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Supplementary Fig. 1. Cardiac deletion of Dhx36 induces dilated cardiomyopathy and atrial
thrombosis in adult mice. a, Gross morphology of hearts from WT and Dhx36";MCKCre/wt (Dhx364MCK-Cre)
mice. b, Heart weight-to-body weight ratios of WT (n=8) and Dhx36 4MCK-Cre (n=6) mice. Statistical
significance was assessed using an unpaired two-sided t-test, with data presented as mean + SEM. c, Gross
cardiac morphology and hematoxylin & eosin (H&E) staining on heart sections from a WT mouse and a sick
284-day-old heterozygous Dhx36™M¥"6 (Dhx36+ Myh6) [ittermate. Thrombi in the left atrium (asterisk) and left
ventricle (arrow) of the mutant are indicated. d, Gross cardiac morphology and H&E staining of hearts
sections from autopsied Dhx36M"¢ and Dhx36™"2 mice, both showing thrombi occupying the entire left
atrium (asterisks). All scale bars represent 1 mm.
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Supplementary Fig. 2. Disruption of critical conduction system markers in Dhx36™"2 mutant hearts.
In situ hybridization (ISH) analysis of various conduction system markers in ED16.5 (a-f) and PD7 (g,h)
hearts, showing representative images from wild type (WT) and Dhx36™"2 mutant hearts. Abbreviations: lv,
left ventricle, rv, right ventricle. Scale bars, 100 um in a-f (general heart views), 50 um in a-f (high
magnification views); 200 um in g,h (general heart views), 100 um in g,h (high magnification views). The
scale bars are shown in the first ISH image of WT hearts for reference and apply to all corresponding images,
as they present the same magnifications.
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Supplementary Fig. 3. Dhx36 regulates the transcription of the cardiac conduction system gene
program. a, Gene ontology (GO) analysis of biological processes and molecular functions associated with
downregulated genes in 2-3-week-old Dhx36MY"6 mice compared to WT. b, Analysis of rare diseases
associated with the downregulated genes identified in Dhx36M¢ mice. ¢, Heat map illustrating the
expression levels of selected cardiac conduction system genes from RNA-seq data. d, Quantitative PCR
analysis of selected deregulated genes identified in RNA-seq data from cardiac tissue of 2-3-week-old
Dhx36M¢ (KO) mice, with WT expression levels normalized to 1. e, Quantitative PCR showing the
expression of Dhx36 and additional selected cardiac conduction system genes in the same RNA samples.
Statistical significance was determined using unpaired two-sided t-tests, with data presented as mean + SEM
for panels d and e. Source data for d and e are provided in the accompanying source data file.
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Supplementary Fig. 4. Quantitative PCR analysis of cardiac gene expression in neonatal Dhx36Myht
and Dhx36™"T2 mice. a, Quantitative PCR analysis of selected genes in cardiac muscle from PD0-PD1
Dhx36™¥"6 (KO) neonates, compared to WT littermates. Data represent three pools of 3 neonates per pool
(n=9 per genotype). b, Quantitative PCR analysis of selected genes in cardiac muscle from PD0O-PD1
Dhx36™2 neonates (KO) compared to WT littermates, with the same sample pooling as in a. Statistical
significance was determined using an unpaired two-sided t-test, with data presented as mean + SEM. Source

data are provided in the accompanying source data file.
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Supplementary Fig. 5. Quality controls metrics for multiome snATAC-seq and sShRNA-seq analyses. a,
Heart-to-body weight ratios of PD7 pups, indicating cardiac hypertrophy in mutant mice (KO) compared to
WT. Statistical significance was determined using unpaired two-sided t-test, with data presented as mean +
SEM. Source data are provided in the accompanying source data file. b, Distribution of RNA counts per cell
and DNA counts per cell sequenced in the snRNA-seq and ATAC-seq experiments, respectively, for WT and
KO hearts. ¢, Transcription start site (TSS) enrichment scores comparing KO and WT, showing a reduction
in TSS enrichment in the KO samples. Additionally, the nucleosome banding pattern (right) is presented for
both genotypes.



|

i

NLLiLiJl‘&

i
A

|

!

/
A

i

|
|

|
A |

»
R,
= O
y = v
L L
— (7]
g g >
S =
o & %) 2
s 8 g ¢ g
=z © a QO
3 5 2
o g -
5 : »
LL N £ .
o €. %3 3
> o 4 s
S ) . ©
- 5 T
v m a o £
° O 2
° 0 5
~ S
oz N s
] c %
o w S
O e
5 Yol m )

Janer] upssandyg

TOIN

\

[ uDKSAdES

q46pd

J&
s

E

0
s

g ]
[mir] uirssadsg

TTUAN

Wil

3 T [
[aner] uorsadsg

Tersn

o |

o .

'

!
I

]L
¢

LA

a w E
Janie uinssadag

N

=
5 2
Janie uorssadag

z H z
g Fl g
4

g g H
iz uossadg

VAN

ny

e uosadg

elbpd

[mir] uirssadsg

1PA

3 " 2
[@nen] uorsgadeg

cldN

PEPD 1z4d1d
| |
1 ]
|| = )
| —
E— .
1 :
2l |
| P
UIs 2.d1d

10



Supplementary Fig. 6. Integrated multiome snATAC-seq and snRNA-seq analysis of nuclei clusters in
WT and mutant PD7 hearts. a, Multimodal Uniform Manifold Approximation and Projection (UMAP)
visualization of cell clusters from WT and KO PD7 hearts. The left panel shows cell clusters randomly
colored by cluster identity (WT; n=6,499; KO, n=5,426). The right panel displays the same UMAP, colored
by sample origin (WT in blue, KO in red). b, Violin plots depicting the expression levels of representative
genes across different cell clusters, illustrating the transcriptional profiles in WT hearts. Cell clusters names
defined in the MS text and in Legend of Fig. 5.
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Supplementary Fig. 7. Comparison of Multiome snATAC-seq and RNA-seq with unimodal UMAPs
and proliferation signatures. a, Multiome UMAP visualization integrating SnATAC-seq and snRNA-seq
data from both WT and KO hearts (upper left). Separate UMAPs display Titin (Ttn) expression in WT (upper
middle) and KO (upper right) hearts. The middle panel shows UMAP plots based on ATAC-seq data, while
the lower panel presents UMAP plots based on RNA-seq data (Gene Expression [GEX]). b, Multiome
UMAPs as in (a), displaying the expression of the proliferative gene Mki67 in WT and KO hearts.
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Supplementary Fig. 8. Protein expression and motif enrichment analysis in gene promoters of CMs in
PD7 hearts. a, Western blotting analysis showing reduced expression of Dhx36 and complete absence of
Nkx2-5 in mutant PD7 hearts (KO; n=2), compared to heterozygous (Het; n=2) or WT (n=2). PSF (PTB-
associated splicing factor) was used as a loading control in the same blot where Nkx2-5 was detected. b,
Position weight matrices plots representing the motifs of transcription factors that are downregulated in KO
cardiomyocytes compared to WT. Uncropped images for Supplementary Fig. 8a are provided at the end of
this Supplementary file.
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Supplementary Fig. 9. G-quadruplex (G4) structures and transcriptional alterations in downregulated
Dhx36 gene targets. Examples of downregulated genes (Plekhhl, Bcl2l11, Ppargcla (Pgcla) and Fhi2) in

KO CMs that contain G4 motifs overlapping with regions of open chromatin in their promoters (TRUE). For
a detailed explanation, refer to the legend of Fig. 8.
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Supplementary Fig. 10. G4 structures and transcriptional alterations of representative Dhx36 gene
targets. a, Example of a downregulated gene (Atplal) in KO CMs that do not contain G4s motifs
overlapping with open chromatin in its promoter. b, Example of an upregulated gene (Slc24a2) in KO CMs
that contains G4s motifs overlapping with open chromatin in its promoter (TRUE). C. Example of stress gene
Anf (Nppa), which is upregulated in KO CMs and does not contain G4s motifs overlapping with open
chromatin in its promoter. For a detailed explanation, refer to the legend of Fig. 8.
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Supplementary Fig. 11. G4 structures and transcriptional alterations in Dhx36 gene targets within the
cardiac conduction system. This figure illustrates a subset of genes involved in the cardiac conduction
system (CCS) that exhibit downregulation in knockout (KO) cardiomyocytes (CMs). These genes are
characterized by the presence of G4 structures within their gene bodies.
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Supplementary Fig. 12. G4 structures regulate the transcription of Dhx36 gene targets in
cardiomyocytes. Luciferase reporter assays conducted in HeLa cells to investigate the transcriptional activity
of promoter regions from putative Dhx36 target genes, as identified in Fig. 9. The activities of both pGL3
and pGL4.25 promoter constructs are shown under conditions of G4 stabilization by the drug TMPyP4 (20
KUM) and without treatment (NT; not treated). The results indicate that G4-resolvase activity is essential for
transcriptional activation in these promoters. As a control, the Dhx36 promoter, which lacks G4 structures, is
included to demonstrate transcriptional activity independent of G4 resolution. Empty pGL3-basic and
pGL4.25 (pGL4) plasmids serve as negative controls. Statistical significance was determined using unpaired
two-sided t-tests, with data presented as mean + SEM.
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Supplementary Fig. 8a. Western blotting analysis showing reduced expression of Dhx36 and
complete absence of Nkx2-5 in mutant PD7 hearts (KO; n=2), compared to heterozygous (Het;
n=2) or WT (n=2). PSF (PTB-associated splicing factor) was used as a loading control in the same

blot where Nkx2-5 was detected. The areas shown in Supplementary Fig
uncropped blots of the previous page.
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