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Abstract

Background: Inherited cardiomyopathy associates with a range of phenotype, mediated by
genetic and non-genetic factors. Non-inherited cardiomyopathy also displays varying progression
and outcomes. Expression of cardiomyopathy genes is under the regulatory control of promoters
and enhancers, and human genetic variation in promoters and enhancers may contribute to this
variability.

Methods: We superimposed epigenomic profiling from hearts and cardiomyocytes, including
promoter-capture chromatin conformation information, to identify enhancers for two
cardiomyopathy genes, MYH7and LMNA. Enhancer function was validated in human
cardiomyocytes derived from induced pluripotent stem cells. We also conducted a genome-wide
search to ascertain genomic variation in enhancers positioned to alter cardiac expression and
correlated one of these variants to cardiomyopathy progression using biobank data.

Results: Multiple enhancers were identified and validated for LMNA and MYH?7, including a
key enhancer that regulates the switch from MYH6 expression to MYH7 expression. Deletion of
this enhancer resulted in a dose-dependent increase in M YH6 and faster contractile rate in
engineered heart tissues. We searched for genomic variation in enhancer sequences across the
genome, with focus on nucleotide changes that create or interrupt transcription factor binding
sites. rs875908 disrupts a TBX5 binding motif and maps to an enhancer region 2KB from the
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transcriptional start site of MYH7. Gene editing to remove the enhancer harboring this variant
markedly reduced MYH7 expression in human cardiomyocytes. Using biobank-derived data,
rs875908 associated with longitudinal echocardiographic features with cardiomyopathy.

Conclusions: Enhancers regulate cardiomyopathy gene expression, and genomic variation
within these enhancer regions associates with cardiomyopathic progression over time. This
integrated approach identified noncoding modifiers of cardiomyopathy and is applicable to other
cardiac genes.
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INTRODUCTION

Protein coding mutations in over 100 genes have been linked to autosomal dominant
cardiomyopathy, which leads to heart failure and significant burden.2=3 A well-recognized
clinical feature of inherited and non-inherited cardiomyopathy is its variable phenotypic
expression. Genetic cardiomyopathy demonstrates an age-dependent penetrance, variable
expressivity, and variable clinical presentations, even in patients sharing identical primary
mutations.* ® Protein coding variants have been described as altering the phenotypic
expression of primary cardiomyopathy-causing mutations.>~’ However, the contribution of
noncoding variation as modifiers of the clinical presentation of cardiomyopathy has been
less well investigated.

Noncoding regions of the genome harbor important regulatory sequences that control the
expression of genes through both distal enhancers and proximal gene promoters.8 ChlP-seq,
ATAC-seq, and CAGE-seq can mark genomic regions as having regulatory function, but do
not provide information on their gene target. Chromatin conformation assays evaluate
genomic three-dimensional organization and link enhancers to their target genes. However,
as enhancer function is dependent on tissue-specific transcription factors, assays for
enhancer function or targets require the context of relevant tissues/cells.

To define the contribution of noncoding variation, we evaluated the regulatory regions for
two commonly mutated cardiopathy genes, MYH7and LMNA. Mutations in MYH7 are a
common cause of hypertrophic cardiomyopathy while mutations in LMNA are a common
cause of dilated cardiomyopathy with arrhythmias.* ° MYH7maps in tandem with M YH6
on human chromosome 14. MYH7encodes p-myosin heavy chain (MHC), which is the
major left ventricular myosin heavy chain in the adult human. MYH6 encodes a-MHC and
is the major myosin heavy chain in the developing human ventricle and adult atrium. Mice
display an entirely different myosin expression pattern where the adult murine ventricular
myocardium is dominated by a-MHC, further underscoring the importance of studying
MYH?7regulatory regions in human systems.

We used an integrative analysis that relied on >20 heart enhancer function and enhancer
target datasets to identify MYH7and LMNA left ventricle enhancer regions. We confirmed
the activity of these regions using reporter assays and CRISPr-mediated deletion in human
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cardiomyocytes derived from induced pluripotent stem cells (IPSC-CMs). These regulatory
regions contained sequence variants within transcription factor binding sites that altered
enhancer function. Extending this strategy genome-wide, we identified an enhancer
modifying variant upstream of AMYH7. This common variant correlated with MYH7
expression in the GTEx eQTL dataset. Finally, we identified this variant also correlated with
a more dilated left ventricle over time. These findings link noncoding enhancer variation to
cardiomyopathy phenotypes and provide direct evidence of the importance of genetic
background.

Transparency and Openness Statement.

All code and scripts used in this manuscript are available at this link https://github.com/
sdkearns/Find_Regulatory_Variants.

Human Subject Approvals.

Participants in Northwestern’s biobank provided informed consent under approval from
Northwestern University’s Institutional Review Board.

Epigenetic Dataset Downloads, Visualization, and Candidate Selection.

Epigenetic datasets were identified from the Encode data repository or GEO (Table I in the
Supplement). A UCSC genome browser session containing all tracks used for left ventricle
enhancer identification is available by searching “Gacita_et_al LV_Enhancer_Tracks” in
UCSC’s public sessions repository. Candidate enhancers were identified by evaluating Hi-C
interaction regions or Hi-C proximal regions that also had H3K27Ac and ATAC-seq signal.
We prioritized regions with an out of phase organization of H3K27Ac and open chromatin
signal, which likely represents a nucleosome-depleted region flanked by marked histones.
Hi-C interaction regions meeting these criteria that also have high H3K4me3 signal and
overlap the promoter of a target gene transcript were excluded due to their likely promoter
function. Of the remaining candidates, we prioritized regions that were marked by additional
epigenetic data, including CTCF, p300, GATA4, TBX5 and NKX2.5 binding.

Enhancer Region Cloning.

Candidate enhancer regions were ligated into luciferase plasmids using a Gateway cloning
strategy.

Luciferase Reporter Assay.

HL-1 cardiomyocytes (Millipore Sigma Cat#SCC065) were cultured on fibronectin coated
flasks in Claycomb media with 10% HL-1 qualified FBS as previously described.10 The
firefly luciferase signal from each well was recorded from three separate replicates and
internally normalized to Renilla luciferase signal. Each enhancer construct was tested in a
minimum of two separate wells on three separate days. Transfection efficiency was
optimized using flow cytometry and averaged 10% for the experiments.
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Induced pluripotent stem cell (iPSC)-derived cardiomyocytes (IPSC-CMs) were generated
according to standard protocols.1? At approximately day 10 of differentiation,
cardiomyocytes were re-plated on to white clear-bottom 96-well plates at 40,000 cells per
well. The media was changed every two days and cells began to beat as a syncytium day 14—
16. On day 18, cardiomyocytes were transfected with Lipofecamine3000 (Thermo Fisher)
according to manufacturer’s instructions. All wells were transfected with 0.2ul of 0.15uM
enhancer firefly luciferase plasmid, 5ng of pRL-SV40 (Promega), 0.15ul Lipofecamine3000,
and 0.2ul of P3000 in 10ul of Opti-MEM. Forty-eight hours after transfection, the luciferase
assay was performed with the Dual-Glo luciferase assay kit (Promega) according to
manufacturer’s instructions. Firefly luciferase signal was read using 96-well plate reader and
signals were internally normalized to the same well’s Renilla luciferase signal. Signals from
candidate enhancer luciferase plasmids were compared to the signal from a 500bp desert
region in cells from the same differentiation. Each enhancer construct was tested in 8
separate wells on at least three separate cardiomyocyte differentiations. Table I1 in the
Supplement describes the regions tested.

CRISPr Enhancer Deletion in IPSCs.

To delete enhancer regions, guides targeting the 5’ and 3’ end of enhancer regions were
designed (Table 111 in the Supplement) and used as described in the detailed methods. The
genotypes of edited cells are provided in Table IV in the Supplement and off target
assessment is in Table V in the Supplement.

Engineered Heart Tissue Generation and Measurement of Contractile Properties.

Engineered heart tissues (EHTS) were generated according to previously published methods.
12 \psc-CMs were differentiated as previously described and when beating cells were
present (~day 10), cells were washed with PBS and digested with TrypLE (Thermo). One
million cells per EHT were centrifuged at 500g for 5min and resuspended in 65ul of EHT
media (CDM3,1 containing 10% of heat-inactivated FBS, 2uM thiazovivin, 33ug/mL
aprotinin, and 5U/mL penicillin/streptomycin), 25ul of 25mg/mL fibrinogen and 10yl of
Matrigel (Corning). 100ul of this EHT mix was added to 3l of 100U/mL thrombin and
mixed. The whole mixture was pipetted between PDMS posts (EHT Technologies) in an
EHT mold created from 2% agarose and a Teflon spacer in a 24-well Nunc plate (Thermo
Fisher). Fibrin gel was allowed to polymerize for 2 hours and then 200ul of CDM3 was
added to the EHT to help detach it from the mold. After 30min, the PDMS posts were lifted
from the mold and the EHT was placed into a new 24 well plate containing 1.6 mL of RPMI
containing B27 supplement (Thermo Fisher) and 33ug/mL aprotinin. Media was changed
every other day until further processing. After 20 days of culture, videos of EHT contraction
were taken on a KEYENCE BZ-X microscope at 50fps with 4x4 pixel binning. Videos were
imported into Fiji and analyzed with MUSCLEMOTION macro with default settings.13 The
contraction parameters for each contraction were averaged to give an EHT level
measurement.

Regulatory Variants Computational Pipeline.

The pipeline relies on the bedtools tool to sequentially filter the starting variant list for
variants that overlap regions with epigenetic evidence of enhancer modifying potential 14
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The epigenetic datasets were all derived from IPSC-CMs and are listed in Table | in the
Supplement. In datasets where multiple replicates were available, we created a superset
representing all peaks found. The pipeline finds variants that are predicted to disrupt or
create transcription factor binding sites. In order to use find new transcription factor binding
sites created by variants, we used the GATK FastaAlternativeReferenceMaker to insert SNP
variants into the reference genome.1> We then used Homer’s scanMotifGenomeWide.pl to
search for GATA4and 7TBX5 sites in the alternative reference and kept only sites that were
new.16 In the case of multi-allelic variants, one alternative allele was chosen at random.
These additional sites were used in the pipeline alongside sites present in the unchanged
reference. We executed this pipeline on variants that passed all quality filters from the
gnomAD v.2.1 release.

of Enhancer Variant with Phenotypic Data.

Phenotypic measurements of heart function and whole genome sequencing data were
accessed as in.17 Individual measures were obtained for left ventricular internal diameter-
diastole (LVIDd) and left ventricular posterior wall thickness during diastole (L\VPWd) from
echocardiogram reports and spanned as much as 14 years of echocardiogram data. The
diagnosis of heart failure was determined by 1CD9 diagnosis codes 425 and all sub-codes,
and ICD10 diagnostic codes 142 and all sub-codes. Trajectory analysis of echo
measurements was conducted as in.17 Briefly, we used PROC TRAJ in SAS 9.4,18 which
uses a likelihood function to assign a each individual a phenotypic cluster and probability of
belonging to that cluster. An individual’s variant status was regressed against cluster
probability and was controlled for genetic ancestry (PC1-3) and sex in R.

Statistical Methods.

RESULTS

Statistical evaluation was performed using GraphPad Prism. Significance was set a priori at
p < 0.05. Non parametric one-way ANOVA with Dunn’s multiple comparison correction
was used to compare enhancer activity from individual plasmid in iPSC-CMs. One-way
ANOVA with Dunnett’s multiple comparison testing was used to evaluate expression in
edited iPSC-CMs and EHTs. Unpaired t test was used to compare expression from reference
vs alternative alleles. Statistical tests are indicated for each data set in the legend.

Integrated epigenetic analysis identifies candidate enhancer regions for two
cardiomyopathy genes.

To find putative modifying regulatory variants associated with cardiomyopathy we
characterized the regulatory landscape of two of the most frequently involved genes in
inherited cardiomyopathy, LMNA and MYH7. While mutations in these two genes cause
cardiomyopathy, the genes differ in expression patterns, with M YH7 expression
demonstrating high level and tissue-restricted expression and LMNA having lower
expression and in nearly all cell types. To identify candidate enhancer regions in the human
left ventricle, we overlaid multiple datasets beginning with promoter-capture Hi-C data from
IPSC-CMs which identified genomic regions predicted to interact with promoters.19 These
regions were then interrogated for signals from human left ventricle-derived H3K27Ac
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ChlIP-seq and ATAC-seq, as well as ChIP-seq for the cardiac transcription factors GATA4,
TBX3/5, and NKX2.5(complete list shown in Table I in the Supplement). Intersection of
these datasets identified two candidate enhancer clusters for MYH7and three for LMNA
(Figure 1). MYH7cluster 1 overlaps the M YH6 promoter, consistent with their co-
regulation.20 MYH?7 cluster 2 is ~7kb upstream of MYH7and is marked by H3K27Ac,
CTCF, ATAC signal, transcription factor binding and relatively low H3K4me3 marks.
Although the promoter capture Hi-C data suggested many interactions, the integrated
analysis focused on three potential enhancer clusters for LMNA. Cluster 1 was located >
100kb from the LMNA gene within the ARHGEFZ gene, while LMNA cluster 2 was located
directly upstream of LMNA. Cluster 3 mapped to the large first intron of LMNA,
overlapping the second exon. Similar to the MYH7 sites, the LMNA sites showed H3K27Ac
and CTCF marks and open chromatin enrichment. The low H3K4me3 signals differentiated
these sites from promoter regions. No enhancer clusters crossed topological associating
domain (TAD) boundaries defined by human left ventricle chromatin capture analysis.?!

Candidate enhancers display regulatory activity in cardiomyocytes.

Next, using a luciferase reporter assay, we tested the regulatory potential of the candidate
enhancer regions identified in the MYH7and LMNA gene loci. We used promoter-capture
high throughput sequencing capture (Hi-C) data to define the boundaries of individual
enhancers within clusters. Because of size, some enhancers were divided into smaller
regions. Four of five MYH7 candidate enhancer regions showed significant activity in IPSC-
CMs compared to a negative control genomic desert region (Figure 2A and Figure | in the
Supplement). MYH7-C3, which is ~7kb upstream of MYH7had the strongest signal,
consistent with its abundant H3K27Ac ChlP-seq marks. MYH7-C2, which overlaps the
MYH6 promoter, was active but with lower activity. The MYH7C2 region also displayed
enhancer properties in mouse atrial HL-1 cardiomyocytes, consistent with its role in MYH6
expression in atria (Figure Il in the Supplement). The VISTA browser revealed that both of
these regions also showed cardiac enhancer activity /7 vivo in mouse embryos.22 MYH7-C4,
located further upstream than MYH7-C3, also demonstrated significant enhancer activity in
IPSC-CM reporter assays. MYH7-C4 demonstrated a lower magnitude of enhancer activity,
indicating that it is weaker than MYH7-C3 is IPSC-derived cardiomyocytes. For LMNA,
five of six candidate enhancer regions showed significant activity in IPSC-CMs (Figure 2B).
LMNA enhancer activity was generally lower than MYH7 enhancer activity, consistent with
lower LMNA gene expression in IPSC-CMs and in hearts. LMNA-C5, located at the 3’ end
of LMNA’s large first intron, had the highest activity. This region shows low H3K4me3
signal, consistent with its role as an enhancer and not a promoter. LMNA-C3 showed modest
activity IPSC-CMs and greater activity in HL-1s and does appear as an enhancer in mouse
embryonic hearts in the VISTA dataset.?2

Loss of the MYH7-C3 enhancer shifts from MYH7 to MYHG6 expression, altering protein
levels and accelerating contractile rate in engineered heart tissues.

To test if candidate enhancers are required for target gene expression, we deleted regions of
interest from the MYH6/7locus in iPSCs using gene editing. We focused on MYH7-C3 and
MYH7-C4 regions because they had significant activity in reporter assays. We employed a
dual cutting CRISPr-Cas9 strategy to remove the candidate enhancer regions (Figure 1l in
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the Supplement). PCR genotyping confirmed the expected heterozygous and homozygous
deletion in independent lines (Figure I11 in the Supplement). All edited cells passed
karyotypic and off-target quality control testing (Figure IV in the Supplement). We
differentiated enhancer-deleted iPSCs into cardiomyocytes and measured MYH7and MYH6
mRNA expression using qPCR. MYH7-C3*~ and =/~ cells had a significant decrease in
MYH?7expression and increase in MYH6 expression, with dose-dependency (Figure 3A,
Figure VI in the Supplement). We evaluated protein expression and found M YH7-C3*/~ and
-/~ IPSC-CMs demonstrated a significant increase in the a-MHC to -MHC protein ratio
(Figure 3E, F). In general, MYH6and MYH7RNA changes were correlated with a-MHC to
B-MHC ratio changes in IPSC-CMs (Figure VI in the Supplement). Deletion of the MYH7-
C4 region had no significant impact on MYH7or MYH6 mRNA or protein levels, indicating
not all upstream regions impact gene and protein expression (Figure 3D and E). To ensure
comparable maturity and purity, MYH7and MYH6 gene expression measurements were
normalized using a panel of cardiomyocyte genes. Additionally, there were no significant
differences between genotypes in IPSC-CM purity as measured by cardiac troponin T
(cTnT) flow cytometry (Figure Il in the Supplement). a-MHC, encoded by MYHSE,
hydrolyzes ATP at a higher rate than MYH7, which leads to a faster rate of contraction.23
We evaluated the contractile properties of engineered heart tissues (EHTs) generated from
MYH7-C3 deleted cardiomyocytes and unedited controls. EHTSs deleted for MYH7-C3
showed a faster time to peak contraction and shorter relaxation time measurements,
consistent with an faster rate of contraction and relaxation (Figure 3F). Average contraction
amplitude was reduced in MYH7-C3 deleted EHTSs (Figure VI in the Supplement), which
might reflect a greater energetic cost associated with increased a-MHC expression.
Therefore, deletion of MYH7-C3 decreases MYH7and increases MYH6, which results in a
faster contraction rate typical of a-MHC.

Active cardiac enhancers harbor genetic variants in transcription factor binding sites.

We next queried the MYH7enhancers for naturally occurring sequence variants using the
gnomAD database and selecting those that overlapped cardiac transcription factor binding
motifs and/or were correlated with MYH7expression in the GTEx eQTL dataset.?4 25 We
identified six unique variants within MYH7 enhancers that overlapped transcription factor
binding motifs and were within or nearby ChlP-seq peaks showing transcription factor
binding in cardiac cells (Figure 4A, B, top). For each variant, we compared luciferase
signals from plasmids carrying the reference or alternative allele in IPSC-CMs. The variant
rs373958405 which is upstream of MYH6 disrupts a highly conserved site in the NKX2.5
binding motif, and plasmids encoding this variant demonstrated significantly reduced signals
in IPSC-CMs compared to the reference allele when assessed by luciferase assay (Figure
4A, top right). Within MYH7-C3, we identified rs7149564 which disrupted a less conserved
site in the NKX2.5 motif, and consequently, showed a more modest trending reduction in
luciferase signal (Figure 4B, bottom left). A nearby variant (chrl4 23912371 C), also in
MYH7-C3, creates a TCF21 motif and correlated with higher luciferase activity, relative to
reference. Within MYH7-C4, rs116554832, which overlapped a highly conserved site within
a TBX5 motif, resulted in a reduction in luciferase signal (Figure 4B, bottom middle). A
second C4 variant, rs10873105, correlated with MYH7expression in GTEX skeletal muscle
expression. This variant generates a HoxZ0 motif and causes an increased signal in
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luciferase reporter assays (Figure 4B, bottom right). These enhancer modifying variants
(EMVs) are positioned to regulate cardiac function.

Genome-wide evaluation of enhancer modifying variants identifies variants controlling the
activity of cardiac enhancers.

Since we identified EMVs within M YH7enhancers, we next sought other regulatory
variants applying this strategy genome-wide. We created a computational filtering pipeline
to use publicly available data from IPSC-CMs to identify variants within enhancer regions
that alter transcription factor binding, with focus on transcription factors important for the
heart (Figure 5A). We benchmarked this pipeline using variant sets from GTEx and
gnomAD.24 25 As expected, eQTLs in heart tissues were more likely to be found using this
strategy (Figure 5B). Rare variants were also more likely to survive the filtering steps of this
pipeline, consistent with transcription factor binding sites within enhancer regions being
under greater evolutionary constraint and less subject to change (Figure 5C). We executed
this pipeline on the variants in gnomAD variants and identified 1,747 variants with EMV
potential. Ninety-four of these variants mapped to orthologous regions in the mouse that had
been tested in the VISTA database (Figure V11 in the Supplement), and 56 (60%) showed
activity in the developing mouse heart. We selected five variants for experimental testing by
choosing variants near five genes important for normal heart function (MICALZ, MYHS,
NPPA, TNNTZ, and GATA4).26-29 A detailed map of each genomic regions is shown in
Figures IX-XV in the Supplement. The candidate enhancers from each of these genes was
first tested for luciferase activity in IPSC-CMs, and four of the five variants were active
(Figure 5D). We then compared expression from the reference and alternative alleles in
IPSC-CMs. The alternative allele for MYH6 and GATA4 showed significantly reduced
function, demonstrating this pipeline has the capacity to identify EMVs for cardiac genes.

A variant ~2kb upstream of MYH7 correlates with cardiomyopathic features in longitudinal
echocardiographic imaging.

We next determined the potential of EMVs to act as modifiers of cardiomyopathy. rs875908,
which was predicted to regulate AMYH6 by the computational pipeline, is an EMV located
~2kb upstream of the transcriptional start site of MYH7 (Figure 6A). The region harboring
this variant showed significant luciferase activity (MYH6/7 enhancer in Figure 5D). We
deleted the region harboring this variant, MYH7-C6, in iPSCs (Figure 111 in the
Supplement). Heterozygous removal of this region in IPSC-CMs caused a reduction in
MYH?7expression but no change in MYH6 expression in IPSC-CMs (Figure 6B).
Homozygous deletion of this region showed an approximately 100 fold reduction in MYH7
expression levels and a qualitative, but no significant increase in MYHé6 levels (Figure 6B).
Homozygous deleted cells also showed a significant increase in the a/g-MHC protein ratio
(Figure 6C, D). The rs875908 variant was identified because it is bound by GATA4 and
TBXS5 sites and is predicted to disrupt a TBX5 motif (Figure 7A). GTEx eQTL data show
this variant correlates with MYH7expression in skeletal muscle with trending significance
for expression in left ventricle (Figure 7B).

To ascertain whether rs875908 correlated with cardiac outcomes, we evaluated trajectory
probabilities of left ventricular dimensions over time using genomic and echocardiographic
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information derived from the Northwestern biobank. This approach assigns a probability of
maintaining an echocardiographic change overtime.1’ The rs875908-G allele correlates with
a more dilated left ventricle over time in participants selected with cardiomyopathy
diagnosis codes (Figure 7C). This correlation was not observed when using clinical data
from non-selected biobank participants (Figure V in the Supplement). The rs875908-G allele
also correlates with a thinner left ventricle posterior wall thickness at end-diastole (LVPW(d)
over time in those with cardiomyopathy diagnostic codes (Figure 7B). Variant association
with left ventricular wall thickness was also present with all subjects, but with a weaker
signal (Figure V in the Supplement). The cardiomyopathy diagnostic codes in this cohort
were for dilated cardiomyopathy. In dilated cardiomyopathy, a thinner wall over time
translates to a more diseased heart. These data support that the EMV rs875908 correlates
with a more severe dilated cardiomyopathy phenotype and demonstrates the pipeline
identifies EMVs on a genome-wide scale and that some of these EMVs have clinical
correlates.

DISCUSSION

Cardiomyopathy gene enhancers.

We integrated epigenomic data to uncover candidate enhancers for a highly expressed and
tissue restricted locus like the MYH6/7 genes. We also showed that this approach can be
used on more ubiquitously expressed genes like LMNA, a gene also important for
cardiomyopathy. This data integration has the power to identify regulatory regions remote
from the gene of interest and uncover human genetic variation that alters the activity of these
regions.

An MYH7/6 Super-Enhancer.

Promoter capture Hi-C data from human cardiomyocytes!® indicates that the MYH7and
MYH6 gene promoters contact each other within 3-dimensional space. Further, an enhancer
cluster positioned ~7kb upstream of MYH~7 also interacts with the MYH7gene promoter.
Since multiple individual parts of this enhancer cluster have activity in human
cardiomyocystes, it is likely this cluster represents a super-enhancer.3? Super-enhancers are
known to regulate genes critical for cell identity.3! We showed that deletion of the MYH7-
C3 enhancer region reduced MYH7expression in IPSC-CMs, and, correspondingly, deletion
of the MYH7-C3 enhancer increased MYH6 expression resulting in an aMHC/BMHC ratio
and a faster rate of contraction in EHTSs. Deletion of the MYH7-C3 promoter reciprocally
shifts expression, lowering MYH7and increasing MYH6, akin to what has been described
after thyroid hormone exposure and approaching the pattern seen in the developing rodent
ventricle.32-34 The faster rate of contraction/relaxation after deleting MYH7-C3 is distinct
from what occurs in hypertrophic cardiomyopathy EHTS, which better reflect the relaxation
defects seen in hypertrophic cardiomyopathy.3® 36 Importantly, deletion of a nearby region
(the C4 region) had no effect on MYH6 or MYH7 expression. Thus, the observed expression
changes are not the result of nonspecific disruption of this highly active locus.

These data favor a model where the MYH6and MYH7promoter regions form a 3-
dimensional complex with the super-enhancer upstream of MYH7 (Figure 8). In this model,
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the super-enhancer, containing C3, plus additional MYH 7specific enhancer regions induce
MYH?7 expression, which is critical during heart development, and this same region may be
employed in heart failure. The concomitant increase in MYH6 expression may be due to an
inhibitory function in C3 or an independent mechanism that compensates for reduced
MYH?7 expression. These findings are reminiscent of the murine Scn5A-Scn10A locus, a
region important for regulating electrical control of the heart.3’

Integrated genomics to identify EMVs.

The computational pipeline identified rs875908, a common variant with MAF ranging from
35% to 47% in various populations, as a candidate EMV for cardiomyopathy. This variant
correlated with altered MYH7 expression and with a more severe dilated cardiomyopathy
phenotype over time, as marked by a more dilated, thinner walled ventricle. The MYH6/7
ratio is known to shift during heart failure, with end stage hearts exhibiting an increase in
MYH7and a decrease in MYH6. With prolonged shift of myosin expression, or a specific
magnitude of shift, this change in myosin expression may actually contribute to heart failure.
38 Supporting this, the MYl 7 ratio has previously been implicated in heart failure
phenotypes.39 A distinct contributory mechanism could involve variants within MYH6/7
enhancers, variants in linkage disequilibrium or even pathogenic coding mutations. Varied
expression of pathogenic AM/YH7mutations has been shown to affect cardiomyopathy
phenotypes.®%: 41 A region related to the C6 enhancer, containing the EMV rs875908, was
previously deleted in a mouse. Mice missing this C6 orthologous region had reduced
MYH7IB-MHC but no change in MYH6la-MHC*2, similar to what was shown here in
human cells. This study measured MYH7expression in the mouse embryonic heart, which
differs from the human developing and mature heart. Consistent with the human genetic
findings, mouse hearts lacking this enhancer region demonstrated reduced fractional
shortening and higher amounts of myofiber disarray, which additionally support the
functionality of this region.

A pipeline for EMVs.

As deep sequencing data of intergenic regions becomes more available, the importance of
noncoding annotation of disease genes will become vital and permit the integration of this
information into clinical care. We demonstrated here a robust pipeline to identify genetic
variants positioned to alter gene expression. We identified >1,700 putative EMVs in the
gnomAD database, which were linked to multiple genes important for cardiac function like
TNNTZ, NPPA, GJAS, and MEFZA. As anticipated, many of the predicted EMVs were
infrequent in the population, further supporting the functional role of this type of expression-
altering change. However, we did identify EMVs at higher population frequency; higher
frequency EMVs, because of their prevalence, are more likely to show population level
clinical correlates, such as what was detected using electronic health record data. Targeted
assessment of EMVs annotated by specific epigenetic marks can have clinical utility.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

cTnT cardiac troponin T
EMV enhancer modifying variant
eQTL expression quantitative trait loci
GEO gene expression omnibus
GTEX genotype tissue expression project
Hi-C high throughput sequencing capture
IPSC-CMs induced pluripotent stem cell-derived cardiomyocytes
LVIDd left ventricular internal diameter-diastole
LVvPWd left ventricular posterior wall thickness during diastole
MHC myosin heavy chain
pcHi-C promoter capture Hi-C
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Clinical Perspective
What is new?

. Genetic variation in the coding regions of genes like MYH7is known to cause
inherited cardiomyopathy and heart failure.

. We now identified genetic variation in the noncoding regions of MYH7which
regulates expression of beta myosin heavy chain, the major motor protein in
the heart.

. One genetic variant, rs875906, correlated with cardiomyopathy features
derived from biobank and electronic health record information.

What are the clinical implications?

. Molecular markers like epigenetic footprints and chromatin conformation can
be used to find the regulatory regions for cardiac genes, including genes that
cause cardiomyopathy.

. Genetic variation in these regulatory regions can alter expression of cardiac
genes and change heart function.
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Figure 1. Integrated epigenomic analysis identifies candidate enhancer regions for MYH7 and
LMNA.

MYH7encodes B-myosin heavy chain (MHC), the major contractile protein in the human
left ventricle; mutations in MYH7are a leading cause of inherited cardiomyopathy.
Mutations in LMNA, which encodes lamin A/C also contribute to inherited
cardiomyopathies. We intersected enhancer data from multiple sources to identify regulatory
regions around these genes. Candidate enhancer regions are shown in yellow. A. The
MYH6/7 genes are in near two clusters of candidate enhancers, highlighted in yellow boxes.
B. Integrated epigenomic analysis identified three candidate enhancer clusters at the LMNA
locus. The labels on the left indicate the data and cell/tissue source (full source listing is
found in Table I in the Supplement). pcHi-C, promoter capture Hi-C. LV, left ventricle.
IPSC-CMs, IPSC-derived cardiomyocytes.
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Figure 2. Enhancer activity in IPSC-Derived Cardiomyocytes (IPSC-CMs).
A luciferase reporter assay was used to test for enhancer activity in IPSC-CMs. The position

of candidate enhancers is shown along the top in colored boxes. The clusters in Figure 1
were evaluated as smaller regions. A. Regions from 4 of 5 candidate enhancer regions
demonstrated activity in IPSC-CMs, with the highest activity for MYH7 C3. B. Five of six
candidate enhancer regions for L MNA showed activity in IPSC-CMs, with the highest being
LMNA-C5. These data indicate the candidate MYH7and LMNA enhancers have activity in
human cardiomyocyte-like cells. Data is displayed as fold change to a negative control
500bp genomic desert region with mean £SD. Expression was measured in an average of 32
assays per construct over four independent differentiations. Significance vs negative control
determined by nonparametric one-way ANOVA with Dunn’s multiple comparisons
correction. *<0.03, **<0.0021, ****<0.0001.
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Figure 3. Deletion of the MYH7-C3 enhancer increases MYH6 and reduces MYH7 mRNA and
protein and produces faster contraction and relaxation in engineered heart tissues.

A. Gene editing was used to delete the M/ YH7-C3 enhancer heterozygously (*/7) or
homozygously (/7). MYH6and MYH7mRNA expression was assayed by gPCR and
showed a dose-dependent increase in MYH6 expression and reduction in MYH7 expression.
Therefore, the MYH7-C3 enhancer is required for MYH7expression (unedited n=16,
MYH7C3%~n=8, MYH7C37/~ n=9.) B. Deletion of the MYH7-C4 enhancer had little
effect, demonstrating a specificity of these findings to MYH7-C3 (unedited n=16, MYH7
C4*'= n=9, MYH7C47=n=10.) C. a-MHC and B-MHC protein ratios were quantified using
SDS-PAGE. D. Quantification of a-MHC/B-MHC protein ratios demonstrating correlation
with the differences seen at the RNA level. E. Representative images of engineered heart
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tissues (EHTSs) containing unedited or MYH7-C3 homozygous deleted IPSC-CMs. F.
Average time to peak (top) and average relaxation times (bottom) measurements of EHT
contractions containing unedited or MYH7-C3 deleted cells showed a decrease in time to
peak contraction and relaxation in MYH7-C3 deleted EHTS, consistent with the shift from
MYH7IB-MHC to MYH6la-MHC and the known faster ATPase cycle for a-MHC. Each
point represents the average time to peak measurement of a single EHT across multiple
contractions (unedited n=14, MYH7C3*~ n=3, MYH7C37/~ n=7.) All data shown as mean
+SD. * determined by one-way ANOVA with Dunnett’s multiple comparisons correction.
*<0.03, **<0.0021, ***<0.0002.
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Figure 4. Genomic variation in MYH7 enhancer regions.
A. We queried the human genetic variation database gnomAD for naturally occurring human

sequence variants in MYH7enhancers. We selected variants overlapping cardiac
transcription factor binding motifs, and/or correlating with MYH7expression in the GTEx
eQTL dataset. rs7403916 and rs373958405 fall within MYH7C2 and disrupt NKX2.5
motifs. These variants were evaluated for reporter activity in IPSC-CMs and rs373958405
demonstrated reduced activity compared to the reference allele, indicating this variant may
reduce expression by disrupting the enhancer activity of MYH7-C2. B. MYH7-C3 contains
rs7149564 and chrl4_23912371_C. rs7149564 disrupts an NKX2.5 motif and produced a
trending reduction in activity in IPSC-CMs. chrl4 23912371 C generates a TCF21 motif
and produced an increased IPSC-CM luciferase signal. MYH7-C4 contains rs116554832
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and rs10873105. rs116554832 disrupts a TBX5 motif and reduced activity in IPSC-CMs.
rs10873105 is correlated with MYH7expression in GTEX skeletal muscle data and creates a
Hox10 motif. This variant generated increased activity in IPSC-CMs. These data indicate
that sequence variants in transcription factor binding sites within enhancer regions can alter
enhancer function and potentially affect MYH7gene expression. All data shown as mean +
SD. Data was derived from an average of 30 different assays per condition, from across least
3 separate differentiations. Significance determined by unpaired t-test. ****<0.0001.
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Figure 5. Computational pipeline to identify enhancer modifying variants.
A. Schematic showing the pipeline filtering steps used to identify enhancer modifying

variants (EMVs) genome-wide. B. This strategy disproportionately identified significant
GTEXx eQTLs from heart tissues versus non-heart tissues, and disproportionately identified
rare alleles, indicating both tissue specificity and sequence conservation. C. Significance
determined in B & C by Fisher’s exact test. D. Candidate enhancers for five genes were
selected for testing in the luciferase reporter assay in IPSC-CMs. Four of five of these
candidate regions validated as functional enhancer regions with signal greater than the
negative control region (as tested in an average of 32 assays using four separate
differentiations). Significance vs negative control was determined by nonparametric one-way
ANOVA with Dunn’s multiple comparisons correction. E. We then tested the reference and
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alternate alleles to assess whether the alternative variant shifted activity. The enhancer
modifying variant in MYH6/7and in GATA4 significantly changed expression (highlighted
in yellow) (data derived from an average of 27 assays per condition, from four separate
differentiations). Significance determined by unpaired t-test. All data shown as mean + SD.
*<0.03, ***<0.0002, ****<0.0001.
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Figure 6. Deletion of the C6 enhancer region alters MYH6/7 expression.
A. Schematic demonstrating the location of the MYH6/7-C6 enhancer region; the position of

rs875908 is indicated. B. IPSC-CM MYH6 and MY H7 expression levels in cells deleted
heterozygously or homozygously for the C6 enhancer region containing rs875908. M YH6I7
levels were assayed by gPCR, and showed a dose-dependent reduction in MYH7 expression.
Therefore, rs875908, is within an enhancer region required for strong MYH7expression in
human cardiomyocyte like cells (unedited n=16, MYH7-C6*'~ n=11, MYH7-C67~ n=6). C.
SDS-PAGE analysis of myosin heavy chain protein (MHC) isoforms in MYH7-C6 */~ and
== cells. D. Quantitation of a-MHC/B-MHC ratios indicates that RNA differences correlate
with changes in protein level. Significance determined by one-way ANOVA with Dunnett’s
multiple comparisons correction. *<0.03, ****<(.0001.
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Figure 7. Correlation of MYH6/7 rs875908 EMV with MYH7 mRNA cardiac expression and
longitudinal shift in left ventricular dimensions over time in human cardiomyopathy patients.

A. The location of the MYH6/7 regulatory variant is shown; it is bound by both GATA4 and
TBXS5 signals. The variant disrupts a site within the TBX5 transcription factor motif. B.
eQTL data from the GTEX project shows that the variant genotype correlates with MYH7
expression across multiple striated muscle samples; the larger number of skeletal muscle
samples yields genome wide significance in expression levels. C. Association of variant
status with LVIDd/BSA over time in cardiomyopathy patients whose data was derived from
the electronic data warehouse from Northwestern Medicine. D. Association of variant
genotype with LVPWd/BSA over time in in cardiomyopathy cases. These data indicate that
rs875908 associated with changes of left ventricular morphology including a more dilated
left ventricle and thinner posterior wall. Significance determined using a linear regression
model corrected for genetic ancestry and sex. LVIDd/BSA, left ventricular internal diameter
during diastole corrected for body surface area. LVPWd/BSA, left ventricular posterior wall
thickness during diastole corrected for body surface area.
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Figure 8. Schematic diagram of the MYH®6/7 locus during cardiac development.
At the uninduced locus, the MYH7and MYH6 promoter regions form a complex with a

super-enhancer containing the MYH7-C3 enhancer. The effect of the super-enhancer is
depicted as the yellow hue. In early development, this super-enhancer is primarily in contact
with the MYH6 promoter, which recruits cardiac transcription factors, chromatin
remodelers, and transcription machinery to drive MYH6 expression. During development,
activation of the MYH7-C3 region reorganizes the complex and the MYH7 promoter
preferentially contacts the regulatory regions. Through competition for transcriptional
machinery or through an independent separate mechanism, the M YH6 gene is
downregulated. Cells lacking the MYH7-C3 region can established the chromatin structure
of the locus but are unable to switch interactions to the M/Y/H7 promoter, causing an
upregulation of MYH6and a downregulation of MYH7. This model highlights the
importance of an MYH7enhancer which is an attractive therapeutic target. TFs,
transcription factors.
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