a structure-activity relationship with an
independent subclass of GATA4/NKX2-5 inhibitory com-
pounds that contributed to %venGFP+ cells (Fig. 2). Com-
putational analysis of active compounds indicates a
common nominator for the subclass of GATA4/NKX2-5
inhibitory compounds that mimics the electrostatic field
of an acetylated lysine residue. Strikingly, the most potent
venGFP-activating compounds, e.g., 3i-1000, 3i-1047, 3i-
1148, and 3i-1194 (excluding compound 3i-1103 with dif-
ferent chemotype), carry the electrostatically similar
acetyl lysine-like domain that separates those from
other potent GATA4/NKX2-5 synergy inhibitors, e.g.,
3i-0662, 3i-1037, 3i-1043, and 3i-1165. Additionally, an-
other structurally similar set of compounds, namely 3i-
2042, 3i-2043, and 3i-2045 (Fig. 2) demonstrated a
trend to increase the number of venGFP+ cells.

Modulation of atrial gene expression programs by
GATA4-targeted compounds
In addition to the analysis of ventricular reporter expres-
sion, expression of an atrial reporter was examined for a
subset of compounds. Importantly, in addition to being
the earliest atrial-specific marker during embryogenesis,

the atrRFP promoter was shown to be positively regu-
lated by GATA4, but not by GATA4 co-activators
NKX2-5 or MEF2C [48]. The expression of atrial
markers was also affected by treatment with novel com-
pounds, reflected by changes in the %atrRFP cells and
the atrRFP-MFI (Fig. 3a, b, Supplementary Figures S3a-
b). Statistically significant increases in %atrRFP+ cells
were observed following treatment with 3i-1000 and 3i-
1103 (Fig. 3a). An increasing trend in the %atrRFP cells
were observed following treatment with 3i-1228 (Supple-
mentary Figure S3a) and 3i-1229 (Fig. 3a), whereas a sta-
tistically significant decrease in the %atrRFP+ cells was
only observed upon treatment with ATRA (Fig. 3a).
Statistically significant increases in atrRFP-MFI were
observed upon treatment with 3i-1000, 3i-1103 (Fig. 3b),
3i-1235, 3i-1236, and 3i-1238 (Supplementary Figures S3b).
Thus, the potent GATA4-targeted compounds 3i-1000 and
3i-1103 were also potent activators of atrRFP expression.

The effects of atrialization of CPs were observed by
analysis of %atrRFP/%venGFP and atrRFP/venGFP-
MFI (Fig. 3c, d, Supplementary Figure S4a-b). Statisti-
cally significant decreases in the atrial/ventricular ra-
tio were observed for 3i-1000 (Fig. 3c, 5 �M),
suggesting that this compound promotes the differen-
tiation of ventricular, rather than atrial cardiomyo-
cytes. Only ATRA led to statistically significant
increases in atrial/ventricular ratio, consistent with
previous reports [43, 49], though trends for increases

Fig. 2 Subclass of structure-dependent GATA4/NKX2-5 synergy inhibitors demonstrate a substantial increase of %venGFP+ cells. a Electrostatic
distribution of compound 3i-1000 partially resembles the electrostatic field of an acetyl lysine residue. b Subclass of GATA4/NKX2-5 synergy
inhibitors 3i-1000, 3i-1047, 3i-1148, and 3i-1194 contain the acetyl lysine-like domain and increased the %venGFP+ cells in the spontaneous
differentiation assay (n = 3�26). c Highly potent GATA4/NKX2-5 synergy inhibitors 3i-0662, 3i-1037, 3i-1043, and 3i-1165 are not structurally aligned
with the acetyl lysine-like domain and do not activate ventricular gene expression (n = 2�3). d Low affinity GATA4/NKX2-5 synergy inhibitors 3i-
2042, 3i-2043, and 3i-2045 demonstrated a trend to increase the number of venGFP+ cells in the differentiation assay (n = 2)
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