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Extensive genetic studies have elucidated cardiomyocyte differentiation and
associated gene networks using single-cell RNA-seq, yet the intricate tran-
scriptional mechanisms governing cardiac conduction system (CCS) devel-
opment and working cardiomyocyte differentiation remain largely
unexplored. Here we show that mice deleted for Dhx36 (encoding the Dhx36
helicase) in the embryonic or neonatal heart develop overt dilated cardio-
myopathy, surface ECG alterations related to cardiac impulse propagation,

and (in the embryonic heart) a lack of a ventricular conduction system (VCS).
Heart snRNA-seq and snATAC-seq reveal the role of Dhx36 in CCS develop-
ment and in the differentiation of working cardiomyocytes. Dhx36 deficiency
directly influences cardiomyocyte gene networks by disrupting the resolution
of promoter G-quadruplexes in key cardiac genes, impacting cardiomyocyte

differentiation and CCS morphogenesis, and ultimately leading to dilated
cardiomyopathy and atrioventricular block. These findings further identify
crucial genes and pathways that regulate the development and function of the
VCS/Purkinje fiber (PF) network.

The heart, one of the earliest developing organs in mammals, plays a
crucial role in supplying nutrients and oxygen to the growing embryo.
The heartbeat relies on the specialized cardiomyocytes within the
cardiac conduction system (CCS) that rapidly propagate the cardiac
impulse to the working myocardium. The CCS comprises the heart”s
natural pacemaker, or sinoatrial node (SAN), along with three inter-
connected structures: the atrioventricular node (AVN), the His bundle,
and the right and left bundle branches integrated within the Purkinje
system. These meticulously arranged components facilitate rapid and
uniform propagation of cardiac impulses, ensuring synchronized

ventricular excitation leading to efficient contraction. The specialized
CCS as well as the entire development and morphogenesis of the heart
represent a continuous process that extends beyond the embryonic
stages, culminating in the early neonatal period.

Despite substantial knowledge, our understanding of the tran-
scriptional and posttranscriptional mechanisms governing heart and
CCS development and function remains incomplete’. In this study, we
investigated the role of specific nucleic acid secondary structures in
mammalian heart development and function, centering particularly on
the differentiation of working and CCS cardiomyocytes. We focused
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on guanine-rich nucleic acid structures (G-quadruplexes; G4) present
in DNA (dG4) and RNA (rG4), which play roles in a variety of vital
processes”. These G4 structures are resolved by Dhx36, a highly con-
served member of the DExD/H box helicase family (also called Rhau
[RNA associated with AU-rich element] and G4R1 [G4 resolvase 1])°.
The G4 resolvase action of Dhx36 alters how G4 structures influence
DNA- and RNA-dependent processes, thereby regulating transcription
and translation*’. The essential developmental role of Dhx36 is high-
lighted by embryonic lethality following germline DAx36 deletion
in mice®.

Dhx36 is one of the few helicases known to resolve rG4s and has
been implicated in the posttranscriptional regulation of mRNAs in the
cytoplasm of cardiomyocytes, affecting both transcript stability and
translation’. For instance, Dhx36 regulates Nkx2-5 RNA stability
through its interaction with AU-rich regions in the mRNA 3° UTR, and
its translation by resolving a G4 structure present inits 5° UTR region®.
The lack of Dhx36 in the heart has been shown to affect the stability
and translation of other mRNAs, such as Hexim1, Hey2 or YapI°'°, yet its
direct involvement in transcriptional regulation remains largely
unexplored, despite its ability to resolve dG4s’.

Recent studies investigating cardiac cell populations during
murine regenerative periods, in postnatal days (PD)O to PDS8, post-
infarction at the single-cell level have provided valuable insight into
the various resident cardiac cells, their distinctive molecular sig-
natures, and the dynamic changes that occur during the regenerative
phase™2. Among these cell clusters, cardiomyocytes typically com-
prise less than 50% of the heart cells. Other major cell typesin the heart
include fibroblasts and endothelial cells (both coronary and endo-
cardial). Less abundant populations include immune cells (mainly
macrophages and lymphocytes), smooth muscle cells, pericytes, epi-
cardial cells and neural cells™".

Bulk RNA-seq studies can be challenging when trying to discern
the influence of a specific gene whose deletion is conditionally limited
to a subset of cells. To address these challenges, scRNA-seq and single-
cell ATAC-seq (scATAC-seq) have proven to be valuable tools for
understanding the transcriptional landscapes and how the conditional
deletion of a specific gene affects the chromatin accessibility. These
technologies have elucidated the transcriptional networks regulating
the differentiation and function of the different cardiac cell types, both
in healthy and pathological conditions" . Additionally, they have
contributed to a better understanding of the development and func-
tion of the CCS in both mice and humans®2*. For instance, initial
studies delineated early developmental populations by identifying
progenitor cells expressing Nkx2-5 and Isl1, characterizing cell types
specific to different zones and their associated molecular signatures'.

This study underscores the critical role of Dhx36 in resolving
dG4 structures within cardiomyocytes, governing the transcriptional
regulation of essential genes involved across diverse signaling path-
ways. This activity is pivotal to heart homeostasis and the development
of the CCS. Furthermore, in addition to CCS development,
Dhx36 significantly affected the differentiation of working cardio-
myocytes, which are crucial for heart function. These effects even-
tually manifested as overt signs of PR and QRS complex prolongation,
preceding advanced atrioventricular block events in the context of
overt signs of cardiomyopathy.

Results

Dhx36 deficiency induces dilated cardiomyopathy and sudden
cardiac death

In a previous study, we deleted Dhx36 in mature skeletal muscle using
the myocyte-specific driver MCK-Cre**°. The Dhx36™* (Dhx36");
MCK (Dhx36*<)2” mice became sick and developed a severe
phenotype. As the MCK-Cre allele is also active in the myocardium, we
inferred that the observed illness likely resulted from co-deletion of
Dhx36 in the heart, likely leading to sudden death due to heart failure.

Supporting this conclusion, we found that Dhx36*%“ mice exhibited
dilated cardiomyopathy with significant heart enlargement (Supple-
mentary Fig. 1a, b).

To clarify the putative roles of Dhx36 in the heart, we initially
analyzed the expression of the protein in embryonic and adult hearts
by immunohistochemistry (IHC) (Fig. 1a, b). Consistent with an earlier
report®, Dhx36 protein expression was much higher in the fetal than in
the adult hearts. During development, Dhx36 expression peaked at
embryonic day 11.5 (ED11.5), with the protein expressed in cardio-
myocytes in both atria and ventricles (Fig. 1a). Dhx36 expression was
reduced by ED12.5 and was maintained preferentially in trabecular
cardiomyocytes (Fig. 1a, i). In adult hearts, Dhx36 was scarcely
detectable by IHC except within the atria (Fig. 1b, ii). Western blot
analysis of subcellular fractions of total adult mouse hearts detected
Dhx36 in both the nucleus and (to a lesser degree) the cytoplasm
(Fig. 1c), suggesting that Dhx36 may control mRNA processing,
translation, and transcription within cardiomyocytes. Finally, IHC
analysis in ED12.5 hearts confirmed Dhx36 expression in the cytoplasm
and nuclei of right and left ventricular cardiomyocytes in wild-type
(WT) embryos but not in Dhx36";Nkx2-57** (Dhx36"*?%) mutant
embryos (Fig. 1d).

To analyze the cardiac-restricted roles of Dhx36, we crossed the
Dhx36™< line with two well-known (purely cardiac) myocyte Cre
transgenic strains, driven by regulatory elements from the cardiac
Troponin T (cTnT-Cre/Tnnt2-Cre)™ locus or the cardiac alpha myosin
heavy chain (aMHC-Cre/Myhé-Cre)* locus. While Myh6-Cre recombi-
nation is predominantly restricted to perinatal cardiomyocytes®, the
Tnnt2-Cre allele is expressed from ED8.0 onwards exclusively in dif-
ferentiating cardiomyocytes, and its specific expression is maintained
in all cardiomyocytes during adulthood®.

Dhx36":Tnnt2°** (Dhx36""*?) mice survived birth but succumbed
at 3 weeks postpartum, with no mutant surviving beyond 10 months
(IDso = 4 months) (Fig. 2a). Young mutant mice (2- to 3-week-old)
exhibited rounded hearts and enlarged (dilated) atria as compared to
their WT counterparts. Histological analysis showed prominent dilated
cardiomyopathy, characterized by thin compact ventricular walls, left-
ventricular non-compacted (LVNC) myocardium, a thin ventricular
septum, dilated atria, and interstitial fibrosis (Fig. 2b, c). Echocardio-
graphy studies revealed defective contraction in Dhx36™" mutant
mice as compared to WT, along with increased left ventricular end-
diastolic (LVd) volumes, indicative of dilated cardiomyopathy (Fig. 2d).
Electrocardiogram (ECG) analyses showed overt prolongation of the
PR interval and the QRS complex in DAx36™*2 mutant mice (Fig. 2e),
suggesting compromised cardiac impulse propagation at various
levels. Furthermore, the reduced amplitude of the QRS complex in
Dhx36™™ mutant mice indicated the influence of the underlying
pathophysiological substrate on heart electrical signals (Supplemen-
tary Data 1 for ECG parameter measures).

To study the role of Dhx36 in adult cardiac homeostasis, we
deleted the gene in an a-MHC-Cre (Myh6“**) mouse line, which is
characterized by Cre expression under the control of the alpha-myosin
heavy chain promoter, with peak perinatal activity occurring in post-
natal pups immediately after birth®. In Dhx36”;Myh6“*** (Dhx36"")
mice, premature death started later, although at a higher rate than in
Dhx36™" mutants (Fig. 2f). Dhx36""* mice displayed early atrial dila-
tation and extensive cardiac fibrosis without signs of left ventricular
noncompacted (LVNC) myocardium (Fig. 2g). Echocardiography stu-
dies depicted a significant decrease in left ventricular ejection fraction
(LVEF) and an increase in LVd volume (Fig. 2h), similar but stronger to
the dilated cardiomyopathy phenotype observed in Dhx36™ mutant
mice (Fig. 2d). However, unlike Dhx36""*2, Dhx36"*" mutants did not
exhibit statistically significant alterations of ECG parameters related to
cardiac impulse propagation (PR interval and QRS complex duration)
as compared with WT (Fig. 2i, and Supplementary Data 1). The QRS
complex amplitude in Dhx36"" mice was also not significantly
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different compared to WT (Fig. 2i), consistent with the absence of signs
of LVNC myocardium in Dhx36"" mutants.

Interestingly, neither Dhx36"™2 nor Dhx36""S mutant mice
showed significant changes in the average heart rate over 60-s ECG
recordings compared to WT (Fig. 3a, b). However, a more detailed
analysis of the ECG tracings revealed a higher incidence of various
paroxysmal arrhythmic events in the mutant lines than in the WT.

Specifically, Dhx36"™2 mutant mice showed a significantly higher
number of relevant AV block events (e.g., 2:1 AV conduction, Mobitz 1l/
advanced, or complete AV block) than WT or Dhx36"" mutants
(Fig. 3¢, d). Moreover, Dhx36™*2 mutants also showed overt signs of
sinus node dysfunction, which were not documented in WT or
Dhx36"" mutants (Fig. 3e, f, g), indicating further signs of defective
cardiac impulse generation in Dhx36™2 mutants. Ventricular
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Fig. 1| Dhx36 protein expression in embryonic and adult hearts. cytoplasmic control. Samples derived from the same experiment. d IHC of Dhx36
a Immunohistochemical (IHC) analysis of ED10.5, ED11.5, and ED12.5 embryonic expression in WT and Dhx36 V2% ED12.5 embryonic hearts (top left panels). The
hearts stained with IgG (upper panels) or a-Dhx36 (lower panels). Panel i presentsa  right panels depict magnifications of regions of the right ventricles (RV, top) or left
magnified view of a specific region (boxed area) within the left ventricle ofanED12.5  ventricles (LV, bottom). As a control for Dhx36 staining, the bottom left panels
heart. b IHC staining of adult hearts with IgG (left upper panel) or a-Dhx36 (left show IHC in the neural tube of the same WT and Dhx36 "*Z5 embryos. All micro-
lower panel). Panels i and ii show magnified views of the corresponding boxed graphs and western blots shown are representative of three independent experi-
areas. ¢ Western blotting showing Dhx36 expression in cytoplasmic (Cyt.) and ments rendering similar results. Uncropped blot for Fig. 1c is provided in the Source
nuclear (Nuc.) subcellular compartments of total adult hearts. Specific expression  data file. Scale bars are expressed in pm and apply to corresponding images, as they
was validated by analyzing total extracts of C2C12 myocytes and mouse brain. Anti-  present the same maghnifications.
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Fig. 2 | Dhx36 deletion induces dilated cardiomyopathy, reduced ejection
fraction, and surface ECG alterations. a Kaplan-Meier survival curve comparing
WT mice (Dhx36 ") with Dhx36"™2 mutant mice. b Gross morphology of hearts
from 21-day-old WT (top left) and Dhx36™* conditional KO (cKO.1) mice (bottom
left). Right panels show hematoxylin & eosin (H&E)-stained sections of the corre-
sponding hearts. ¢ Left panels: a 90-day old Dhx36""2 mouse (cKO.2) exhibiting
overt signs of dilated cardiomyopathy and non-compaction of the left ventricular
(LV) myocardium. The left atrium displays a prominent thrombus in the H&E-
stained section. Right panels: picrosirius red stained sections highlight larger LV
fibrotic areas (lower) compared to representative WT (upper) sections. The pic-
tures in b and c are representative of 5 and 3 independent experiments, respec-
tively, analyzing WT and mutant hearts of around similar ages, all showing similar
phenotypes. d Box plots representing the distribution of IQR values for LV ejection
fractions (LVEF; left) and the LV end-diastolic (LVd) volumes (right) of Dhx36""
mutant mice (n=10) and WT (n=10). Lower and upper hinges of the boxes cor-
respond to QI and Q3 (25th and 75th percentiles), with the median represented by
the horizontal line inside the box, while whiskers extend from hinges to minima and
maxima values. The exact values of all these data are annotated in the Source Data

file. e, Comparisons of PR interval (left), QRS complex duration (middle), and
amplitude (right) between DAx36™" mutant mice (n =10) and WT (n=9). fKaplan-
Meier survival curve comparing WT mice (Dhx36 ) with Dhx36"" mutant mice.
g Same analysis as in b and ¢ but of hearts from WT and Dhx36 "** mutant mice
aged 40 days (cKO.1) or 82 days (cKO.2). The cKO.2 heart exhibited a large
thrombus in the left atrium. The pictures shown are representative of 4 and 3
independent experiments, respectively, analyzing WT and mutant hearts of similar
ages, all showing similar phenotypes. h. Box plots comparing (as in d) LVEFs (left)
and LVd volumes (right) between Dhx36 "¢ mutant mice (n=10) and WT (n=9).
The values are represented in the Source Data file. i Comparisons of PR interval
(left), QRS complex duration (middle), and amplitude (right) between Dhx36""
mutant mice (n=7) and WT (n = 6). Asterisks indicate left atrial thrombi, and
arrowheads show myocardial areas with non-compacted trabeculae. No pheno-
typic differences were observed between sexes (sex of the mice are annotated

in the Source data file). Significance was determined using unpaired two-sided ¢-
test, except for a and f, in which a x> was used. p-values are shown in the corre-
sponding figures. Source data for d, and h are provided in the source data file and in
Supplementary Data 1 for e and i. Scale bars are as in Fig. 1.

arrhythmia in the form of premature ventricular complexes was also
documented with a higher incidence in Dhx36™% mutants than in
Dhx36"" mutant mice and WT (Fig. 3h). There were also instances of
nonsustained episodes compatible with bidirectional ventricular
tachycardia (Fig. 3i), characterized by bifocal ectopic origin in the
Purkinje fiber network™. In contrast, WT did not show any ventricular
arrhythmia during the ECG recordings.

Some of the oldest Dhx36™2 and Dhx36""* mutant mice
showed left atrial thrombosis (Fig. 2c, g). Indeed, in animals with
overt signs of end-of-life conditions (n = 6/6), macroscopic analysis
after euthanasia revealed the presence of thrombi in the left atrium.
In one heterozygous mouse, a thrombus was also observed in the left
ventricle (n=1/7) (Supplementary Fig. 1c). Left atrial thrombi were
also detected in postmortem examinations (n = 2/3) of mice that died
before they could undergo in-vivo examination (Supplementary
Fig. 1d). These results indicate a significant degree of atrial and
ventricular cardiomyopathy favoring thrombus formation in both
mutant lines.

The detection of Dhx36 in embryonic trabecular myocardium, its
persistence (albeit at low levels) in the postnatal atrial myocardium
(Fig. 1), and some loss-of-function cardiac phenotypes suggested that
Dhx36 might regulate specific target genes implicated in CCS mor-
phogenesis, and ultimately in myocardial contractility. Moreover,
these data also pointed to Dhx36 as a crucial regulator of cardio-
myocyte differentiation and postnatal heart homeostasis.

Dhx36 controls cardiac conduction system morphogenesis

The CCS is crucial for the effective synchronization of contractile
function through normal and rapid impulse propagation. We thus
analyzed mutant hearts to elucidate the impact of Dhx36 deficiency
on CCS morphogenesis. We initially considered using the Cx40-eGFP
Knock-In (ki) reporter line (see Methods) to check the ventricular
Purkinje fiber (PF) network organization®. Unfortunately, GjaS
(Cx40) and Dhx36 loci are located in close genomic proximity to each
other on mouse chromosome 3; consequently, generating a
Dhx36%°:Cx40-eGFP compound mutant was unfeasible. We, there-
fore, examined VCS architecture in conditionally deficient Dhx36
hearts using whole-mount immunostaining of the pan-VCS marker
Cntn2. In WT hearts, Cntn2 is uniformly expressed throughout the
VCS; however, in Dhx36"" hearts, the VCS is hypoplastic, with
thinner Purkinje fibers and a less intricate network (Fig. 4a). This
underdeveloped pattern suggested a postnatal morphogenic defect
during the final stages of CCS growth, specifically from PDO to PD7.
In contrast, in Dhx36™2 mice, Dhx36 deletion occurs at embryonic
stages, which may increase the deleterious effects on VCS develop-
ment. Hearts from Dhx36™" mice showed no detectable Cntn2

immunoreactivity, suggesting complete atresia of the ventricular
Purkinje fiber network (Fig. 4b). This apparent VCS agenesis corre-
lated with a more severe ECG phenotype than otherwise observed in
these mutant mice (Figs. 2 and 3).

To investigate whether CCS development and maturation are
impaired in Dhx36"™? mutants, we performed in situ hybridization
(ISH) analysis on ED16.5 and PD7 mutant hearts. This analysis revealed
that the expression of VCS markers Etvl, Gjas, Slit2 and Irx3 were
downregulated in ED16.5 mutant hearts (Supplementary Fig. 2a-d),
while the expression of Anf (Nppa) remain relatively unaffected (Sup-
plementary Fig. 2e). In contrast, NrgI was upregulated at ED16.5, sug-
gesting a potential compensatory response (Supplementary Fig. 2f).
These findings were corroborated in PD7 Dhx36™“ mutant hearts,
which also exhibited reduced Hcn4 expression (Fig. 4c-g), stable /rx3
levels, and expanded Anf transcription (Supplementary Fig. 2g, h).
Together, these results indicate that CCS development and maturation
are compromised in Dhx36"™2 mutants.

Dhx36 regulates the transcription of the cardiac conduction
system gene program

To gain insight into the molecular mechanisms underlying the elec-
trophysiological phenotypes observed in Dhx36-deficient adult mice,
we conducted bulk RNA sequencing (RNA-seq) on whole hearts from
young mice (2- to 3-weeks old), before the worsening of the cardiac
phenotype. This analysis revealed 703 upregulated transcripts
(238 > 2.0-fold change) and 354 downregulated transcripts (100 < 2.0-
fold change) in Dhx36""-deficient mice as compared to WT mice
(Supplementary Data 2). Given our primary interest in the role of
Dhx36 in gene transcription, we focused on downregulated genes
using the Enrichr platform®2. Gene ontology (GO) analysis of biological
processes®*** identified significant depletion in categories related to
cardiac muscle cell action potential and cation, potassium, and sodium
transport (Supplementary Fig. 3a). Molecular function analyses high-
lighted depletion in genes associated with inward rectifier and voltage-
gated potassium channel activity, along with atrial fibrillation and rare
diseases such as Brugada syndrome (Supplementary Fig. 3b). Most of
the depleted genes that participate in cardiac impulse generation or
propagation, including Hcn4, Kcnel, Kcnd2, and Kcnv2, had reduced
expression (Supplementary Fig. 3c). These results support a role for
Dhx36 in controlling normal cardiomyocyte physiology at multiple
levels, particularly electrical conductance maturation, CCS morpho-
genesis and function.

We next validated the most relevant altered genes identified in the
transcriptomic analysis using RT-qPCR on the same samples used for
the RNA-seq pools (Supplementary Fig. 3d). The analysis confirmed
prominent upregulation or downregulation of several CCS genes in
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Fig. 3 | Dhx36 deletion increases abnormal paroxysmal arrhythmic events.

a, b Comparative analysis of RR intervals (heart rate calculated as [I000/RR interval
in ms] x 60) between Dhx36"™2 mutant mice and WT (a), and Dhx36""® mutants
and WT (b). ¢ Incidence of relevant atrioventricular (AV) block events during ECG
recordings of WT mice and Dhx36™2 and Dhx36""° mutant mice. d Representative
ECG tracings depicting a WT mouse and a Dhx36™2 mutant mouse with a parox-
ysmal AV block event. e Incidence of sinus node dysfunction during ECG recordings
in WT mice and Dhx36™2 and Dhx36"*® mutant mice. f RR variability representa-
tion of Dhx36"™2 mice (in light red) as compared to WT mice (in grey). Each dot
represents a RR interval. g Sample tracing with overt signs of sinus node dys-
function (arrowhead) during the ECG recording of a Dhx36™* mutant mouse.

h Incidence of premature ventricular complexes (PVC) during ECG recordings in
WT mice and Dhx36"™" and Dhx36"" mutant mice. i Sample tracing of a potential
nonsustained bidirectional ventricular tachycardia episode in an ECG recording of a
Dhx36™"2 mutant mouse. Green arrowheads show one PVC morphology, probably
from Purkinje fibers at the root of the His-Purkinje system, and blue arrowheads
show a second PVC morphology, in the absence of overt P waves. In panels c, e, and
h, WT mice were grouped, as they did not exhibit any significant cardiac rhythm
alterations. The mice analyzed were the same that in Fig. 2e, i. Statistical sig-
nificance was determined using unpaired two-sided ¢-test (a and b) and the data are
presented as mean + SEM. The source data are provided in the Source data file and
Supplementary Data 1.

Dhx36"" mice; for example, Hcn4 and Kcnel were downregulated 2.0
and 2.27-fold, respectively (Supplementary Fig. 3d).

Given the marked electrophysiological defects and reduced
transcriptional expression of CCS genes in Dhx36""° mice, we exten-
ded our analysis to other CCS transcriptional regulators and structural/

functional proteins, including Etvl, Gja5, Cntn2, CpneS, Pcp4, and
Sema3a. Alterations in transcripts encoding contactin2 (Cntn2; 2.7-fold
reduction) and the Purkinje cell protein 4 (Pcp4; 5-fold reduction) were
detected, while GjaS (connexin 40), and CpneS remain unchanged,
possibly due to their expression in cardiac cells other than
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Fig. 4 | Impact of perinatal and embryonic Dhx36 deletion on CCS morpho-
genesis. a Whole-mount (WM) confocal immunofluorescence (IF) of hearts of 41-
day-old (PD41) WT and Dhx36"" littermates, revealing an underdeveloped ven-
tricular conduction system/Purkinje fiber (VCS/PF) network in the mutant. The
pictures are representative of 3 independent experiments, analyzing WT and
mutant hearts of similar ages, all rendering similar results. b Left: gross morphology
of hearts from PD28 WT and Dhx36™* littermates. Right: WM confocal IF of the
same hearts, indicating an undetectable VCS/PF network in the mutant. Repre-
sentative images are presented from a total of three Dhx36"" and five Dhx36™"
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analyzed mutants. The pictures are representative of 5 independent experiments,
analyzing WT and mutant hearts of similar ages, all rendering similar results. c-g
ISH analysis of PD7 (P7) wild type and Dhx36™" hearts hybridized with various CCS
markers. Representative images are shown, three wild type and mutant embryos
were examined; rv, right ventricle; lv, left ventricle. Scale bars, 100 um in

a, b (confocal images), 1 mm in b (whole hearts images). 200 um in (c-g, general
heart views), 100 um in (c, d, e, g, high magnification views), and 50 um (f, high
magnification, showing Hcn4 staining in the AVN). The depicted scale bars are valid
for both corresponding WT and mutant pictures.

cardiomyocytes (Supplementary Fig. 3e). For example, the stability of
Gja5 may reflect the expression of Connexin 40 (Cx40) not only in the
CCS but also in atrial cardiomyocytes and coronary arteries as shown
in Fig. 4, Supplementary Fig. 4 and subsequent sections.

To explore the potential direct transcriptional targets of
Dhx36, we assessed the expression of selected genes in newborn
Dhx36""S mice by qPCR. Cntn2 and Kcnel emerged as the sole
transcripts showing a tendency towards reduced expression

(p=0.071 and p =0.0508, respectively) (Supplementary Fig. 4a). In
contrast, qPCR analysis of newborn Dhx36™"2 mutant pups (with
Dhx36 deletion during embryogenesis) showed substantial down-
regulation of Hcn4 (2.5-fold), Kcnel (4.0-fold) and Cntn2 (6.6-fold),
indicating that these genes might be direct targets of Dhx36 or be
reflective of CCS hypoplasia in these mutant mice (Supplementary
Fig. 4b), in agreement with our ISH data (Fig. 4c-g and Supple-
mentary Fig. 2).
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Multiomic profiling of neonatal WT and mutant hearts

To comprehensively understand the regulatory landscape and gene
expression patterns governed by Dhx36 across various heart cell
populations, we employed single-nucleus multiome data (snATAC-seq
and snRNA-seq). These datasets enabled us to integrate RNA expres-
sion and chromatin accessibility information from individual nuclei of
different heart cell types in WT and Dhx36™"2 mutant hearts at PD7.
This time point corresponds to the critical VCS/Purkinje fiber (VCS/PF)
period of differentiation within the first week after birth, during which
the heart maintains its regenerative capacity and completes CCS
formation.

Notably, DAx36™*2 mutant hearts at PD7 already exhibited signs
of cardiac hypertrophy and CCS hypoplasia, reflecting a pronounced
stress (Supplementary Fig. 5a). Median UMI and genes per cell values,
as well as high-quality ATAC fragments per cell, were comparable
between WT and conditional knockout (Dhx36™") (Supplementary
Fig. 5b; see Methods). Our analysis revealed a significant transcrip-
tion start site (TSS) enrichment score, indicating a closer chromatin
landscape in Dhx36™" cardiomyocytes (Supplementary Fig. 5¢).

Multiomic analyses revealed the presence of up to 11 distinct
resident cardiac cell types in both WT (Fig. 5a) and Dhx36™" (Sup-
plementary Fig. 6a) samples. Interestingly, Dhix36 mRNA expression
was detected across all WT cell types, with the highest expression
observed in pericytes and B cells (Fig. 5b, c). The composition of
cardiac cell populations was consistent between WT and Dhx36™"?
nuclei, as demonstrated by UMAP representations (Fig. 5d) and were
further characterized using established cell type-specific markers"
(see comprehensive list, Supplementary Data 3; highlighted in the
UMAP chart, Fig. 5a). Remarkably, UMAP representations of sepa-
rated WT and Dhx36"" KO samples revealed significant distinctions
only in cardiomyocyte populations (Fig. 5d). Approximately 47% of
the total cell population consisted of cardiomyocytes (Fig. 5e), while
stromal/fibroblasts accounted for 23.5%, and endothelial cells con-
stituted 16.4%. Among the latter, endocardial cells comprised 8.8%,
and coronary artery endothelial cells made up 7.6%. Less prevalent
cell types included epicardial cells, mural/pericytes, and mural/
smooth muscle cells (Fig. 5e). Immune cells, such as myeloid cells,
macrophages, T and B cells, and neural/glial-like cells, were also
identified (Supplementary Fig. 6b, and Supplementary Data 3 for
specific cell-type gene markers).

Analysis of knockout (KO) hearts indicated a similar representa-
tion of cell types within the sequenced nuclei as observed in WT hearts
(Fig. 5). However, endothelial cells (16.1% and 15.7%) and fibroblasts
(31.7%) in KO hearts exhibited increased percentages compared to WT,
while KO cardiomyocytes displayed distinct gene expression profiles
and chromatin accessibility landscapes, as evidenced in the multi-
modal UMAP plots (Figs. 5d, 6a and Supplementary Fig. 7a).

In young (PD7) hearts, a proliferation signature enriched in
proliferation-related genes like Mki67 was identified in specific cell
types, including proliferating mural-like cells (pericytes), a subset of
endothelial cells, and proliferating fibroblasts (Supplementary Fig. 7b
and Supplementary Data 3). The population of proliferating fibroblasts
(325 nuclei in KO vs.183 in WT) and endothelial cells (196 in KO vs. 88 in
WT) increased in mutant hearts, likely reflecting myocardial remo-
deling (Supplementary Fig. 7b).

Dhx36 regulates cardiomyocyte differentiation and
VCS/Purkinje fiber morphogenesis

Our focus shifted to the cardiomyocyte populations in both WT and
KO hearts (Fig. 6a), categorized based on the expression of key genes,
including Ttn and Ryr2 (Fig. 6b and Supplementary Data 3). Compared
to previous work analyzing scRNA-seq of PD8 WT half ventricles”, our
PD7 WT hearts mirrored their five cardiomyocyte (CM) clusters, with
an additional two more clusters (CM1 to CM7) emerging (Fig. 6a). The

largest cluster, CM1, was defined by expression of genes like Fgf13, Fhl2
and Gm30382 (Fig. 6 and Supplementary Data 3). The less abundant
CM2 consisted of cardiomyocytes (Top2a+, Lockd+, and Cenpp +)
with a proliferating profile, which is expected to decline after PD7,
when most cardiomyocytes become post-mitotic (Supplementary
Data 3). CM3 expressed pan-CM genes but also Ddc and
1700042010Rik transcripts (Fig. 6b and Supplementary Data 3). CM4
and CMS5, associated with regenerative and injured non-regenerative
hearts", were nearly absent, with CM4 expressing genes like Sod2 and
Atp5b, while CM5 expressing genes like Xirp2, Ankrdl, and Enah, which
have been previously associated with non-regenerative injuries like
myocardial infarction (MI) after PD7" (Fig. 6 and Supplemen-
tary Data 3).

Unlike the study by Cui et al.", our analyses utilized whole hearts,
enabling us to identify a VCS/PF cell cluster (CM6) expressing lineage-
specific genes like Cntn2, Tbx3, Robol, CpneS, Sema3a, and Ncaml.
Additionally, a distinct cluster of atrial cardiomyocytes (CM7) was
identified, confirmed by the expression of Ryr3, Fgf12, and Tmem163®,
among others (Fig. 6 and Supplementary Data 3). Differential expres-
sion analysis of the VCS/PF cluster as compared to the predominant
WT CMI cluster revealed new potential PF gene markers, including
Shisa9, Kirrel3, Slit2/3, Col4a3, Col4a4, Ephbl, Ntm, Gripl, and Plxdc2
(Fig. 6b and Supplementary Data 3, 4). Gene ontology analysis sug-
gested the association of some of these genes (Robol, Slit2, Slit3,
Sema3a, Sema3c, and Ephbl) with axon guidance, possibly implicating
them in PF network morphogenesis.

In contrast to WT, mutant hearts displayed only three distinct
cardiomyocyte clusters: mCM?7 (atrial), mCM2 (proliferating), and a
unique mCMO cluster, distinct from WT CM1 (Fig. 6a). The mCM2
population, similar to WT CM2, expressed cell cycle genes like Top2a
(Fig. 6b), constituting a comparable proportion of total cardiomyo-
cytes (2.63% in mutant vs. 2.15% in WT). Remarkably, mutant cardio-
myocytes lacked a dopa-decarboxylase (Ddc)-expressing CM3 cluster,
suggesting a role of Dhx36 in the differentiation of this specific car-
diomyocyte type (Fig. 6).

The mCMO cluster, predominant among mutant cardiomyocytes,
expressed genes found in the WT CM1 and CMS clusters, but not in the
WT CM2, CM3, or CM4 clusters. Genes in mCMO shared with WT CM1,
such as Ank2, Fgf13, and Mhrt (Fig. 6b), exhibited similar expression
levels. However, other common genes among CM1, CM2, and CM3, like
Fh2, were downregulated in mCMO (Supplementary Data 4), sug-
gesting their potential transcriptional regulation by Dhx36. Further-
more, mCMO showed higher expression of genes shared with the
hypertrophic" non-regenerative WT CMS cluster, including Xirp2 and
Enah (Fig. 6b and Supplementary Data 4). Overall, mCMO represents a
non-regenerative, stressed population of cardiomyocytes with limited
proliferation or regenerative capacity, emerging post-injury or, in our
case, after Dhx36 deletion.

To comprehensively characterize Dhx36-dependent transcrip-
tional changes, we identified differentially expressed genes between
WT and mutant cardiomyocytes (Supplementary Data 4). In these
analyses, several genes were observed to be upregulated in KO hearts,
including Xirp2, Kcnh7, Hcnl, Fmnl, Bcl2, Actal, Nppa, Tpm2, and
Prune2. Some, like Xirp2, Nppa, and Actal, may be linked to injury-
induced responses, while others, such as Nkx2-5, could potentially be
stabilized at the RNA level in a Dhx36-dependent manner, as previously
shown®. In mutant mice, Dhx36 also regulated Nkx2-5 mRNA transla-
tion, leading to a concurrent reduction in the Nkx2-5 protein levels in
PD7 mutant hearts (Supplementary Fig. 8a).

While acknowledging the need for additional research to clarify
the roles of upregulated genes in KO hearts, we mainly focused on the
study of downregulated genes in KO hearts, particularly those with
G4 structures in their promoters, as prime candidates for transcrip-
tional regulation by Dhx36.
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Fig. 6 | Single-nucleus RNA sequencing (snRNA-seq) and snATAC-seq multiome
identify differences between WT and mutant hearts in cardiomyocyte popu-
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Dhx36 regulates cell type-specific gene regulatory networks in

cardiomyocytes

To explore the impact of Dhx36 on cardiomyocyte gene regulatory
networks, we conducted a differentially accessible (DA) test

comparing KO and WT cardiomyocytes. Analysis of ATAC-seq data
identified 679 DA chromatin regions in KO cardiomyocytes compared
to WT (Supplementary Data 5). The intersection of differentially
expressed genes (DEG) and genes associated with these DA regions
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revealed 58 downregulated genes (34% of 181) in KO cardiomyocytes,
including key transcription factors like Gataé, Fos2, Ppargcla, Nr4al,
and Nr4a3, as well as other pivotal genes for heart development and
homeostasis, such as Hcn4, Ntnl, Bcl2l11, FhL2, Plekhhl, and Irs2 (Sup-
plementary Data 6). RT-qPCR of PD7 hearts validated these findings
(Fig. 7a), emphasizing the role of Dhx36 in cardiomyocyte transcrip-
tional regulation.

We identified 25 enriched motifs specific to cardiomyocytes,
including the Nkx family members Crebl and Mef2a (Supplementary
Data 7). ChromVAR® analysis revealed 206 motifs with differentially
active scores, with CTCF being the most enriched in KO cardiomyo-
cytes (Fig. 7b and Supplementary Data 7). Conversely, most motifs with
differential activity scores were underrepresented in KO cardiomyo-
cytes, including those associated with the NFY family (Nfya-c), and
other transcription factors, such as Fosl2, Mef2, Tfeb/Tfe3, Nkx2-3, and
Nkx2-8 (Supplementary Data 7). The intersection of enriched motifs
and motifs with differential activity scores revealed 11 motifs, all less
represented in KO cardiomyocytes. These motifs represent DNA
binding sites for key transcription factors, like Nfya,b, Mef2a-d, Nkx2-
3, 2-8, Atfl, Jun:junB, and Crebl (Supplementary Fig. 8b).

Dhx36-mediated regulation of G-quadruplexes in
cardiomyocyte genes

To investigate the role of Dhx36 in resolving G4s in gene promoters,
we examined 679 differential accessible peaks (DAP) and identified
173 that contained predicted G4s (Supplementary Data 8). G4
enrichment analysis revealed a significant association with DAPs
(1.32-fold; p-value =4 x107) between WT and KO cardiomyocytes
(Supplementary Data 9; the sequences of G4s overlapping DAPs,
and the DAPs linked to genes with overlapping G4s, are given in
Supplementary Data 9).

To analyze snATAC-seq and snRNA-seq data for key down-
regulated genes in KO cardiomyocytes, we used coverage plots to
depict Tn5 insertion events in various cardiomyocyte types (Fig. 8).
DEGs were categorized into five groups (Supplementary Data 10).
Groups 1and 2 comprised downregulated genes with or without G4s in
the gene body, respectively, and with or without G4s overlapping any
DAP. Remarkably, group 1 included genes crucial for heart develop-
ment and homeostasis, likely regulated by Dhx36, with G4s over-
lapping DAPs (Fig. 8a, Supplementary Fig. 9, and Supplementary
Data 10). Group 2 consisted of genes with G4 regions in the gene body
but lacking G4 overlap with DAPs (Fig. 8b and Supplementary Fig. 10a).
Groups 3 and 4 mirrored the patterns of groups 1 and 2 but with
upregulated genes (Fig. 8c and Supplementary Fig. 10b). Group 5
comprised upregulated genes in KO cardiomyocytes associated with
G4s but lacking DAPs, possibly representing a gene cluster expressed
in stressed cardiomyocytes in the mCMO population (Supplementary
Fig. 10c and Supplementary Data 10).

In the context of the VCS/PF network, probing Dhx36°s direct
transcriptional regulation in this cluster was challenging due to its
absence in KO cardiomyocytes. To address this, we conducted a
bioinformatics analysis to identify G4s in key genes expressed in these
specialized cardiomyocytes: Hcn4, Cntn2, Drd2, and Kcnel (Supple-
mentary Fig. 11). These genes play crucial roles in electrical impulse
transmission within the pacemaker, with some expressed across all
working cardiomyocytes, such as Kcnel. Kcnel emerged as a promising
candidate for direct transcriptional regulation by Dhx36, harboring a
G4 region in its promoter (Supplementary Fig. 11). Similarly, Hcn4,
Cntn2 and Drd2, exhibited potential G4 structures that might be
implicated in their transcription (Supplementary Fig. 11 and Supple-
mentary Data 10).

To elucidate the role of Dhx36 in gene transcription through
G4 structure resolution, we cloned promoters containing G4 motifs
from selected genes (Hcn4, Cntn2, Kcnel, Drd2, Bcll11, Ppargcla, Ntnl,
FhD2, and Nr4al), and the G4-lacking promoter of Dhx36 into luciferase-

expressing plasmids. We then transfected these constructs into HelLa
cells, in which G4 resolution is exclusively conducted by Dhx36>%*.
Promoters of Dhx36, Kcnel, Bcll11, Ppargcla, Ntnl, Fhl2, and Nr4al,
exhibited transcriptional activities, with Dhx36 and Bcl2[11 promoters
showing stronger activity (Fig. 9a and Supplementary Fig. 12). The CCS
markers Hcn4, Cntn2 and Drd2, also showed transcriptional activity
(Fig. 9b). Treatment with the G4-quadruplex interactor TMPyP4*’ sig-
nificantly reduced the luciferase activity in the pGL4 constructs, except
for the Dhx36 promoter (Fig. 9 and Supplementary Fig. 12).

In summary, our findings indicate that Dhx36 plays a major role in
cardiomyocyte differentiation and CCS morphogenesis by influencing
gene expression, chromatin accessibility, and transcriptional regula-
tion through G4 resolution in various cardiomyocyte/cardiac
populations.

Discussion

We demonstrate here that the G4 resolvase Dhx36 plays an essential
role in the differentiation, development, and function of the mam-
malian CCS and working myocardium via a transcriptional mechanism.
Using different stage-specific Cre drivers to conditionally abrogate
Dhx36 in mice (Fig. 10), we found that Dhx36 regulates several steps in
cardiac development and homeostasis, with a high expression during
heart development that gradually declined after birth and during
adulthood. When Dhx36 was deleted in embryonic cardiomyocytes,
mutant mice survived to adulthood yet exhibited overt QRS complex
and PR interval prolongation compared to WT, indicative of dilated
cardiomyopathy and non-compaction/hypertrabeculation of the left
ventricular myocardium. Moreover, Dhx36™2 mutant embryos and
newborns showed impaired expression of key CCS markers and failed
to develop a normal Purkinje fiber network, underscoring the role of
Dhx36 in regulating CCS morphogenesis and function.

Notably, the timing of deletion of Dhx36 is crucial. We observed a
distinct phenotypic outcome when Dhx36 was deleted just after birth:
this led to formation of a VCS that was hypoplastic, with a milder
electrical phenotype, while deletion during embryogenesis led to an
undetectable (hypoplastic) VCS. Thus, Dhx36 appears to participate in
the process of ventricular wall maturation and the generation of the
Purkinje fiber network. Our results also highlight the dual roles of
Dhx36 in working cardiomyocytes and specific CCS cardiomyocytes.
Dhx36 deletion in perinatal cardiomyocytes induced a dilated cardio-
myopathy phenotype, with a predominant impact on the LVEF rather
than causing significant cardiac electrical alterations. However, dele-
tion of Dhx36 in developing cardiomyocytes induced additional effects
on the development and function of the CCS, manifested as both
dilated cardiomyopathy and defective cardiac impulse generation and
propagation. Both phenotypes carry a high-risk of thrombus formation
in the atria, highlighting the underlying cardiomyopathy and risk of
potential thromboembolic events.

As mentioned, we employed multiple cardiomyocyte-specific Cre
drivers to assess the impact of Dhx36 deletion in cardiomyocytes. The
timing of deletion (embryonic versus postnatal/adult) and its extensive
coverage across the myocardium complicated our ability to isolate
cell-autonomous effects within the VCS. This challenge makes it diffi-
cult to ascertain whether the phenotypes observed in the VCS are
attributable to intrinsic cardiomyocyte dysfunction or to secondary
effects from neighboring cells. These limitations underscore the need
for further research to delineate the specific contributions of Dhx36 to
cardiac physiology and pathology.

Our multiomic snRNA-seq and ATAC-seq on Dhx36™ mutant
and WT hearts at PD7 revealed the intricate composition of the car-
diomyocyte clusters. PD7 WT hearts had up to seven clusters, with CM1
(the predominant one) comprising fully differentiated working cardi-
omyocytes and CM4, cardiomyocytes that maintain proliferative and
pro-survival capabilities through the NFYa and NFE2L1 transcription
factors". Notably, PD7 mutant hearts lacked CM4 cardiomyocytes,
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Fig. 7 | Widespread transcriptomic alterations of mutant versus WT cardio-
myocytes. a Quantitative PCR of selected cardiac conduction system genes and
genes deregulated in the snRNA-seq between WT (n = 3) and mutant neonatal PD7
(KO; n=3) hearts. b CTCF motif enriched at mutant cardiomyocyte-active open
chromatin regions compared to WT (left). UMAPs of a zoom of the KO and WT
cardiomyocytes, depicting their level of open chromatin at CTCF motifs (right).

Violin plots of Z scores of CTCF open chromatin in specific CM1/mCMO0, CM2/
mCM2 and auricular CM7/mCM7 CM-specific clusters are shown below. Inset
boxplots show the median, lower and upper hinges as well as whiskers as in Fig. 2d
and i. Significance was determined in a using unpaired two-sided ¢-test; the data are
presented as mean + SEM with the p-values inserted. Source data for a and b are

provided in the source data file.
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suggesting that Dhx36 helps to establish CM4 cells post-neonatally
following injury. Indeed, Dhx36 mutant mice lack regenerative capa-
city after postnatal myocardial infarction’. In mutant cardiomyocytes,
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Fig. 8 | G4 structures and transcriptional alterations of Dhx36 gene targets.

a Examples (NtnlI and Nr4al) of genes downregulated in KO CMs (Supplementary
Data 10) with G4s overlapping open chromatin in their promoters (TRUE). b Example
(Esrrb) of a gene downregulated in KO CMs with G4 not overlapping open chromatin
in its promoter (FALSE). ¢ Example (Rai2) of a gene upregulated in KO CMs with G4s
overlapping open chromatin in their promoters (TRUE). On the left, the plots show the
ATAC-seq data with the peaks of open chromatin in the promoter regions of the genes
in all ventricular WT CMs (CM1) or mCMO, in WT + KO atrial CMs (CM?7), and in VCS/PF
(CM6) cardiomyocytes. The corresponding gene (with accessible peak represented as
a grey box), the TRUE G4 (blue colored box) or FALSE G4 (salmon colored box) and
the links between the regulatory regions (lower) are also shown. On the right, the
violin plots of RNA-seq expression of the genes are shown in each cluster.

the proliferative NFYA, B, and C motifs are underrepresented in open
chromatin (Supplementary Fig. 8b), suggesting that Dhx36 may be
involved in the activation of this pathway following injury. In contrast,
both the WT and mutant heart contained the proliferative CM2 cluster,
and the atrial cardiomyocytes (CM7) subset, although the latter was
present at higher levels in mutant hearts, perhaps to compensate for
the massive demise of cardiomyocytes. Another compensatory
mechanism could potentially be explained by the observed increase in
Neuregulin-1 (NrgI) expressing cardiac populations.

Strikingly, the predominant cardiomyocyte population in the
mutant heart—mCMO-resembles the hypertrophic, non-regenerative
CMS cluster (which was nearly absent from our PD7 WT hearts, in line
with previous findings"). The mCMO population also presents a Dhx36-
dependent transcriptional signature that is likewise evident in the
mCM2 and mCM7 populations, suggesting a shared transcriptional
response to the stress induced by Dhx36 deletion. Intriguingly, several
genes that are upregulated in the mutant clusters harbor dG4 motifs in
their promoters (such as Bcl2, a well-established transcriptionally G4-
dependent gene’®). This is counterintuitive because it is thought that
Dhx36 positively regulates transcription by resolving promoter-G4
knots. Our results might reflect a general upregulation of an anti-
apoptotic factor in the stressed mutant cardiomyocytes, but it could
also reflect a negative transcriptional regulation of Dhx36 on these
dG4-containing promoters; further investigations are required to
address this.

We also identified several genes that are downregulated in the
mutant cardiomyocytes with dG4 motifs overlapping with differen-
tially accessible (DA) peaks in their promoters, which are potentially
regulated by Dhx36’s dG4-resolving activity; these include Hcn4, Drd2,
Cntn2, Kcnel, Bcll11, Ppargcla, Ntnl, Fhl2, and Nr4al. The transcrip-
tional activity of these promoters was selectively abrogated by the
G-quadruplex interactor TMPyP4. As these genes are crucial in heart
physiology, we propose that their downregulation in mutant hearts
may contribute to upstream electrical defects, both reliant on and
independent of direct involvement in the Purkinje network. Of note,
the genes Kcngl/Kcnel, crucial for heart action potentials, are
expressed in all cardiomyocytes. We hypothesize that Kcnel expres-
sion might be involved in functional defects of mutant hearts, rather
than directly contributing to VCS morphogenesis. In turn, Netrinl
(NtnI) (also downregulated in mutant hearts) is a secreted laminin-like
protein that regulates axon guidance for GABAergic neurons® and has
cardioprotective properties*® ™.

We have identified a small yet significant cluster of VCS cardio-
myocytes in WT heart that are entirely absent in mutant hearts in the
snRNA-seq dataset, which consist of a cluster of PF cells (CM6)
expressing CCS lineage-specific genes (e.g., Cntn2, Tbx3, Robol,
CpneS, Sema3a, and Ncaml). Our differential expression analysis
comparing this WT VCS/PF cluster to the prevalent WT CMI cluster
revealed potential PF gene markers, including Shisa9, Kirrel3, Slit2/3,
Col4a3, Col4a4, Ephbl, Ntm, and Plxdc2 (Supplementary Data 3, 4).
Moreover, gene ontology analysis implicated certain genes in this
cluster (Robol, Slit2/3, Sema3a/c, and Ephbl) in axon guidance, sug-
gesting a potential involvement in PF network morphogenesis. For
instance, the Netrin-1/DCC and Robo/Slit signaling axes regulate
axon guidance through attraction/repulsion mechanisms, which may
govern the positioning, migration, and morphogenesis of VCS/PF
cardiomyocytes*’. Robo/Slit signaling is particularly important in
heart development, contributing to processes such as cell migration,
ventricular septum formation, and valve development***. Our find-
ings suggest that the Robo/Slit pathway may also contribute to the
development and function of VCS/PF network morphogenesis. In
cases of defective Robo/Slit signaling, alternative pathways may
compensate. The observed upregulation of Neuregulin 1 (Nrgl) hints
at a potential compensatory mechanism, although it is possible that
defects in other undetermined secreted factors or cell-to-cell
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Fig. 9 | G4-resolvase-dependent transcriptional activation of Dhx36 CM Hcn4 and Cntn2 promoters. The pGL4.25 vector, presenting a minimal promoter, is

target genes. a Luciferase transcriptional activation assays in HeLa cells of promoter ~ shown as a negative control. Significance was determined in a and b using unpaired
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signaling pathways contribute to the VCS hypoplasia observed in
Dhx36™" mutant hearts (Fig. 4, Supplementary Fig. 2).

Another cluster entirely absent from the mutant hearts is the
dopa-decarboxylase (Ddc) expressing cluster, or CM3. The Ddc enzyme
converts dopa to dopamine, a signal crucial for enhancing contractile
force, elevating beating rate, and constricting coronary arteries in the
heart*®. Ddc is a determinant gene in right ventricle maturation*’ and is
potentially involved in later stages of VCS morphogenesis, perhaps
interconnected with the Netrin-1 signaling pathway, which is also
involved in dopaminergic neurons®. Ddc is one of approximately 200
imprinted genes whose expression is regulated paternally or mater-
nally through DNA methylation*’. Ddc expression appears to be regu-
lated via a CTCF-dependent insulator of the neighboring gene Grb10*®
and a Ddc intronic CTCF site (intron 12) that interacts with the Grb10
intronic CTCF regions and CTCF-dependent insulator regions.
Remarkably, our data show a G-quadruplex motif with G-score of
63" near the CTCF binding site in Ddc’s intron 12 (Supplementary
Data 9). We hypothesize that resolving this G4 may influence the 3D
structure around the insulator, thereby impacting Ddc transcription.
Furthermore, this CTCF stands out as the most enriched motif in
mutant vs. WT cardiomyocytes (Fig. 7b). We postulate that this tran-
scriptional downregulation of Ddc may explain the absence of the CM3
population in mutant hearts, and its impact on VCS morphogenesis via
the disruption of the secretable Netrin/dopamine signaling.

Dhx36 modulates Nkx2-5 mRNA at both the posttranscriptional
and translational levels®. Indeed, in Dhx36 KO hearts, Nkx2-5 mRNA
levels were increased, while protein levels were reduced in PD7 mutant
hearts. Nkx2-5 haploinsufficiency results in ventricular conduction
system and Purkinje fibers hypoplasia and conduction defects in
mice’**. We though hypothesize that reduced Nkx2-5 protein alone
does not fully account for the PF network hypoplasia observed in

mutant hearts. For instance, we also observed reductions in other key
cardiac targets, including Ntnl, Nur77, and Pgcla, which are not
directly regulated by Nkx2-5 but exhibited distinct Dhx36-dependent
transcriptional downregulation patterns in mutant hearts. Moreover,
the downregulation of Hcn4 is unlikely to be due to reduced Nkx2-5
levels, as Nkx2-5 has been reported to negatively regulate Hcn4 gene
expression®®.

Our study provides insights into the complex roles of Dhx36 in
cardiomyocyte differentiation and CCS morphogenesis, identifying
crucial genes and pathways that regulate the development and func-
tion of the VCS/PF network. Future research should focus on eluci-
dating the specific roles of the newly identified targets, as well as the
role of Dhx36 in transcriptional regulation, chromatin accessibility,
and G4 resolution during these processes. Our findings in mice cannot
be directly extrapolated to human pathology. In fact, to date, no
mutations in DHX36 have been associated with human heart disease.
However, it may be challenging to identify non-lethal mutations in
DHX36, given the gene’s critical role in early development, as evi-
denced by the fact that complete Dhx36 knockout in mice results in
implantation failure. A crucial direction for future research will be to
identify DHX36 mutations that contribute to cardiovascular diseases.
These endeavors address not only fundamental questions about heart
physiology but could also potentially guide the development of ther-
apeutic strategies for heart conditions.

Methods

Mice, embryos, and genotyping

The Dhx36™*¢ mouse strain has been described previously® and was
kindly provided by Dr. Nagamine. Transgenic Cre mouse lines,
including  MCK“™™, Nkx2.5*, Tnnt2°“**, and Myh6““*, were
employed previously”****’, The Connexin 40 GFP line (Cx40-eGFP),
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characterized by the insertion of the green fluorescent protein cDNA
into the connexin 40 (Gja5) locus, allowing for the visualization of CCS
architecture, was kindly provided by Dr. Miquerol®’. All animals used in
this study were in a C57bl/6-CD1 mixed background. Sex was not
considered in the study design and analysis, because we did not find
phenotypic differences between males and females. Animal welfare
adhered to the guidelines and conformed to EU Directive 2010/63EU
and Recommendation 2007/526/EC, enforced by Spanish law under
Real Decreto 53/2013. All experiments involving mice and embryos
were approved by the CNIC Animal Experimentation Ethics Committee
and licensed by the relevant authorities in the Madrid Region (PROEX
346/15).

Promoter cloning and luciferase assay

The promoters or G4-containing regions of the tested genes were
obtained through conventional PCR, using mouse genomic DNA (pri-
mer sequences listed in Supplementary Data 11). Purified PCR products
were cloned into the Xhol-linearized pGL3-Basic vector using the
recombination-based NEBuilder HiFi DNA assembly master mix, fol-
lowing the manufacturer’s recommendations (New England Biolabs;
#E2621L). Subsequently, the cloned DNA fragments within pGL3-Basic
were excised with Sacl and Bglll and then directionally inserted into
pGL4.25 (Addgene #E8431), a vector featuring a minimal promoter and
expressing a highly unstable luciferase protein.

For transfection, 40,000 Hela cells per well were seeded in 24
well plates and transfected with 0.5 pg of pGL3 or pGL4.25 constructs
using the Lipofectamine 3000 transfection Reagent (ThermoFisher
Scientific # L3000008), following manufacturer s recommendations.
After 24 h, cells were treated with or without 20 pM of the the G4 sta-
bilizer TMPyP4 (MedChemExpress #HY-108477) for an additional 24 h.
Luciferase activity was then measured using a Sirius Luminometer
(Berthold) for 30 s. The experiments were conducted in triplicate and
repeated at least three times (n=9).

Single-nucleus ATAC + RNA-seq multiome experiment and
bioinformatics analysis

Whole hearts from 7-day-old PD7 wild-type (WT) (DAx36"; Tnnt2*“*")
and mutant (Dhx36”;Tnnt2"*?) mice were dissected, chopped into
several pieces, snap-frozen and stored in liquid nitrogen. On the day of
the experiment, wild-type and mutant hearts were pooled (two each),
and nuclei were isolated using the Chromium Nuclei Isolation Kit with
RNAse inhibitor (10X Genomics; #PN-1000494) following the manu-
facturer’s recommendations. Nuclei were captured in the Chromium
Controller (10X Genomics) and processed with the Chromium Next
GEM single cell Multiome ATAC+Gene Expression (GEX) Kit (10X
Genomics; #PN-1000285). This kit enables simultaneous profiling of
chromatin accessibility and gene expression in the same single nuclei,
generating ATAC and GEX libraries from the same pool of pre-
amplified Tn5 transposed DNA/cDNA. Bulk sequencing was performed
on the Illumina NextSeq 2000, with Cell Ranger v8.0 from 10X Geno-
mics used for de-multiplexing and mapping to the mouse genome
GRCm38/10 under default parameters. Median values for wild type
included 4305 UMIs per cell (1976 median genes per cell) and 6434
high-quality ATAC fragments per cell. For KO, median values were 5180
UM Is per cell (2394 median genes per cell) and 5748 high-quality ATAC
fragments per cell (Supplementary Fig. 5b)

Bioinformatics analysis was conducted in R using Seurat v4°*® and
Signac v10°° packages. RNA and ATAC assays underwent independent
pre-processing with basic QC, filtering cells based on detected mole-
cules for each modality (between 2000 and 30,000), detected genes
or peaks (>800), as well as mitochondrial percentage (<20%). We used
SCTransform for RNA data normalization, and PCA dimensionality
reduction, and used 50 PCs to generate RNA-based Uniform Manifold
Approximation and Projection (UMAP) representations. Latent
semantic indexing (LSI) was employed for ATAC data, which performs

term frequency-inverse document frequency (TF-IDF) normalization,
and singular value decomposition (SVD) to reduce the dimensionality.
The initial 50 LSI components, excluding the first one that codifies
technical (information about sequencing depth) and not biological
variation were used to construct ATAC-based UMAP representations.
Integration of information from both single-cell modalities was per-
formed through weighted nearest neighbor analysis (WNN) that gen-
erates a graph codifying closest neighbors based on a cell-specific
weighted combination of RNA and ATAC using the previously selected
PCA and LSI components, respectively. The final multimodal non-
linear dimensionality reduction (UMAP) and clustering (Louvain algo-
rithm with resolution 0.2) were constructed from the multimodal WNN
graph generated before. Next, data were manually inspected and
analyzed using Loupe Browser, for further filtering and detailed
refinement of clustering results to obtain a final labelling of cell
populations.

Further analyses were performed from the final clean and labelled
dataset. For each gene, we found the set of peaks that may regulate the
gene (linked peaks) by computing the correlation between gene
expression and accessibility at nearby peaks, and correcting for bias
due to GC content, overall accessibility, and peak size. Next, we per-
formed contrasts between WT and KO cardiomyocytes at gene
expression and ATAC peak levels. To find differentially accessible
regions between those clusters of cells, we performed a differential
accessibility (DA) test using logistic regression and added the total
number of fragments as a latent variable to mitigate the effects of
differential sequencing depth on the result. To run gene differential
expression (DE), we used corrected counts (obtained by setting the
sequencing depth for all the cells to a fixed value and reversing the
learned regularized negative-binomial regression model), and then
performed differential expression using Wilcoxon test. Intersections
of DE genes and genes linked to DA peaks were also reported. P-value
adjustments were performed using the Bonferroni correction, and
average log2 fold changes were reported.

Motif analysis was performed using DNA sequence motif infor-
mation from JASPAR database. To identify potentially important cell
type-specific regulatory sequences, we searched for motifs that are
overrepresented (enriched motifs) in the set of peaks that are differ-
entially accessible between cell types. We performed a hypergeometric
test to get the probability of observing the motif at the given frequency
by chance, as compared to a background set of peaks matched for GC
content. Concurrently, motif activities were generated using
chromVAR®, computing a per-cell score that allow the visualization of
motif activities per cell and provide an alternative method of identi-
fying differentially active motifs between cell types.

G4 analysis was performed using GAIA database™ with G4 pre-
dictions of mouse generated by G4RNA screener*” 2. We computed
the existence (or not) of predicted G4s overlapping each peak region.
Then, we analyzed whether G4s are enriched/overrepresented in
chromatin sites with DA. We performed a hypergeometric test to test
the probability of having G4s in DA peaks at the given frequency by
chance, comparing with a background set of peaks matched for GC
content and sequence length.

Most of the data from sn-multiome have been extracted in the
Supplementary Data 2 to 9. For raw data availability, check the Data
Availability Statement.

Histological analysis
Embryo and adult hearts were fixed overnight in 4% paraformaldehyde
(vol/vol) in PBS, following by paraffin embedding and microtome
sectioning for hematoxylin and eosin (H&E) staining using standard
procedures. In situ Hybridization, Immunohistochemistry (IHC) and
immunofluorescence (IF) were conducted using standard procedures.
For whole-mount IF, adult hearts incised along the inter-
ventricular septum, pinned in siliconized petri dishes to expose the left

Nature Communications | (2024)15:8602

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52809-1

ventricles, and fixed for 2 h with 4% paraformaldehyde. After extensive
PBS washing, permeabilization with 0.5% Triton X100 in PBS, and
blocking with PBS containing 3% BSA and 0.1% Triton-X 100, samples
were incubated with primary antibody and fluorescent-coupled sec-
ondary antibodies in blocking buffer. The stained samples were
observed under a scope and a confocal microscope®.

Echocardiography and electrocardiography (ECG)
Echocardiography and ECG recordings were obtained as previously
described®. Briefly, mice were anesthetized through inhalation of
isoflurane (0.5-1.25%) and oxygen (98.75%). For ultrasound studies, a
30 MHz transthoracic echocardiography probe was employed, and
images were captured using Vevo 2100 (VisualSonics, Toronto,
Canada). The acquired images underwent blind analysis by skilled
operators from CNIC advanced imaging unit, using the Vevo 2100
Workstation software.

ECG tracings were recorded from sedated animals, as detailed
elsewhere®’. Briefly, ECG recordings were acquired for 60 s at 2 KHz
sweep-speed using a MP36R data acquisition workstation (Biopac
Systems). Data were stored for offline analysis using custom MatLab
scripts for pre-processing, visualization and quantification of elec-
trophysiological intervals and heart rate®’. Lead Il was chosen for
analysis. Following QRS complex, P and T wave detection, ECG
intervals were extracted using adaptive windowing based on beat-
to-beat R-R changes. PR intervals were measured from the onset of
the P wave to the start of the R wave/Q wave, and QRS intervals from
the beginning of the Q wave to where the S wave intersects the
baseline. QRS amplitude was measured peak-to-peak from the
maximum positive deflection to the minimum negative deflection
on the QRS complex. A sub-domain of normal RR variability (per-
centile 100th) was established from ECG traces of wild-type mice.
Sinus node dysfunction was defined when the mouse specific RRn+1
vs RRn domain partially or completely deviated from the normal RR
variability sub-domain identified in controls. Additionally, dimen-
sionless R-R intervals were plotted over the 60 s electrocardiogram
recordings to detect alterations in sinus rhythm.

RNA sequencing and statistical analysis

For transcriptional profiling of adult organs, whole hearts (including
atria) were surgically isolated from 2- to 3-week-old WT or Dhx36™"¢
mice. The isolated organs were individually submerged into 1mL
TRIsure buffer (Meridian Bioscience #BI0-38032), immediately snap-
frozen in liquid N,, and stored at —80 °C. Tissue homogenization was
performed using the MagNA lyser system (Roche), and total RNA was
isolated. RNA from 5-6 hearts per genotype was pooled and purified
on Qiagen-RNA-clean columns (Qiagen #74204). Experiments were
conducted in triplicate (3 WT and 3 mutant pools). RNA sequencing
procedures were previously described®.

Numerical data are presented as mean+SEM. Differences
between WT and mutant groups were statistically assessed using
unpaired two-tailed Student’s t-test for most experiments or x* in
Kaplan-Meier survival curves. Statistical significance was considered
at p<0.05.

The data from RNA-seq have been extracted in the Supplementary
Data 2. The raw data has been deposited (refer to Data availability
section).

qPCR analysis

Quantitative real-time PCR (qPCR) of genes of interest and house-
keeping genes was performed on the same RNA-pooled samples used
for RNA-seq experiments. SYBR Green PCR master mix (Applied Bio-
Systems) was used for qPCR analysis. Total RNA from neonatal PDO-
PD1 or PD7 hearts was extracted and pooled as described in the cor-
responding Figure Legends, and indicated gPCRs were performed. The
primer sequences used for qPCR and promoter cloning are provided in

Supplementary Data 11. Statistically significance was assessed using
unpaired two-tailed Student”s t-test.

Protein analysis

Western blotting was used to detect the presence of Dhx36 protein in
the cytoplasm and nuclei of whole hearts (Fig. 1c), as well as Dhx36 and
Nkx2-5 in whole extracts from WT and Dhx36™2 PD7 hearts (Supple-
mentary Fig. 8a). Tubulin was used as a loading control in the same gel
where Dhx36 was detected (Fig. 1c). Similarly, in Supplementary
Fig. 8a, PSF was used as a loading control in the same gel where Nkx2-5
was detected. Uncropped and unprocessed scans of the blots are
available in the Source Data file for Fig. 1c, and in the Supplementary
information file for Supplementary Fig. 8a.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper in the Source data file. Most
of the data that support the findings of this study are extracted in the
Supplementary Data 2-9. All raw data have been deposited in the
EMBL"s European Bioinformatics Institute (https://www.ebi.ac.uk).
Raw data for bulk RNA-seq have been deposited with code E-MTAB-
14440. The snATAC-seq and snRNA-seq raw data have been depos-
ited with codes E-MTAB-14441 and E-MTAB-14442, respectively.
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