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A hallmark of heart disease is gene dysregulation and reactivation of fetal gene programs. Reactivation of these fetal pro-

grams has compensatory effects during heart failure, depending on the type and stage of the underlying cardiomyopathy.

Thousands of putative cardiac gene regulatory elements have been identified that may control these programs, but their

functions are largely unknown. Here, we profile genome-wide changes to gene expression and chromatin structure in car-

diomyocytes derived from human pluripotent stem cells. We identify and characterize a gene regulatory element essential

for regulating MYH6 expression, which encodes human fetal myosin. Using chromatin conformation assays in combination

with epigenome editing, we find that gene regulation is mediated by a direct interaction between MYH6 and the enhancer.

We also find that enhancer activation alters cardiomyocyte response to the hypertrophy-inducing peptide endothelin-1.

Enhancer activation prevents polyploidization as well as changes in calcium dynamics and metabolism following stress

with endothelin-1. Collectively, these results identify regulatory mechanisms of cardiac gene programs that modulate car-

diomyocyte maturation, affect cellular stress response, and could serve as potential therapeutic targets.

[Supplemental material is available for this article.]

Cardiac development is driven by the temporal and spatial coordi-
nation of gene expression and cell signaling. Disruption of these
pathways has been implicated in heart disease across all stages of
life (May et al. 2012; Dirkx et al. 2013). Gene regulation is typically
coordinated by distal cis-regulatory elements (CREs), which are
also responsive to cellular stress (Sergeeva et al. 2016; Man et al.
2021). Thousands of candidate CREs (cCREs) have been identified
in cardiac tissue through epigenomic profiling. CRE activity can
also vary across heart chambers (Visel et al. 2007). Many of these
cCREs function as enhancers: CREs distal to transcription start
sites (TSSs) that regulate the cell type specificity of gene expression.
However, few cCREs have been evaluated for their endogenous
function, their target gene, or their roles in conditions of stress
(May et al. 2012).

Many key developmental factors are dysregulated in cardio-
myocytes (CMs) during heart failure and after injury (Talman
and Kivelä 2018; Jiang et al. 2019; Man et al. 2021). Specific alter-

ations are temporarily beneficial but eventually become mala-
daptive (Miyata et al. 2000; Wende et al. 2017). Others are
cardioprotective, correlate with better patient outcomes, and are
potential therapeutic targets (Goetze et al. 2020). One example
of a dysregulated factor is MYH6. In humans, MYH6 has high ex-
pression during development and decreases with age to low levels
by adulthood. The expression of its neighboring gene, MYH7, in-
creases with age.MYH6 expression is silenced during heart failure,
leading to slower contractions of the heart (Lowes et al. 1997;
Nakao et al. 1997; Chen et al. 2021). MYH6 activation has been
proposed as a potential treatment for dilated cardiomyopathy
(DCM) and end-stage heart failure (Nakao et al. 1997; Locher
et al. 2011). Overexpression of MYH6 improves contractile force
generation in cultured primary CMs from failing human hearts
(Herron et al. 2010; Locher et al. 2011). Mutations in MYH6 cause
various forms of heart disease (Carniel et al. 2005; Posch et al.
2011). Knockdown of MYH6 in chick embryos resulted in atrial
septal defects during heart development (Ching et al. 2005).
Despite years of research investigating the consequences of
MYH6 silencing and loss-of-function mutations, the regulation
of MYH6 remains incompletely understood.
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To better understand the function of noncoding gene regula-
tion in CMs, we performed assay for transposase-accessible chro-
matin using sequencing (ATAC-seq) and RNA sequencing (RNA-
seq) on human induced pluripotent stem cell–derived cardiomyo-
cytes (iPSC-CMs) to nominate cCREs (Corces et al. 2017). We then
linked key regulatory elements toMYH6 andMYH7. We character-
ize the effects of epigenetic editing of this regulatory element on
cell function and the cellular stress response. Lastly, we identify ge-
netic variants within this enhancer that are associatedwith cardiac
disease. These findings support a novel mechanism of myosin
gene regulation and implicate myosin expression in regulating
the CM response to stress.

Results

WNT activation promotes immature phenotypes in cultured

iPSC-CMs

To identify enhancers that regulate gene expression, we used a re-
producible and inducible method to drive immature phenotypes
in human iPSC-CMs by activating WNT signaling through chem-
ical inhibition of GSK3 (GSK3i) (Mollova et al. 2013; Mills et al.
2019; Singh et al. 2019; Buikema et al. 2020). GSK3i promotes
cell cycling, marked by DNA synthesis and mitosis; reduced cell
ploidy; and sarcomere disassembly—allmarkers of CM immaturity
(Mollova et al. 2013; Mills et al. 2019; Singh et al. 2019; Buikema
et al. 2020).

CHIR99021 (CHIR) is a potent GSK3 inhibitor (Mills et al.
2019; Singh et al. 2019; Buikema et al. 2020). We observed multi-
ple physiologic changes in the CMs following culturewith 2 µMor
4 µM CHIR (Supplemental Fig. S1A; Supplemental Table S1).
Consistent with previous reports, following GSK3i, CMs began
to disassemble sarcomeres and had a dose-dependent increase in
cell cycle markers for DNA synthesis and mitosis (Supplemental
Fig. S1B–D; Cavanagh et al. 2011; Mills et al. 2019; Singh et al.

2019; Buikema et al. 2020). DNA synthesis was indicated by 5-
ethynyl-2′-deoxyuridine (EdU) incorporation, and phospho-his-
tone H3 (pHH3) was used as a mitotic marker (Cavanagh et al.
2011; Singh et al. 2019). The frequency of EdU-positive iPSC-
CMs increased with CHIR from 14.9% after 48 h of culture with
EdU to 32.0% (2 µM) and 40.1% (4 µM) (Supplemental Fig. S1B,
C). The fraction of pHH3-positive nuclei increased from 0.03%
to 0.33% (2 µM) and 0.38% (4 µM) (Supplemental Fig. S1D;
Mollova et al. 2013; Mills et al. 2019).

We also observed significant changes in genomic content and
cell cycle distribution across all cells (Supplemental Fig. S1E–G).
Measurement of total nuclearDNAcontent based on total DAPI in-
tensity can be used as a proxy to characterize ploidy and associated
stages of the cell cycle (Pereira et al. 2017). Cardiac cell ploidy
increases with maturation (Mollova et al. 2013). We saw a sig-
nificant reduction in 4N (G2) frequency and an increase in 2N
(G1) frequency with GSK3i independent of EdU incorporation
(Supplemental Fig. S1F,G). Examples of mononucleated and
binucleatedCMswere observed at all doses of CHIR.We concluded
that our approach yields a reproducible model of CM immaturity,
enabling the study of gene regulatory mechanisms.

Integrated analysis of ATAC-seq and RNA-seq identifies

a putative cardiac enhancer

WeperformedATAC-seq andRNA-seq on iPSC-CMs culturedwith
±4 µMCHIR for 1 week. ATAC-seqmeasures chromatin accessibility
as a marker for active or poised cCREs (Grandi et al. 2022).
Combining this information with RNA-seq can identify accessible
cCREs proximal to differentially expressed genes that respond to
GKS3i. We observed reproducible signals across all replicates in the
ATAC-seq and RNA-seq data (Supplemental Fig. S2A). In response
to GSK3i, there were 976 and 851 ATAC-seq peaks with increased
or decreased accessibility and 1023 and 1658 genes with increased
or decreased expression (Padj<0.01 and |log2(fold-change)| > 1) (Fig.
1A,B; Supplemental Fig. S2; Supplemental Table S2).
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Figure 1. Integrated analysis of ATAC-seq and RNA-seq identifies a cardiac cCRE. (A,B) Significance (Padj) versus log2(FC) in chromatin accessibility (A) or
gene expression (B). Differential analysis was performed using a paired two-tailed DESeq2 test. (C,D) Gene Ontology enrichment analysis for differentially
expressed genes increasing (C) or decreasing (D) in expression. Select terms are displayed. (E) The top five unique TFmotifs for repressed or activated ATAC
peaks. (F,G) Visualization of RNA-seq (blue) and ATAC-seq (orange) results at theMYH6 locus (F) and cCREs (G). Highlighted are cCRE regions: R1 (red), R2
(green), and R3 (purple) and a previously characterized MYH7 enhancer C3 (blue). (H) RT-qPCR analysis of transcript abundance for cCRE RNAs and
CMTM5 transcripts in iPSC-CMs ±GSK3i. Relative expression is plotted (normalized to control, n = 3 replicates, mean ± SD). Statistics were calculated on
dCt values (normalized to TBP) using a one-way ANOVA with Sidak’s post hoc test to compare gene expression. (∗∗) Padj<0.01. See Supplemental
Figure S2 and Supplemental Table S2.
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To further analyze the data, we performed Gene Ontology
(GO) enrichment analysis on differentially expressed genes and
transcription factor (TF) binding site motif analysis on differential
ATAC-seq peaks (Bailey et al. 2015; Kolberg et al. 2023). GO terms
associated with increased gene expression focused on prolifera-
tion, whereas those associated with decreased gene expression in-
cluded factors related to maturation and cardiac function,
validating the immature state driven by GSK3i (Fig. 1C,D;
Supplemental Table S2). Next, we identified TFs that may drive
the alterations in cCRE activity and gene expression.We identified
TF bindingmotifs using theMEME suite tools and JASPAR TF bind-
ing profiles (Bailey et al. 2015; Fornes et al. 2020). To find high-
confidence motifs within ATAC-seq peaks, we applied thresholds
on statistical significance and TF expression level (FDR<0.1; TF ex-
pression, TPM>1) (Supplemental Fig. S2C,D; Supplemental Table
S2; Bailey et al. 2015; Fornes et al. 2020). We found enrichment of
AP-1 FOS and JUN family motifs, along with the Wnt inhibitors
BACH1 and BACH2, only in ATAC-seq peaks that decreased in ac-
cessibility followingGSK3i treatment (Fig. 1E). Recent reports have
also implicated these factors in CMmaturation (Zhang et al. 2023).
Motifs for TCF/LEF-associatedWnt response factors were enriched
in peaks increasing in accessibility (Fig. 1E). These factors are cru-
cial for cardiac development and are expressed in immature CMs
(Ye et al. 2019). CTCF binding motifs were enriched in peaks in-
creasing in accessibility in response to GSK3i (Fig. 1E). CTCF helps
determine the 3D chromatin conformation andprevent unintend-
ed interactions between distal enhancers and gene promoters
(Cavalheiro et al. 2021). CTCF can alsomediate enhancer–promot-
er interactions and drive gene expression beyond its canonical role
as an insulator element (Kubo et al. 2021).

In response to GSK3i, we observed a shift in myosin ex-
pression from MYH7 (log2(FC) =−1.34, Padj=0.0036) to MYH6
(log2(FC) = 3.41, Padj=1.06×10

−251), the fetal cardiac myosin iso-
form (Miyata et al. 2000). MYH6 was the third most significant
upregulated gene with GSK3i. The most significant differentially
accessible peak (Padj=6.65×10

−48) and the eighth-ranked differen-
tially accessible peak (Padj=1.94×10

−48) are located downstream
fromMYH6 and MYH7 (Fig. 1F). We also found a previously char-
acterized MYH7 enhancer, C3, increased in accessibility following
GSK3i (Padj=0.0007) (Gacita et al. 2021). There were multiple
ENCODE cCREs within these peaks (Supplemental Fig. S3A,C;
Dunham et al. 2012). We grouped the cCREs by the clustered
RNA-seq signals, specifically R1 to R3 (Fig. 1G). We observed a sig-
nificant increase in these RNAs in response to GSK3i, with no sig-
nificant change in the levels of spliced protein-coding transcripts
for CMTM5 (Fig. 1H). Transcription of noncoding regulatory ele-
ments is amarker of active enhancers and promotes enhancer–pro-
moter interactions (Sartorelli and Lauberth 2020).

Epigenetic landscape surrounding a gene regulatory element

in human and mouse samples

To understand the context in which these putative regulatory ele-
ments may be active, we analyzed multiple epigenetic data sets
from human and mouse samples (Fig. 2; Supplemental Figs. S3–
S7). We find that activity of the regions R1–R3 is highest across
neural and heart tissue, based on H3K27ac (Supplemental Fig.
S3A; Zhang et al. 2021). The high activity in neural tissue types
is likely driven by the high expression of CMTM5 (Supplemental
Fig. S3B). Single-cell ATAC-seq from atrial ventricular CMs shows
similarities to our iPSC-CM ATAC-seq profiles (Fig. 2A; Hocker
et al. 2021).

The genomic composition surrounding MYH6 and MYH7 is
preserved between humans and mice (Fig. 2A; Supplemental Fig.
S5A). We identified three noncoding regions (R1–R3, M3, and
C3) that interactwithMYH6 and likely influenceMYH6 expression
(Fig. 2A; Supplemental Fig. S7). CTCF binds or is proximal to
the three identified elements, suggesting chromatin looping
influences gene expression and varies across chambers (Fig. 2A;
Supplemental Fig. S5A).

The three regions have unique TF binding motifs
(Supplemental Figs. S4, S5). Across R3, C3, and M3, we find evi-
dence of binding by TFs necessary for cardiac gene expression
(TBX5, HEY2), cell homeostasis (TBX5, GATA4, and MED1), and
cardiac development (EP300, TEAD1) (Ang et al. 2016; Ghosh
2020; Hammal et al. 2022). The human sequences of M3 and C3
possess TF motifs that we associated with maturation in our
RNA-seq and ATAC-seq analysis (FOS, JUN, and BACH), whereas
R3 lacks thesemotifs. This suggests that R3maybemore active dur-
ing development or immature states when MYH6 expression is
high, and M3 and C3 are more active in mature states in humans
(Fig. 1; Supplemental Fig. S4). The histone and TF ChIP-seq and
chromatin looping data suggest that R3, M3, and C3 likely func-
tion as enhancers and are active in the heart.

To further investigate the developmental role of these indi-
vidual enhancers, we analyzed ATAC-seq and histone ChIP-seq
data from the heart during mouse fetal development (e10.5 to
e16.5) and after birth (P0 and P60) (Supplemental Fig. S6; Gorkin
et al. 2020). In mice, C3 was most active in the fetal stages, R3
was most active at birth, and M3 was most active in adulthood
(Zhang et al. 2021). These data suggest that these enhancers
dynamically regulate myosin throughout development. There is
also a seemingly divergentmechanismofmyosin regulation across
species, as C3 is important for human cardiac myosin expression
in adulthood (Gacita et al. 2021).

CRISPR-mediated epigenetic editing of R3 modulates cellular

response to disease-related stimuli

We next sought to link the activity of this region to the expression
of its target gene. Epigenetic repression with dCas9KRAB (CRISPRi)
or activation with VP64dCas9VP64 (CRISPRa) at regulatory elements
can alter gene expression when delivered to the enhancer of a tar-
get gene (McCutcheon et al. 2023). We transduced iPSC-CMs with
lentivirus-expressing dCas9KRAB and a gRNA targeting R1–R3 or a
control gRNAwith no target in the human genome. At 12 days fol-
lowing transduction, we found that only repression of R3 signifi-
cantly decreased MYH6 expression compared with the control
(49%) (Fig. 3B). Repression of the enhancers had no significant im-
pact onMYH7 expression (Fig. 3C). Amarker of CMmaturation is a
shift in expression from MYH6 to MYH7 (Gacita et al. 2021).
Despite no change inMYH7 expression following enhancer repres-
sion, theMYH7/MYH6 ratio significantly shifted from 2.25 to 4.29
only when R3 was repressed. CMTM5 levels dropped to 60% and
73% of the controls when R2 and R3 were repressed, respectively
(Fig. 3D,E). We observed a slower rate of spontaneous contraction
following repression of R3 (for control, see Supplemental Movie
S1; for R3 repression, see SupplementalMovie S2), as was previous-
ly reported following modulation of MYH7/MYH6 levels (Gacita
et al. 2021).

Next, we quantified the effects of enhancer activation in
iPSC-CMs. MYH6 silencing is linked to decreased heart function
during heart failure and under stress (Ching et al. 2005; Han
et al. 2014; Chen et al. 2021). We chose endothelin 1 (ET-1)

Regulation of myosin expression and cell stress
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peptide treatment to model cardiac stress. ET-1 is a GPCR agonist
and vasoconstrictor released by endothelial cells to drive cardiac
hypertrophy (Dhaun et al. 2008; Mueller et al. 2011). ET-1 also re-
pressesMYH6 and reactivates fetal gene expression profiles associ-
ated with stress (Talman and Kivelä 2018; Jiang et al. 2019; Man
et al. 2021). We transduced iPSC-CMs with a lentiviral vector en-
coding the activator VP64dCas9VP64 and a gRNA. Twelve days after
transduction, we treated the cells with ±1 µM ET-1 for 72
h. Activation of R3 significantly increased expression of MYH6
and MYH7 compared with the control across culture conditions
with two independent R3-targeting gRNAs (Fig. 3F,G).

NPPA and NPPB are essential factors during cardiac develop-
ment and are markers of stress and pathologic hypertrophy
(Goetze et al. 2020; Man et al. 2021). These two factors reactivate
in response to stress (Sergeeva et al. 2016; Jiang et al. 2019). To un-
derstand how the shifts in MYH6/MYH7 expression affect these
downstream markers, we also analyzed NPPA and NPPB expres-
sion. NPPA expression increased with myosin activation indepen-
dently of culture conditions, whereas NPPB only increased to a
greater degree with ET-1 (Fig. 3H; Jiang et al. 2019).

TNNT2 andATP2A2 encode proteins that are crucial for cardi-
ac function. Mutations in TNNT2, encoding the sarcomeric

component cardiac troponin T2, can cause cardiomyopathies
(Parbhudayal et al. 2020). ATP2A2, also known as SERCA2A, is vital
for calciumhandling in the heart, and its disruption contributes to
cardiac dysfunction (Kumarswamy et al. 2012; Gilbert et al. 2020).
ET-1 reduces ATP2A2 levels, resulting in decreased CM function
and prolonged calcium signaling, similar to that observed in heart
failure (Mueller et al. 2011; Uehara et al. 2012). Increased expres-
sion of TNNT2 and ATP2A2 occurs with increased myosin expres-
sion across culture conditions (Fig. 3J,K).

We next analyzed the conservation of R3 activity in the
mouse HL-1 atrial CM cell line (Claycomb et al. 1998). FBS and
norepinephrine were used instead of ET-1 so that the cells would
maintain a differentiated phenotype but produce similar shifts
in NPPA and NPPB expression (Supplemental Fig. S8C,D;
Claycomb et al. 1998; Bloch et al. 2016). Enhancer activation in-
creased expression ofMyh6, Nppa, and Nppb, which are consistent
with our results in human iPSC-CMs,whereasMyh7 expression de-
creased (Fig. 3L–O). This discrepancy may be related to underlying
differences in biology between humans and mice that have
evolved over time (Miyata et al. 2000; Gacita et al. 2021). We ob-
served no changes in Tnnt2 or Atp2a2 expression following en-
hancer activation in HL-1 cells (Fig. 3P,Q; Claycomb et al. 1998).

Scale
Chr14:

50 kb hg38
23,340,000 23,360,000 23,380,000 23,400,000 23,420,000 23,440,000GENCODE V46

(31 items filtered out)

RV CTCF
RA CTCF

ATAC iPSC-CM - GSK3i 3

ATAC iPSC-CM + GSK3i 3

Ventricular Cardiomyocytes

Atrial Cardiomyocytes

Endothelial cells
RV H3K27me3
RA H3K27me3

ReMAP heart / cardiomyocyte ChIP-seq
(9084 items filtered out)

PABPN1 SLC22A17
ENSG00000259018

EFS

IL25
CMTM5

MYH6
MIR208A

ENSG00000289973
MYH7

ENSG00000258444

MIR208B

hg38 Chr14:23,324,329-23,447,678

M
al

e

Fe
m

al
e

sc
A

TA
C

H
ea

rt

M3 R3 C3

RV H3K27ac
LV H3K27ac
RA H3K27ac

Regulatory Element H3K27ac ChIP-seq evidence Contact with MYH6

R3 Heart, Brain, Intestine CTCF, MED1, ETS1 Yes

C3 Heart, Skeletal Muscle, Thymus MED1, ETS1, GATA4, TBX5 Yes

M3 Neural, Thymus, Mancreas, Liver CTCF Yes

Human

Regulatory Element H3K27ac ChIP-seq evidence Accesibility

R3 Heart, Brain, Kidney, Lung CTCF, EP300, NKX2-5, TEAD1 All tissues

C3 Heart, Lung, Stomach EP300, NKX2-5, TEAD1 All tissue except liver

M3 Heart, Brain, Intestine, Liver CTCF, NKX2-5 All tissues

Mouse

A

B

C

Figure 2. Epigenetic landscape surrounding of theMYH6 locus. (A) Visualization of cardiac data sets including CTCF-ChIP (green), ATAC-seq profiles from
iPSC-CMs and single-cell ATAC-seq in human hearts (orange), RNA-seq profiles in iPSC-CMs (blue), histone ChIP-seq, and ReMap ChIP-seq. The cCREs are
labeled as follows:M3 (gray), R3 (purple), and C3 (orange). (B,C) Summary of the epigenetic landscape across theMYH6 locus in human (B) andmouse (C)
tissues. ChIP-seq is from cardiac samples. See also Supplemental Figures S3–S7.
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In summary, R3 activity is important for myosin expression.
R3 repression decreased MYH6 expression, whereas activation led
to increased expression ofMYH6 andMYH7. The increased expres-
sion ofmyosin through R3 activation activated other cardiac genes
and an altered cellular response to stress.

Activation of R3 alters cellular composition and function

in control and stressed states

Having linked R3 activity to myosin expression and the cellular
stress response, we sought to quantify phenotypic effects driven
by R3 activation via VP64dCas9VP64 (CRISPRa). ET-1 can increase
cell size and influence cell electrophysiology (Uehara et al. 2012;
Bourque et al. 2022). Cardiac polyploidization is linked to both
physiological and disease-related cardiac hypertrophy (Brodsky
et al. 1994; Gilsbach et al. 2018).

Wemeasured changes in genomic content and cell size in hu-
man iPSC-CMs following R3 activation and stress (Fig. 4A). Cells
were stained for TNNT2, DNA (DAPI), and F-actin. The exposure
time during imaging for F-actin was reduced for images obtained
under stressed culture conditions to prevent F-actin pixel satura-
tion. Exposure times were maintained for TNNT2 and DAPI across
conditions. Laser intensity was maintained across all images. We
found that R3 activation significantly reduced the increase in ge-
nomic content that occurred following stress with ET-1 for 48 h
(Padj= 0.0026) (Fig. 4B). Culture with ET-1 increased cell size
(Supplemental Fig. S8A). R3-activated cells were larger when cell
sizewas normalized by genomic content (Padj=0.0254 under stress
and Padj=0.0891 under basal conditions) (Fig. 4C; Supplemental
Fig. S8B). We assessed the relative abundance of MYH7 to MYH6
(a marker of iPSC-CM maturity) and found that R3 activation in-
creased expression of both myosin isoforms and shifted the rela-
tive abundance toward MYH7 (Figs. 3F,G, 4D; Gacita et al. 2021).
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Figure 3. R3 perturbation by CRISPR-based epigenome editing alters cellular response to stress stimuli. (A) Schematic of cCRE targeting using CRISPR
epigenome editors. (B–E) RT-qPCR for MYH6 (B), MYH7 (C ), MYH7/MYH6 (D), and CMTM5 (E) 12 days after repression of each cCRE. A one-way
ANOVA with a Dunnett’s post hoc test was used to compare gene expression. (F–K ) RT-qPCR for MYH6 (F), MYH7 (G), NPPA (H), NPPB (I), TNNT2 (J),
and ATP2A2 (K) 15 days following activation of each cCRE in human iPSC-CMs ±1 µM ET-1 for 72 h. A two-way ANOVA with Tukey’s post hoc test was
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Figure S8.
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The absolute ratios measured here differ from those shown during
the CRISPRi perturbations, as the cells in each experiment were in
culture for a shorter period: 4 weeks postdifferentiation for

CRISPRa experiments and 8weeks for CRISPRi experiments. An ex-
tended duration of culture can significantly affect cell maturity
and absolute myosin ratios; as such, all samples analyzed for a
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Figure 4. Activation of R3 by VP64dCas9VP64 (CRISPRa) alters cellular composition and function in control and stress states. (A) Representative images of
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given experiment were harvested at the same time point posttreat-
ment (Lundy et al. 2013). We also assessed the difference in cell
size of HL-1 cells by flow cytometry under stressed conditions 3
weeks following enhancer activation (Supplemental Fig. S8C–E).
We observed slight differences in the HL-1 cells, with a median
cell size decrease of up to 16.3% by forward scatter following en-
hancer activation (Padj= 0.0714) (Fig. 4E).

ET-1 has been shown to drive alterations in electrophysiology
that precede the occurrence of heart failure in mouse models
(Mueller et al. 2011). Therefore, we sought tomeasure electrophys-
iological differences between iPSC-CMs±R3 activation across cul-
ture conditions.Wemeasured intracellular Ca2+ dynamics in iPSC-
CMs using the fluorescent dye Cal-520 (Fig. 4F; Daily et al. 2017).
We found that the spontaneous Ca2+ transients (F/F0) in iPSC-CMs
was reduced following R3 activation (Padj=0.0004) (Fig. 4G). The
amplitude (F/F0) decreased significantly following stress with ET-
1 in cells with the control gRNA (Padj=0.0057) but did not decrease
for R3-activated cells following stress with ET-1 (Fig. 4G). The time
to peak was shortened for R3-activated cells following stress (Padj=
0.0086) but remained unchanged for control cells. (Fig. 4H). We
observed no statistical difference between the control and R3-acti-
vated cells across culture conditions for other measurements relat-
ed to calciumdynamics (tau, spark frequency, or calcium leak) (Fig.
4I–K).

We also assessed metabolism in the iPSC-CMs by the mito
stress seahorse assay of mitochondrial function (Vučkovic ́ et al.
2022). Altered cardiac metabolism precedes other failure pheno-
types (Locher et al. 2011; Wende et al. 2017; Goetze et al. 2020).
We hypothesize that R3 activationmay generate distinct metabol-
ic profiles.We followed the same experimental time lines used dur-
ing calcium signaling experiments with extended ET-1 (72 h). The
media was changed 24 h after seeding transduced iPSC-CMs with
media supplemented with 1 µM ET-1 for 72 h.We observed no cel-
lular toxicity from ET-1 treatment in the absence of R3 perturba-
tion, as evidenced by no significant changes in extracellular
acidification rates (ECARs) and proton efflux rates (PERs). The ox-
ygen consumption rate (OCR) was also not altered by ET-1
(Supplemental Fig. S9A–C; Supplemental Table S3).

Following R3 enhancer activation, ATP production and basal
respiration increased, maximal respiration and spare capacity were
unchanged, but relative spare capacity decreased (Supplemental
Fig. S9D–H). Increased basal respiration and ATP production can
mark CMmaturation (Vučkovic ́ et al. 2022). The change inmetab-
olism owing to culture with ET-1 differed with R3 activation.
Proton leak and nonmitochondrial oxygen consumption only de-
creased in activated cells with ET-1 (Supplemental Fig. S9I,J).
Increased proton leak is often a marker of oxidative stress
(Vučkovic ́ et al. 2022).

In conclusion, R3 activation alters cellular response to stress,
and activated cells are functionally distinct from control cells. R3
activation affects structural and metabolic physiology of the
iPSC-CMs involved in maturation and the cellular stress response
(Gacita et al. 2021; Vučkovic ́ et al. 2022). R3 activation reduced
the baseline amplitude of calcium dynamics and prevented the
decline in amplitude following stress with ET-1 and altered rates
of metabolism.

Activity of R3 alters chromatin looping surrounding

MYH6 and MYH7

We hypothesized that epigenetic perturbation of R3 would alter
chromatin conformation surroundingMYH6. We examined chro-

matin conformation by probe-enriched Hi-C of accessible regions
(HiCARs) on treated iPSC-CMs and HL-1 cells (Supplemental Fig.
S10; Wei et al. 2022). We found that R3 and C3 interact with
the promoter of MYH6 (Fig. 5A,B; Supplemental Table S2).
Activation of R3 alone did not drive significant changes in chro-
matin contacts (Fig. 5C), perhaps because the R3-mediated in-
crease in MYH6 and MYH7 expression may involve driving more
efficient expression through preexisting loops. CRISPRi repression
of R3 significantly increased contact frequency between MYH6
and theM3 enhancer (Fig. 5D), concomitantwith loss ofMYH6 ex-
pression (Fig. 3B,C). This recapitulates the chromatin conforma-
tion observed in right ventricular cardiac tissue samples
(Supplemental Fig. S7B).

Stress induced by ET-1 significantly decreased MYH6 interac-
tions with C3, regardless of R3 activity (P<0.0001) (Fig. 5E,F).
However, R3 activation significantly reduced the stress-induced
loss of MYH6/C3 contact, with 23% higher contact (Padj=0.023)
(Fig. 5B,G). These results suggest that R3 activation directly oppos-
es ET-1-mediated effects on MYH6/C3 looping and silencing of
MYH6 (Figs. 3F, 5G). In HL-1 mouse CM cells, R3 activation result-
ed in decreased interactions between Myh6 and the C3 region
(22% decrease, Padj<0.0001) and increased M3/C3 interactions
by 66% (Padj=0.0152) (Fig. 5H). The divergent effect of R3 activa-
tion may contribute to the underlying differences in myosin
expression between humans and mice (Miyata et al. 2000).
Collectively, these results support a model in which R3 is coordi-
nating myosin expression through pre-existing loops and com-
petes with M3 for MYH6 promoter interactions in stressed
conditions (Fig. 5I).

Analysis of genetic variants within the myosin enhancer

Genetic variants associated with heart disease are enriched within
regulatory elements and cause disease phenotypes (Wang et al.
2016; Gilsbach et al. 2018). Causal variants can be lost below pre-
viously set thresholds in genome-wide association studies when
correction is required for the large number of variants tested
(Wang et al. 2016). Therefore, we analyzed genetic variation with-
in this newly characterized enhancer region in humans utilizing
participant whole-genome sequencing (WGS) data from the UK
Biobank (Supplemental Table S5). We compared the frequency
of variants across regions R1–R3, which may alter target gene reg-
ulation, in participants with cardiomyopathies (Schubach et al.
2024). Because R3 is crucial forMYH6 expression, we hypothesized
that disruptive variants within R3 may occur more frequently in
participants with cardiomyopathies than in controls.

We performed a Fisher’s exact test to assess the frequency of
variants within regions R1, R2, and R3 between participants with
and without cardiomyopathy, excluding individuals with coro-
nary artery disease (CAD) (Supplemental Table S5). We evaluated
only variants within intronic and noncoding regions of R1–R3
and plotted−log10(Padj) (frequency) against the combined annota-
tion-dependent depletion (CADD) score (a measure of variant del-
eteriousness) to identify variants more frequent in participants
with cardiomyopathy that may have a higher pathogenic likeli-
hood (Supplemental Fig. S11A; Schubach et al. 2024). We only
found variants within R3 with a Padj<0.05. Tolerance of the vari-
ant within corresponding TF binding motifs was determined
(Supplemental Fig. S11B), with scores from “−1” (impaired bind-
ing) to “1” (improved binding).We identified an enriched rare het-
erozygous variant in the R3-CTCF binding motif with a reduced
tolerance score (−0.618, Padj=0.043) and a high CADD score
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(15.32), placing it in the top 10% of predicted deleterious variants
(Schubach et al. 2024). Additionally, a rare homozygous variant
disrupting the R3-E2F6 motif was enriched in cardiomyopathies
(Padj=0.022, CADD=2.934), and a heterozygous variant disrupt-
ing ZNF460 and ZFX binding (Padj=0.015, CADD=10.97) was
more frequent in controls.

Discussion

In this study, we performed epigenetic and transcriptomic analysis
on iPSC-CMs under various states of maturation. We identified
novel regulatory regions that function in CMs. We developed a
more comprehensive model by which MYH6 and MYH7 are regu-
lated, adding to previous work related to the C3 enhancer
(Gacita et al. 2021). We found evidence of dynamic regulation of
MYH6 in the heart, involving multiple CTCF-proximal regulatory
elements (R3, C3, and M3). These elements vary in activity, acces-
sibility, and looping across chambers of the heart and in response
to cellular stimuli, including GSK3i and ET-1 (Figs. 2A, 5;
Supplemental Figs. S2A, S6). R3 activity is important forMYH6 ex-
pression, with stronger markers of activity in atrial chambers
where MYH6 expression is higher (Fig. 3A; Supplemental Fig.
S3A; Locher et al. 2011; Gacita et al. 2021). As R3 activity declines,
MYH6 loops to the distal M3 enhancer, and MYH6 expression de-
clines (Figs. 4B, 3F, 5I).

This CTCF-mediated looping is representative of a common
model of developmentally regulated gene expression (Cavalheiro
et al. 2021; Kubo et al. 2021). Previous studies have found that as
cells mature, enhancers bound by CTCF in early developmental
stages become repressed, and genes begin to loop to distal enhanc-
ers, altering gene expression (Cavalheiro et al. 2021; Kubo et al.
2021). This phenomenon occurs within the Myh6 locus during
mouse development (Supplemental Fig. S6). Our results suggest
that these CTCF-bound enhancers are crucial for both develop-
ment and the stress response (Figs. 1E, 5I). The orchestrated chan-
ge in looping results in finely tuned expression of MYH6.

We observed divergence in R3 function across the human and
mouse models, related to chromatin looping and myosin expres-
sion (Figs. 3G,M, 5C,H). The temporal expression of myosin
diverges between humans and mice despite the conserved
structure and orientation of the MYH6/MYH7 locus (Fig. 2A;
Supplemental Fig. S3A; Miyata et al. 2000; Gacita et al. 2021).
We have identified several distinct epigenetic differences that
may contribute to this divergence. First, we find that C3 is active
in adulthood for humans but during fetal development for mice
(Fig. 2A; Supplemental Fig. S6A,D). Second,M3 becomes accessible
and active inmouse cells during adulthood, whereas we do not ob-
serve these changes in either human hearts or iPSC-CMs (Fig. 2A;
Supplemental Fig. S6A,C). Finally, across the three enhancers, TF
binding motifs differ between humans and mice. The combina-
tion of these factors likely contributes to evolutionary differences
in myosin expression. The immature nature of the in vitro CM
models used in this study may not recapitulate all aspects of the
evolutionary divergence between humans and mice (Lundy et al.
2013). Studies using mature in vivo or ex vivo CMs may provide
additional insights into this phenomenon.

The differences in chamber-specific looping of the MYH6 lo-
cus were recapitulated by perturbing R3 (Fig. 5D; Supplemental
Fig. S7A,B). This supports a model in which CTCF-bound R3 activ-
ity orchestrates MYH6 interactions and expression. R3 enhancer
activation maintains local interactions with the MYH6 TSS. As
R3 activity declines, the distal MYH6/M3 interaction increases, re-

ducing MYH6 expression. As iPSC-CMs respond to stress, MYH6/
C3 interactions also decline (Fig. 5I). Forced reactivation of R3 pre-
vents this dissociation, and cells maintain higher levels of MYH6.

Lastly, we identified cardiomyopathy-associated genetic vari-
ants within R3 (Supplemental Fig. S11A). This underscores the
impact of genetic variation on complex human traits. Allelic
imbalance of disease-related genes has been observed in patients
with hypertrophic cardiomyopathy (HCM) and is proposed as a
potential driving mechanism of this disease (Montag et al.
2017). Further study of the genetic variants within R3 could help
build upon this model. MYH6 dysregulation influences heart dis-
ease progression, and MYH6 reactivation has proven beneficial in
countering heart disease phenotypes (Ching et al. 2005; Herron
et al. 2010; Locher et al. 2011; Han et al. 2014; Chen et al. 2021).
This work provides an endogenous target that may be therapeuti-
cally beneficial formodulatingMYH6 expression.MYH6 gene ther-
apieswould be challenging owing to the large size of the cDNAand
the packaging limit of cardiac-tropic gene therapy vectors such as
AAV. Activating the endogenousMYH6 through CRISPRa or other
therapeuticmodalitiesmay be an appealing alternative (Yang et al.
2016). In vivoMYH6 activation would be an exciting area of future
research, and our work defines a set of potential targets, experi-
mental readouts, and anticipated outcomes for such studies.

This study demonstrates the value of combining epigenome
editing with chromatin conformation assays to functionally char-
acterize regulatory elements and link them to their gene targets.
We identified a key enhancer essential for maintainingmyosin ex-
pression. This work also shows that the endogenous activation of
myosin expression has pleiotropic effects in normal and stressed
states. The epigenetic and transcriptomic profilings, combined
with functional data, highlight key enhancers crucial for the cardi-
ac stress response.

Methods

Plasmids

For CRISPRa experiments, we used the all-in-one lentiviral vector
pLV hU6-gRNA hUbc-VP64-dSpCas9-VP64-T2a-Blast, generated
from Addgene (https://www.addgene.org) plasmid 66707. For
CRISPRi experiments, the all-in-one lentiviral vector pLV hU6-
gRNA hUbc-dSpCas9-KRAB-T2a-Puro was used (Addgene 71236).
The gRNAs were cloned into their designated vector following
the Esp3I (NEB) plasmid digestion using T4 ligation methods
(NEB) (Supplemental Table S6).

Cell lines

HEK293T cells were cultured as previously described (McCutcheon
et al. 2023). HL-1 cells were maintained on 0.02% gelatin (EMD
Millipore) and 5 µg/mL fibronectin-coated plates, using
Claycomb basal medium supplemented with 10% FBS, 0.1 mM
norepinephrine (Sigma-Aldrich), 2 mM L-glutamine (EMD
Millipore), and 100 U/mL penicillin–streptomycin (Claycomb
et al. 1998). The human WTC11 iPSC cell line (UCSFi001-A) was
maintained on Matrigel-treated (Corning) dishes in mTesR+
(Stemcell Tech).

iPSC to CM differentiation

The CMdifferentiation protocol was adapted from a previously es-
tablished small-molecule protocol and published on protocols.io
(protocol integer ID: 110344) (Lian et al. 2013; Anglen et al.
2024a). WTC11 cells were differentiated first by pushing toward
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amesoderm lineage byWnt activation. The cells were then pushed
toward a cardiac progenitor state through Wnt inhibition. Insulin
is then added to promotematuration. Removal of glucose from the
media at the end of differentiation enriches the CM population
and promotes maturation.

Immunofluorescence staining and imaging

iPSC-CMs were seeded into Matrigel-coated wells (Ibidi 80826).
After seeding and cell treatment, cells were fixed in 4% PFA
(VWR) in PBS for 15min andwashed three times in PBS containing
0.1% Triton-X 100 (PBST; Sigma-Aldrich). Cells were blocked and
permeabilized in blocking solution containing PBST, 0.2 M gly-
cine, and 2.5% FBS for 1 h. Primary antibodies against proteins
of interest were applied for 1 h. The following primary antibodies
were used: mouse anti-α-actinin (1:500; Sigma-Aldrich) and rabbit
anti-pHH3 (1:800; Cell Signaling Technology). Cells were washed
in PBST and then treated with secondary antibodies and DAPI
(Thermo Fisher Scientific) for 50min. The following secondary an-
tibodies were used: Alexa Fluor 488 goat antirabbit and Alexa Fluor
647 donkey antimouse (Thermo Fisher Scientific) (Supplemental
Table S6). Finally, cells were washed in PBST and mounted with
Vectashield antifade mounting medium (VWR).

Analysis of iPSC-CM proliferation and genomic content

To assess the proliferative index and genomic content of iPSC-
CMs, cells were differentiated as described above and grown for 1
week. Cells were cultured for an additional week±4 µM CHIR.
During the final 48 h, cells were exposed to 10 µM EdU
(Supplemental Fig. S1A). Following treatment, cells were seeded
for immunofluorescent imaging, fixed in 4% PFA the following
day, and processed using the Click-iT plus EdU kit with Alexa
Fluor 555 (Invitrogen, Thermo Fisher Scientific). Cells were then
stained for pHH3 and α-actinin.

Cells were imaged using a Zeiss AxioObserver7 inverted mi-
croscope with a Zeiss Axiocam 305 color camera. Images were pro-
cessed and analyzed using a combination of CellProfiler pipelines
and R scripts (Stirling et al. 2021; R Core Team 2023). The assis-
tance of ChatGPT was utilized to generate the R script for analyz-
ing proliferation and cell cycle stage. CellProfiler was used to
identify nuclei and measure the intensity of DAPI, EdU, and
pHH3. R scripts were used for data wrangling, and GraphPad
Prism was used for visualization and statistical analysis
(Supplemental Table S1; Supplemental Fig. S1C–E; R Core Team
2023). EdU and pHH3 staining marked proliferation, whereas
DAPI intensity was used to assess genomic content and cell cycle
stage. Cell cycle distribution was determined by genomic content
across all cells (Supplemental Fig. S1). This method has been used
quantify proliferation and cell cycle arrest (Pereira et al. 2017).

ATAC sequencing

Nuclei preparation and sequencing analysis were based on meth-
ods previously developed, and ourmethods were published to pro-
tocols.io (protocol integer ID: 110364) (Corces et al. 2017; Anglen
et al. 2024b). ATAC sequencing libraries were sequenced on an
Illumina NextSeq 2000 with paired-end 50 bp reads. Adapter se-
quences were trimmed, and reads were filtered by quality score us-
ing Trimmomatic (v0.32) (Supplemental Table S6; Bolger et al.
2014). Trimmed reads were aligned to hg38 using Bowtie (v1.2.3)
(Langmead et al. 2009), allowing up to 2000 bp fragments (-X
2000), discarding multimapping reads (-m 1), and reporting best
alignments (‐‐best ‐‐strata). Duplicate reads and ENCODE blacklist-
ed regions were removed using Picard MarkDuplicates and
BEDTools (v2.19.1) (Quinlan and Hall 2010). ATAC-seq peaks

were called using the MACS2 (v2.1.1) callpeak function (Zhang
et al. 2008). For visualization, deepTools bamCoverage was used
to generate bigWig files with counts per million (CPMs) from
deduplicated BAM files (Ramírez et al. 2014). Sample quality was
assessed based on the number of uniquely mapped reads after
blacklist removal. A union peak set was generated from the
MACS2 narrowPeak files of all samples. Count files for each sample
were generated using featureCounts (Supplemental Table S2; Liao
et al. 2014). Differential accessibilitywithin the union set of ATAC-
seq peaks was determined using DESeq2 (Fig. 2A; Supplemental
Table S2; Love et al. 2014). ATAC-seq profiles surrounding the
MYH6 locus (Fig. 1F,G) were visualized in the Integrative
Genomics Viewer (IGV) (Robinson et al. 2011). The identification
of TF binding motifs in differentially accessible regions was per-
formed using the MEME suite (v5.5.7) (Supplemental Table S2;
Bailey et al. 2015). All differential peaks with a Padj< 0.05 were con-
sidered for this analysis. Motifs with a Q-value (FDR) < 0.1 and a
TPM for the corresponding TF> 1 based on our RNA-seq results
were considered as potential TF binding sites and included in the
analysis for Figures 1 and 2. Three rounds of analysis were conduct-
ed. First, motif discovery using the MEME suite was performed on
all differentially accessible peaks (Padj<0.05) to identify general
trends and TFs associated with peaks showing decreased accessibil-
ity, increased accessibility, and focused analysis on R3
(Supplemental Table S2). These results, combined with genetic
variants identified in participants from the UK Biobank, were
used to assess the potential role of region R3 in cardiac health
and disease. The findings are presented in Figure 2 and
Supplemental Figure S11 (Supplemental Table S2). The assistance
of ChatGPT was utilized to generate the R script for analyzing
data generated using MEME Suite.

RNA sequencing

Total RNA was extracted from iPSC-CMs using the Norgen total
RNA purification plus kit and sequenced by Azenta with standard
RNA sequencing and rRNA depletion. Adapter sequences were
trimmed, and reads were filtered by quality score using
Trimmomatic (Bolger et al. 2014). Trimmed reads were aligned to
hg38 using STAR (v2.4.1a) (Dobin et al. 2013). RPKM-normalized
bedGraph files were generated using deepTools bamCoverage.
The UCSC bedGraphToBigWig utility was used to convert
bedGraph files to bigWig format for genome browser visualization.
Gene read counts were created using subread featureCounts
(v1.4.6-p4) (Supplemental Table S2; Liao et al. 2014). Differential
expression analysis was performed using DESeq2, in which counts
are fit to a negative binomial general linearized model (GLM), and
theWald test is used to determine the significance of differentially
expressed genes (Fig 2B; Supplemental Table S2; Love et al. 2014).
Visualization of RNA-seq profiles surrounding the MYH6 locus
(Fig. 1F,G) wasmade in IGV (Robinson et al. 2011). Expression lev-
els of TFs unique to differentially accessible regions of the genome
are shown in Supplemental Figure S4B.

GO analysis using g:Profiler

GO analysis was performed with g:Profiler and g:GOSt (v
e11_eg58_p18_f463989d) on differentially expressed genes above
a threshold for significance (Padj<0.01) and fold-change in expres-
sion (|log2(FC)| > 1) (Kolberg et al. 2023). Separate analysis was per-
formed based on the direction of change. All available annotation
databases were used to assess pathway enrichment in differentially
expressed genes: GO, KEGpathways, Reactome, CORUM, and oth-
ers. Selected terms were presented in Figure 1, C and D, and a com-
plete list of the results can be found in Supplemental Table S2.
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Generation of UCSC Genome Browser tracks

All browser track visualizations were made using the UCSC
Genome Browser for Figure 2 and Supplemental Figure S3
(Nassar et al. 2023). The accessions for the data used to generate
Figure 2 and Supplemental Figures S3–S6 can be found in
Supplemental Table S6 (He et al. 2011; Dunham et al. 2012;
Akerberg et al. 2019; Gorkin et al. 2020; Zhou et al. 2023).
Mouse TEAD1 and NKX2-5 TF ChIP-seq data were downloaded
from the NCBI Gene Expression Omnibus (GEO; https://www
.ncbi.nlm.nih.gov/geo/) under accession number GSE124008
(Akerberg et al. 2019).Mouse EP300ChIP-seq datawere download-
ed from GEO under accession number GSE195905 (Zhou et al.
2023). HL-1 cell TF ChIP-seq data were downloaded fromGEO un-
der accession number GSE21529 (He et al. 2011). All samples were
reprocessed using the ENCODEChIP-seq pipeline with default set-
tings for TF ChIP-seq; all TF ChIP-seq data sets from this data set
were processed. Apart from EP300, only data sets with at least 20
million filtered reads at >70% of reads mapping to mm10 were vi-
sualized. All visualized ChIP-seq data sets had NSC>1.05 and RSC
>0.8. When visualizing ChIP-seq data, fold-change bigWig files
were used; if multiple replicates were available, pooled reads
from across all replicates were used for the bigWig files. Human
cell type–specific ATAC-seq signals from single-nucleus ATAC-
seq data were taken from the Cardiac Atlas of Regulatory
Elements (CARE) portal (Hocker et al. 2021). TF motifs displayed
in the JASPAR2022 tracks are those for cardiac and other TFs
with motifs occurringmore than expected by chance in the differ-
ential ATAC-seq motif analysis described above (Fornes et al.
2020). Regions R3 andM3were defined as the 2 kb region centered
on the CTCF ChIP-seq signal from heart samples. Region C3 was
previously defined (Gacita et al. 2021).

Visualization of publicly available Hi-C data from the 3DIV

database

Visualization of 3D chromatin conformation centered on the
MYH6promoter andR1–R3was generated using the 3DIVdatabase
(Yang et al. 2018). This database has analyzed about 400 publicly
available Hi-C and promoter capture Hi-C data sets, including tis-
sue samples from the left and right ventricles. Comparative inter-
action visualizations between the left and right ventricles used
either the MYH6 promoter or R1–R3 as the bait region. Regions
in red indicate higher contact frequency in the left ventricle, and
regions in blue indicate higher contact frequency in the right ven-
tricle (Supplemental Fig. S7).

Lentiviral production, delivery, and antibiotic selection

Lentiviral production was performed in HEK293T cells using
Lipofectamine 3000 (Invitrogen), following previously described
methods (McCutcheon et al. 2023). The lentiviral supernatant
was harvested 24 and 48 h after transfection and centrifuged at
600g for 10 min to clear debris. The virus was then concentrated
100-fold using LentiX concentrator (Takara Bio). iPSC-CMs and
HL-1 cells were transduced at a multiplicity of infection (MOI) of
approximately 0.3. Transduced cells were selected 48 h posttrans-
duction using puromycin (Thermo Fisher Scientific) at 1 µg/mL for
4 days and blasticidin (Thermo Fisher Scientific) at 2.5 µg/mL.

Enhancer activity via RT-qPCR analysis

Cells were differentiated as described above andwere left in culture
for a minimum of 2 weeks before use. All samples being compared
were transduced or harvested simultaneously. Thematuration and
relative expression of key factors in iPSC-CMs can change over

time, and with these considerations, data from samples collected
at different relative time points should not be compared (Lundy
et al. 2013). For the CRISPRi experiments, cells were transduced
6weeks after the completion of differentiation. For all experiments
involving CRISPRa, cells were transduced 2weeks after completing
differentiation. The iPSC-CMs were then transduced with lentivi-
ral vectors expressing either dCas9KRAB or VP64dCas9VP64 along
with the designated gRNA. After transduction, cells were enriched
via antibiotic selection and grown for 15 days posttransduction.
When used, ET-1 (Sigma-Aldrich) was added at a final concentra-
tion of 1 µM for the last 72 h of culture. mRNAwas extracted using
the Norgen total RNA purification plus kit. Reverse transcription
was performed for each sample with SuperScript VILO cDNA syn-
thesis. RT-qPCR was performed using equal amounts of cDNA per
sample with Perfecta SYBRGreen Fastmix (Quanta BioSciences) on
the CFX96 real-time PCR detection system (Bio-Rad). All primer
products were verified via melt curve analysis. Relative expression
levels were normalized to TBP and displayed as log2 fold-change
relative to nontargeting gRNA samples. The statistical test was per-
formed withmultiple hypothesis testing corrections on dCt values
(normalized to TBP). For HL-1 cells, similar protocols were fol-
lowed. RNA was harvested 15 days posttransduction, with norepi-
nephrine and FBS removed from specified samples for the last 48 h
of culture.

Off-target analysis was performed using Cas-OFFinder (Bae
et al. 2014). The results are in Supplemental Table S6. The selected
gRNAhad no off-target sites when zero to twomismatches were al-
lowed, with only two exceptions: the mouse CRISPRa R3 gRNA-2
and the human CRISPRi R3 gRNA. There were three off-target sites
for these gRNA when allowing two mismatches. No gene was ex-
pressed within 100 kb of these off-target sites in iPSC-CMs or pre-
sent in the mouse genome. For all CRISPRa experiments, two
unique gRNAs were used during expression analysis in Figure 3
to account for any possible gRNA-specific off-target effects.

RT-qPCRprimers for humanNPPA (Hs.PT.58.4259173),NPPB
(Hs.PT.58.19450190), mouse Tbp (Mm.PT.39a.22214839), Myh6
(Mm.PT.58.31314128), and Myh7 (Mm.PT.58.17465550) were
purchased from IDT. RT-qPCR primers for human ATP2A2 and
mouse Atp2a2 came from previously published work (Angrisano
et al. 2014; Traister et al. 2014). RT-qPCR primers for mouse
Nppa and Nppb came from previously published work (Sergeeva
et al. 2016). RT-qPCR primers for mouse Tnnt2 came from previ-
ously published work (Han et al. 2014). All RT-qPCR primer se-
quences can be found in Supplemental Table S6.

Analysis of cell size and genomic content

Cells were differentiated as described above to assess the cell size
and genomic content of iPSC-CMs. iPSC-CMs were then trans-
duced with lentiviral vectors expressing either VP64dCas9VP64

along with a gRNA targeting the myosin enhancer or a nontarget-
ing gRNA 25 days after the start of differentiation. After transduc-
tion and enrichment, cells were plated as described above. For the
last 48 h of culture, cells were grownwith RPMI/B27+ containing 1
µMET-1 (stress) or vehicle (control). Cells were fixed and stained as
described above. The primary antibody was used: rabbit anti-
TNNT2 (1:500; Abcam). The following secondary antibodies
were used: Alexa Fluor 488 goat antirabbit (Thermo Fisher
Scientific) (Supplemental Table S6). DAPI (Thermo Fisher
Scientific) and Phalloidin-647 (Thermo Fisher Scientific) targeting
F-actin were also used. Exposure time for F-actin was reduced for
images under stressed culture conditions.When imageswere taken
using the same exposure time as the control culture condition, pix-
el intensitywas oversaturated. Exposure timesweremaintained for
DAPI and TNNT2 across culture conditions.
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Cells were imaged using a Zeiss AxioObserver7 inverted mi-
croscope with a Zeiss Axiocam 305 color camera. Images were pro-
cessed and analyzed using Fiji ImageJ (National Institutes of
Health). The assistance of ChatGPT was used to generate the R
script for Supplemental Figure S8B. GraphPad Prism was used for
statistical analysis (Fig. 4B–D). Statistical analysis was only per-
formed across gRNA targets in the same media condition or across
media conditions for an individual single gRNA condition, and a
two-way ANOVA with a Fisher’s LSD was used. The TNNT2-posi-
tive area covered by each individual cell was measured. The total
DAPI intensity measured within each cell area was used for geno-
mic content.

Flow cytometry to measure cell size of HL-1 cells

HL-1 cells were transduced with lentiviral vectors expressing
VP64dCas9VP64 and a gRNA targeting the myosin enhancer or a
nontargeting gRNA. Cells were cultured for 21 days to allow for en-
hancer activation and gene expression alterations. Cells were dis-
sociated and resuspended in flow buffer containing 1× PBS, 2
mM EDTA, and 0.5% bovine serum albumin. Cells were analyzed
for size (FSC) and shape (SSC), gating for live and singlet popula-
tions (Supplemental Fig. S8). Median FSC values were used to
determine differences in cell size between populations (Fig. 4E).
A SH800 FACS cell sorter (Sony Biotechnology) was used for
analysis.

Calcium analysis for human iPSC-CMs

The iPSC-CMs used for the following experiments followed the
same culture protocol as cells used to analyze cell size and genomic
content following enhancer activation and stress. Imaging and
analysis were performed across two separate differentiations
and three separate transductions across each differentiation for
each gRNA. The iPSC-CMs were cultured with either 1 µM ET-1
(stress) or vehicle (control) for 24 h prior to Ca2+ imaging. The
iPSC-CMs were washed once with 1× Ca2+-free Tyrode’s solution
and then stained with 10 µM CAL-520 (Abcam ab171868) for 1
h. Following incubation, iPSC-CMs were then incubated with a
1:1 solution of RPMI/B27+ and 1× Tyrode’s solution with 1.8
mM CaCl2 for 15 min prior to imaging. iPSC-CMs were paced at
0.5 Hz with an IonOptix MyoPacer field stimulator (IonOptix)
for 10 sec. A Zeiss laser scanning confocal 510 meta microscope
(Carl Zeiss AG) was used to capture line scans of iPSC-CMs at 0.1
µM per pixel.

Calcium imaging experiments were analyzed on Fiji ImageJ
(National Institutes of Health) using the SparkMaster plug-in.
SparkMaster was used to analyze Ca2+ transients and quantify
sparks (Picht et al. 2007). SparkMaster features include spark dura-
tion, time to peak, width, amplitude, and tau. To quantify Ca2+

leak, multiply spark frequency by the average amplitude, width,
and duration at half the maximum of all the sparks for the line
scan of a cell to generate a total leak value. Regions of interest
used to measure sparks and leaks were generated 2 sec from the
last paced beat. Statistical analysis was performed only across
gRNA targets in the same media condition or across media condi-
tions for an individual gRNA condition. A two-way ANOVAwith a
Fisher’s LSD was used.

Metabolic analysis using the mito stress test seahorse assay

The iPSC-CMs used for these experiments followed the same cul-
ture protocol as used to analyze cell size and genomic content.
The seeding densities and drug concentrations were within the
guidelines set by Agilent. In brief, 25,000 iPSC-CMs, either control
or activated cells, were seeded into 12 wells of a 96-well Seahorse

plate made by Agilent 4 days prior to performing the assay. The
mediawas changed 24 h after seedingwith normal RB+media sup-
plementedwith ±1 µMET-1 for 72 h. The standard protocol for the
mito stress test was developed by Agilent. Final drug concentra-
tions for the assay are as follows: 2.5 µM oligomycin, 1 µM
FCCP, and 2 µM rotenone+ antimycin C (Supplemental Fig. S9).
The raw data for this experiment can be found in Supplemental
Table S3.

Data for each well were normalized to protein concentration
at the end of the assay using the Pierce BCA assay kit (Thermo
Fisher Scientific). Quantification was generated with the Wave
desktop program from Agilent and plotted in Prism. Statistical
analysis was performed using a two-way ANOVA test with a
Fisher’s LSD, as was done with the calcium signaling.

Analysis of chromatin looping at the MYH6 locus by targeted

enriched HiCAR

The protocols were published on protocols.io (protocol integer
IDs: 110365, 110366) (Anglen et al. 2024c,d). The iPSC-CM and
HL-1 were transduced with lentiviral vectors expressing
VP64dCas9VP64 and gRNA. Cells were enriched for transduction
and cultured for 12 days. iPSC-CMs were cultured with ±1 µM
ET-1 for the final 72 h, whereas HL-1 cells were cultured without
norepinephrine and FBS during the final 72 h to promote normal
gene expression. Live cells were dissociated 15 days posttransduc-
tion, centrifuged at 850g for 5 min, resuspended in 1 mL PBS, and
fixed with PFA (4%) for 10 min. The reaction was quenched with
80 µL of 2.5 M glycine and washed with PBS. HiCAR libraries
were then prepared as previously described (Supplemental Table
S6; Wei et al. 2022).

HiCAR libraries were enriched for interactions related to the
MYH6/MYH7 locus using a biotin-probe pull-down. Target regions
included theMYH6 promoter and gene body, theMYH7 promoter,
M3, and other cardiac-specific gene promoters as controls
(Supplemental Table S4). Biotinylated probes were ordered from
Twist Bioscience, and the enrichment protocol for HiCAR libraries
was followed. Universal blockers (Revvity NOVA-5143231) were
used during enrichment to prevent undesired pull-downs. The tar-
geted region for human and mouse libraries covered ∼60 kb of ge-
nomic space. Each library aimed for a sequencing depth of at least
15 million reads on an Illumina NextSeq 2000 with paired-end 50
bp reads.

Following sequencing, standard HiCAR analysis was per-
formed using the pipeline from the original publication (Wei
et al. 2022). Briefly, Raw FASTQ files were mapped to the reference
genome by BWA-MEM with the “–SP5M” option. The aligned
reads were processed with Pairtools (v1.1.0) to filter out low-qual-
ity reads: reads with a MAPQ less than 10, nonrescuable chimeric
reads, and self-ligated reads (Abdennur et al. 2024). Duplicated
reads were also removed with Pairtools (Abdennur et al. 2024).
Ten kilobase bins were used to aggregate counts during the gener-
ation of the count tables. Visualization of these regions was gener-
ated by custom Python scripts. The visualization of reads across all
samples was generated with HiGlass (v1.14.8) (Supplemental Fig.
S10; Kerpedjiev et al. 2018).

Genomic interactionswere analyzed using the contactmatrix
generated by the HiCAR pipeline in DESeq2 (v1.42.0) with default
parameters (Supplemental Table S4; Love et al. 2014). Briefly, a 10
kb resolution raw contact matrix was constructed within the fol-
lowing genomic range: Chr 14: 23,303,865–23,451,365 in hg38
coordinates and Chr 14: 55,111,190–55,258,690 in mm39 coordi-
nates. Those contact matrices were used as input for the differen-
tial test. All replicates were considered for each condition during
the test. The Wald test with Benjamini–Hochberg corrections
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wasperformed to assess the statistical significance of genomic pairs
between the tested conditions, with 0.05 as a false-discovery rate
cutoff for the significance of the adjusted P-value.

Analysis of genetic variants from UK Biobank samples

within the myosin-specific enhancer

UK Biobank DRAGEN population-level WGS data (500,000 re-
lease) was analyzed to identify variants within regions R1–R3 asso-
ciated with the myosin-specific enhancer (Chr 14: 23,377,559–
23,378,416 for R1, Chr 14: 23,378,863–23,379,551 for R2, and
Chr 14: 23,379,863–23,380,961 for R3, hg38) (Bycroft et al.
2018). The full cohort description and WGS processes are de-
scribed elsewhere (Hofmeister et al. 2023). Briefly, WGS data
(30×) were reprocessed using the DRAGEN 3.7.8 pipeline for
both individual and joint-called data for all participants
(Scheffler et al. 2023). In total, there were 12,928 participants
with cardiomyopathies and 473,770 controls. Participants with
CAD were excluded from both groups. The specific criteria for de-
fining CM participants and controls are available in Supplemental
Table S5. Individuals were considered controls when they did not
meet the criteria for cardiomyopathies or CAD. VCFtools (version
0.1.16) was used to identify variants present within each region in
participants with cardiomyopathy (n=4320) or individuals with-
out cardiomyopathy (controls; n =192,805) (Danecek et al.
2011). A total of 63 variants were identified in CM participants
across intronic and noncoding regions overlapping the coordi-
nates mentioned above (Supplemental Table S5, Supplemental
Figs. S4A, S11A). Fisher’s exact tests were performed to compare
variant frequencies in cardiomyopathy participants to controls
for each variant. Variant tolerance for variants within region R3
was assessed using JASPAR TF binding profiles, evaluating the im-
pact of each variant on TF bindingmotifs. The tolerance score was
calculated as ((Alt_value−Ref_value) / Total_value), with possible
scores ranging from −1 to one. A score of zero indicates no effect,
one is a novel motif, and −1 indicates a maximal decrease in vari-
ant tolerance. Variants found across all regions were scored for
their potential pathogenic effects using CADD (v1.7) (Schubach
et al. 2024). Those scores can be found in Supplemental Figure
S11A and Supplemental Table S5.

Data access

All raw sequencing data and analysis files for ATAC-seq, RNA-seq,
and HiCAR can be found at the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession num-
bers GSE283424, GSE283426, GSE283427, GSE283430, and
GSE283432. All code related to iPSC-CM proliferation, ATAC-seq,
RNA-seq, motif analysis, reprocessing publicly available data,
and HiCAR analysis is available at GitHub (https://github.com/
Gersbachlab-Bioinformatics/myosin_enhancer) and as Supple-
mental Code. The ENCODE ChIP-seq pipeline is available at
GitHub (https://github.com/ENCODE-DCC/chip-seq-pipeline2).
The HiCAR pipeline is available through nf-core (https://nf-co.re/
hicar/1.0.0/).
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