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Genome-wide association studies (GWASSs) have identified numerous variants associated
with cardiovascular traits and diseases, but progress in heart failure has been limited. Since
many GWAS variants appear to affect ¢/s gene expression, we asked whether there was
overlap between variants associated with cardiac structure or function and expression
quantitative trait locus (eQTL) variants in the human left ventricle (LV). Our human studies
were approved by institutional review boards, and all participants provided written informed
consent. Animal studies and procedures were performed in accordance with institutional
guidelines.

A lead variant, rs12541595, in the M75S51 locus stood out for its associations with LV end-
diastolic dimension (LVEDD, P=2x10-13) in EchoGen’ and MT7S51 expression (P=6x10-23)
in 313 LV samples from individuals of European descent in the Myocardial Applied
Genomics Network (MAGNet) consortium?® (Figure [A]). We also compared the association
between rs12541595 and M7551 expression across multiple human tissues in the Genotype-
Tissue Expression project,2 and the association was strongest in the left ventricle
(P=1x10"28, n=272). Across these studies, the rs12541595 minor allele (T) is associated
with both reduced LVEDD and reduced M7551 expression.

To validate the cardiac-specific M7SS1 eQTL, we interrogated the genomic locus in detail
in MAGNet (Figure [B]). The lead variant rs12541595 marks a cluster of variants that
strongly influence LV M7551 expression and that reside in a predicted enhancer. We
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introduced a fluorescent reporter construct harboring the 1-kb predicted enhancer region into
zebrafish embryos and verified strong cardiac- and myocyte-specific enhancer activity,
predominating in the ventricle (Figure [C, D]). Deletion of the 1-kb region with CRISPR-
Cas9 in WM266-4 melanoma cells, which are known to express MTSS1, reduced
endogenous M7551 expression (Figure [E]). Resequencing of the enhancer in 145 MAGNet
participants and examination of 1000Genomes data revealed 2 common enhancer variants
(rs34866937 and rs35006907) that are in strong linkage disequilibrium (/2 > 0.97) with the
lead variant rs12541595 in Europeans. Together, the rs12541595, rs35006907, and
rs34866937 variants define a major haplotype (GCG, frequency 0.66) and a minor haplotype
(TAA, frequency 0.33). We compared activity of both enhancer haplotypes using luciferase
reporter constructs transfected into WM266-4 cells and neonatal rat ventricular myocytes. In
both cell types, we observed decreased luciferase expression with the minor haplotype
(Figure [F]), which is marked by the rs12541595 minor allele. Finally, we used CRISPR
interference to assess for enhancer activity near rs35006907 or rs34866937; in WM266-4
cells and HEK 293T cells, both homozygous for the major haplotype, positioning of dCas9
at rs35006907 but not rs34866937 reduced M 7551 expression (Figure [G]).

Given the relationship of the MT7S551 locus to cardiac structure, we assessed whether the
lead variant rs12541595 was associated with all-cause heart failure or dilated
cardiomyopathy, or with LV traits assessed by echocardiography and electrocardiography
(Figure [H]).1 3 4 With a collection of 1,540 cases of dilated cardiomyopathy, we observed
an 18% risk reduction per copy of the minor allele (P=1x10-%). Also for the minor allele, we
observed a significant increase in LV systolic function by fractional shortening (P=3x107°)
and decrease in LV dimension and mass by several measures.

Integrating these various observations, we hypothesized that reduced expression of MTSS1
in the mouse heart would result in favorable echocardiographic changes. We generated a
Mitss1 knockout mouse with CRISPR-Cas9 (Figure [1]); the mice were viable and fertile.
Focusing specifically on the heart, we assessed wild-type and knockout littermates at 8
weeks of age with echocardiography (Figure [J]). In the knockout mice, we observed
significant decreases in LV end-diastolic dimension (£=0.0034) and LV end-systolic
dimension (P=0.0016) as well as trends towards increased LV fractional shortening
(P=0.027)—highly concordant with the human genetic findings.

MTSS1 is a member of the Inverse Bin-Amphiphysin-Rvs (I-BAR) protein family and
interacts with the actin cytoskeleton and the cell membrane to regulate cell structure and
intercellular junctions. MTSSL1 is expressed in a variety of organs besides heart, and
disruption of MTSS1 can lead to diverse effects. In kidney epithelium, MTSS1 co-localizes
with F-actin and E-cadherin at adherens junctions and is induced in response to shear stress
via MEF2, suggesting a role in stress-responsive tissue remodeling.> We speculate that
MTSS1 may play a similar role in cardiac myocytes and cardiac remodeling. Given our
evidence that enhancer variants that reduce cardiac MTSS1 are cardioprotective, we suggest
that therapeutic reduction of MTSS1 expression limited to the heart could represent a novel
approach to address the burden of human heart failure.
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Figure 1. Interrogation of the MTSSL locus.
A, association of minor allele (T) at rs12541595 with M7551 expression in human LV

(P=6x10"23 across all samples using an additive genetic model adjusting for presence/
absence of heart failure; n=313). B, c/sassociations with LV MTSS1 expression (-logig A
values using same model as in A; n=313). Variants within a putative enhancer (yellow) in
linkage disequilibrium with rs12541595 shows strong associations. C, the enhancer region
was cloned upstream of a green fluorescent protein reporter and transfected into zebrafish
embryos to determine anatomical site of activity (green). Activity is specific to cardiac-
muscle (white arrow) and skeletal-muscle (dorsal axis) 72 hour post fertilization. D, analysis
of cardiac-restricted enhancer activity within excised zebrafish hearts demonstrates strong
activity (green) in the ventricle (V) and limited activity in the atrium (A) and outflow tract
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(OFT). Hearts are counterstained for sarcomeric architecture (F-actin, red) and nuclei (blue).
E, CRISPR-Cas9 enhancer deletion abolishes M7S51 expression in WM266-4 cells (n=6
per group; Mann-Whitney Utest P-value). F, Relative activity of major and minor enhancer
haplotypes defined by rs12541595, rs35006907, and rs34866937. The minor enhancer
haplotype, marked by the rs12541595 minor allele, shows reduced activity (n=6 per group;
Mann-Whitney Utest P-values). G, CRISPR interference targeting enhancer variants shows
reduced activity with dCas9 positioned at rs35006907 using two different guide RNAs (n=3
per group; Mann-Whitney U'test P-values). H, association of the M7551 rs12541595 minor
allele (T) with cardiac traits in human populations (P-values by additive genetic models). I,
immunoblot of murine myocardial protein extracts verifying successful knock-out of Miss1.
J, LV structure and function in Mtss1** (n= 23; 8 female, 15 male) and Miss1~ (n=16; 10
female, 6 male) mice by echocardiography under isoflurane anesthesia (gender adjusted P-
values). LVIDd, LV internal dimension in diastole; LVIDs, LV internal dimension in systole;
FS, fractional shortening; LVM/BM, LV mass normalized to body mass; HR, heart rate.
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