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Sex-stratified genome-wide association and
transcriptome-wide Mendelian randomization
studies reveal drug targets of heart failure
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In brief

Yang et al. use sex-stratified GWASs and
Mendelian randomization studies to
identify sex-differential putative genetic
variants, causal genes, and candidate
drug targets for left ventricular ejection
fraction, heart failure, and its subtypes.
This study highlights the importance of
considering sex-differential genetic
effects in sex-balanced diseases such as
heart failure.
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SUMMARY

The prevalence of heart failure (HF) subtypes, which are classified by left ventricular ejection fraction (LVEF),
demonstrate significant sex differences. Here, we perform sex-stratified genome-wide association studies
(GWASSs) on LVEF and transcriptome-wide Mendelian randomization (MR) on LVEF, all-cause HF, HF with
reduced ejection fraction (HFrEF), and HF with preserved ejection fraction (HFpEF). The sex-stratified
GWASs of LVEF identified three sex-specific loci that were exclusively detected in the sex-stratified
GWASSs. Three drug target genes show sex-differential effects on HF/HFrEF via influencing LVEF, with
NPR2 as the target gene for the HF drug Cenderitide under phase 2 clinical trial. Our study highlights the
importance of considering sex-differential genetic effects in sex-balanced diseases such as HF and empha-
sizes the value of sex-stratified GWASs and MR in identifying putative genetic variants, causal genes, and
candidate drug targets for HF, which is not identifiable using a sex-combined strategy.

INTRODUCTION

Heart failure (HF) is a major cause of cardiovascular morbidity, hos-
pitalization, mortality, and healthcare expenditures,’ affecting
~64.3 million people worldwide.? HF can be further stratified into
four subgroups based on left ventricular ejection fraction (LVEF),
HF with reduced ejection fraction (HFrEF; LVEF <40%), HF with
preserved ejection fraction (HFpEF; LVEF >50%), HF with mildly
reduced ejection fraction (HFmrEF; LVEF 41%-49%), and HF
with recovered ejection fraction (HFrecEF; baseline LVEF <40%
and increase to >40%).° Although the lifetime risk of HF is similar
between males and females,” there are profound sex differences
in its two major subtypes, HFrEF and HFpEF. In the Framingham
study, HFrEF is twice as common in men than in women, whereas
HFpEF is the opposite.® Due to the development of relevant drugs,
such as angiotensin receptor-neprilysin inhibitors,® the incidence
rates of HF have been declining in both sexes. However, women
have experienced a greater decline than men, with an overall

rate change of —43% versus —29%. This can be explained by a
sharper reduction in the incidence of HFrEF among women
(—61%) compared to men (—29%).”

Despite the noted sex differences of HF subtypes, the under-
lying mechanisms remain poorly understood. Previous studies
hypothesized that men’s predisposition to macrovascular coro-
nary artery disease/myocardial infarction may contribute to the
higher risk of HFrEF, whereas coronary microvascular dysfunc-
tion/endothelial inflammation may drive the elevated risk of
HFpEF in women.® In contrast, the potential sex-differential ge-
netic regulatory mechanisms of HF and its subtypes have been
less often studied. Previous genetic studies reported <50 loci
associated with HF and its subtypes,®'" and genome-wide as-
sociation studies (GWASs) of LVEF identified six loci.'® In addi-
tion, a recent study further identified 10 putatively causal genes
for HF through GWASs and Mendelian randomization (MR) ana-
lyses.”® However, these studies used sex-combined analysis
strategies, in which sex-differential causal effects of genes can
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be masked, either in direction or magnitude.'* Adopting a sex-
stratified approach may hold the key to unraveling the underlying
genetic mechanisms and drug targets for HF in males and
females.'®

Sex-stratified GWAS and post-GWAS analyses, especially
omics MR, offer practical and cost-effective ways to evaluate po-
tential sex differences at the molecular level (e.g., transcripts).'®
Omics MR uses genetic variants as instrumental variables to esti-
mate the effect of an exposure (e.g., gene expression level) on an
outcome (e.g., HF)."” The availability of sex-stratified data,
including sex-stratified expression quantitative trait loci (eQTL)
data,'® and sex-stratified GWASs of HF,”'"'® has presented us
with a valuable opportunity to conduct sex-stratified analyses us-
ing MR. Moreover, data from UK Biobank (UKB) enable us to
generate sex-stratified GWAS results for LVEF.?°

The objective of this study was to understand how genetics in-
fluence sex differences in HF, as well as in its potential interme-
diate phenotype, LVEF. Furthermore, we identified sex-differen-
tial causal genes whose effects on LVEF and HF and its subtypes
were different between sexes, thus revealing potential drug tar-
gets that could improve LVEF levels and subsequently inform HF
therapy strategies.

RESULTS

Figure 1 illustrates the study design. First, we conducted sex-
combined and sex-stratified MR analyses to estimate the causal
effects of gene expression levels (represented by eQTLs) on HF.
Second, sex-stratified GWAS and post-GWAS analyses were
performed on LVEF. Third, the potential causal links between
LVEF and HF, as well as HF subtypes, were tested using MR an-
alyses. Fourth, we performed a male-specific MR analysis using
male-only eQTLs and male-dominant HF subtype outcomes.
Through the MR evidence and drug trial information, we identi-
fied shared sex-differential causal genes of LVEF and HF/
HFrEF as potential drug targets.

Selection of instruments of gene expressions

Sex-combined and sex-stratified eQTLs (557 males and 281 fe-
males) from the Genotype-Tissue Expression (GTEx) project
were selected as candidate genetic instruments for the expres-
sion levels of their respective genes.'® Our study focused on
eQTLs in tissue types potentially relevant to the pathology of
HF, including heart-atrial appendage, heart-left ventricle,
artery—coronary, artery—aorta, artery-tibial, adipose-subcutane-
ous, adipose-visceral (omentum), liver, pancreas, and whole
blood. Because cis-eQTLs are considered to have more direct
and specific biological effects on gene expression, cis-eQTLs
located within 1 Mb of the gene probe and that met the following
criteria were used as instruments: (1) with F-statistics >10 to
ensure sufficient instrument strength; (2) associated with the
gene expression levels (p <1 x 107%); and (3) passing the Steiger
filtering to exclude reverse causal instruments.”' After selection,
15,928 (66%) eQTLs of 6,600 genes in the sex-combined popu-
lation were used as exposures in the sex-combined analysis for
HF. 10,592 (58%) eQTLs of 4,589 genes available in both males
and females were defined as shared eQTLs and used as expo-
sures in the sex-stratified analyses for HF and LVEF. In addition,
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15,292 (84%) eQTLs of 6,565 genes in males were used as expo-
sures in the male-specific analyses for HF subtypes (Table S1).

Selection of intermediate phenotype and primary
outcomes

The primary outcomes in our study included sex-combined HF
data from the HERMES (Heart Failure Molecular Epidemiology
for Therapeutic Targets) Consortium'® and the Global Biobank
Meta-analysis Initiative (GBMI),"® sex-stratified HF data from
GBMI, and male-dominated HFrEF and HFpEF data from the
Million Veteran Program (MVP)."" In addition, we investigated
sex-stratified LVEF as an intermediate phenotype, with genetic
associations generated through a GWAS analysis including
17,899 males and 19,467 females conducted in this study
(Table S2; more details of the GWAS in later sections).

Wald’s ratio was used as the primary method to estimate pu-
tative causal effects.””

In sex-stratified MR analyses, pairwise Z score tests were
applied to quantify the differences in MR estimates between
males and females, with a Z score p < 0.05 suggesting sex-dif-
ferential effects. MR estimates with Benjamini-Hochberg false
discovery rate (FDR) <0.05 were considered to be robust evi-
dence, and genes exhibiting such robust evidence were consid-
ered to be potential causal genes. To further strengthen the
causal evidence, we evaluated linkage disequilibrium (LD) struc-
tures using the LD check method,'” which estimated the pair-
wise LD between each eQTL and all of the significant disease-
associated GWAS variants in the cis-region. LD r? > 0.8 was
the threshold we used for the whole study.

Test for MR assumptions

To assess the relevance assumption, we examined the strength of
each genetic variant with F-statistics. Only instruments with
F-statistics >10, which indicated that weak instrument bias is un-
likely to bias the MR estimates of this study, were selected.”® The
exchangeability assumption cannot be definitively proven, but the
inherent attributes of human genetics make it not susceptible to
conventional confounders such as age, sex, and environmental
risk factors.”” Although factors such as population stratification
may introduce confounding in the outcome,?® and the utilization
of only lead cis-eQTLs for target genes in each tissue limited the
detection of potential bias,”**® we should note that this study
focused exclusively on homogeneous ethnic populations of Euro-
peans, which avoid bias due to population admixture. Concerning
the exclusion restriction assumption, we conducted LD check
analysis to assess the LD structure and mitigate bias resulting
from pleiotropy.?* In addition, we applied Steiger filtering to test
the directionality of exposure-outcome effects. Only SNPs that
explain more of the variance in the exposure than it does the vari-
ance in the outcome were selected in this study. By doing this, we
could address potential reverse causality.”’

Sex-combined and sex-differential causal effects of
gene expression levels on HF

To start with, we conducted sex-combined and sex-stratified
MR analyses to assess the potential causal effects of gene
expression levels on HF. Using sex-combined gene expression
levels (GTEx) and two HF outcome datasets (HERMES and
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Detailed analyses of the study

1. Sex-combined and sex-differential causal genes of HF
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2. Sex-differential causal genes of LVEF
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4. Male-specific causal effects of genes on HFrEF
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Figure 1. Study design

MR, mendelian randomization; TWMR analyses, transcriptome-wide MR analyses; GWAS, genome-wide association study; LVEF, left ventricular ejection
fraction; HF, heart failure; HFrEF, HF with reduced ejection fraction; HFpEF, HF with preserved ejection fraction; SNP, single-nucleotide polymorphism; GTEx
project, Genotype-Tissue Expression project; eQTL, expression quantitative trait loci; MVP, Million Veteran Program; GBMI, Global Biobank Meta-analysis
Initiative; HERMES, Heart Failure Molecular Epidemiology for Therapeutic Targets Consortium.

GBMI), we yielded 11,083 and 9,835 pairs of gene-HF MR esti-
mates, respectively. After conducting meta-analyses with the
fixed-effects model to obtain the meta-analyzed MR results
derived from two HF outcome datasets, we identified 140 poten-
tial causal genes with robust signals (FDR<0.05) and 89 causal
genes showing LD checked evidence with HF (Table S5).

Then, using sex-stratified gene expression (GTEx) and HF
outcome (GBMI) data, we further estimated the effects of the

140 candidate causal genes identified in the above sex-com-
bined MR analysis in males and females separately. We
observed seven robust signals (FDR <0.05) in males and one in
females, whereas no significant sex difference was found among
these 140 genes (Table S6). Furthermore, to comprehensively
identify the sex-differential causal genes in HF, we extended
the sex-stratified MR analyses to all shared eQTLs in males
and females. By combining these sex-stratified eQTLs with HF
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Comparing genetic effects of eQTLs between males and females Comparing SNP associations of LVEF between males and females Comparing SNP associations of HF between males and females
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Figure 2. Scatterplots of gene expression regulations and SNP associations of LVEF and HF in males and females

(A) The relationship of genetic effects of eQTLs between males and females.

(B) SNP associations of LVEF between males and females.

(C) SNP associations of HF between males and females.

The x axis represents estimates in males and the y axis represents estimates in females. The gray smoothing lines and shaded regions around them represent the
overall trend and 95% confidence intervals (Cls) of the estimates. P calculated by Spearman correlation methods were used to quantify the correlations. Only cis-
eQTLs that are closely associated with genes (with p < 1.0 x 107%) and have sufficient power (F-statistics >10) were included in MR analyses and depicted.

GWASSs, we yielded 6,555 pairs of gene-HF MR estimates in
males and females for the following comparisons (Table S7).

Pairwise Z score tests were applied to quantify the differences
of gene-HF MR estimates in the two sexes. 5.0% (328 of 6,555)
of the gene-HF pairs showed nonoverlapped effect estimates in
males and females (pairwise Z score p < 0.05; Table S7). When
further narrowing down the analysis to gene-HF pairs with pair-
wise Z score p < 0.01, we identified 47 genes exhibiting different
effects on HF in males and females. Among these, 24 of the
causal genes showed robust MR evidence (FDR <0.05), and 12
of them showed evidence of LD checked (Table S8). The above
MR results indicated substantial sex differences in the causal ef-
fects of gene expression levels on HF.

MR estimates were simultaneously influenced by expression
regulations (eQTL data) and genetic associations of HF (outcome
GWAS data). To explore the reasons behind the sex-differential
causal effects of genes on HF, we compared the expression reg-
ulations and genetic associations of 6,555 pairs of gene-HF MR
estimates in males and females (Table S9). Spearman correlation
coefficients observed a very high correlation in genetic associa-
tions of eQTLs (Spearman correlation [p] = 0.97, p < 0.001) but an
extremely low correlation in genetic associations of HF (p = 0.10,
p < 0.001) between males and females (Figure 2). As a validation
analysis, we performed MR using sex-combined eQTL data as
exposures and male- or female-only HF GWAS summary statis-
tics as outcomes separately. We observed that the MR results
were very similar regardless of whether sex-stratified or sex-
combined eQTLs were used (p = 0.99; Figure S1). This further
confirmed that the sex-differential MR estimates were mainly
driven by the outcome data used.

Sex-stratified GWAS and post-GWAS analyses of LVEF

Sex differences were reported in two HF subtypes, HFrEF, and
HFpEF, which were stratified by LVEF. We hypothesized that
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LVEF may play a crucial role in explaining the sex differences.
Therefore, we conducted a sex-stratified GWAS of LVEF using
data from the UKB (details about methods of GWASs were pro-
vided in the STAR Methods), which included 17,899 males and
19,467 females of European ancestry. The GWAS identified six
genetic variants robustly associated with LVEF in six loci
(p <5 x 1078; Figure 3). Among these loci, BAG3, CLCNKA,
and CDKN1A showed genetic signals in both males and fe-
males, and their associations with LVEF or other LV traits
have been reported in previous GWASs.'??"?® The remaining
three loci were sex-specific loci, which were either found in
males (FHOD3 and LSM3) or females (PTK2). These three loci
have not been found in previous GWASs that used the same
data as ours,'? which indicates that these sex-specific loci
may be hidden in sex-combined GWASs and only be identifi-
able in sex-stratified GWASs. The female-specific variant,
rs4073554, was close to the PTK2 gene (B of T allele = 0.33,
SE = 0.06, p = 6.9 x 1072, effect allele frequency = 0.48; Fig-
ure 3). This variant is a common intron variant that exhibited a
remarkable ranking score (1a) and a high probability score
(0.95) using RegulomeDB.?° Specifically, this variant overlaps
with the chromatin accessibility peak and transcription factor
footprints for heart tissue and was predicted to be within the
active enhancer region of relevant tissues such as the heart
and vessel. The above evidence indicated that the female-spe-
cific variant within the PTK2 is likely to be a functional variant for
cardiovascular tissues.

To assess the proportion of phenotypic variance explained
by the common genetic variation, we estimated the SNP herita-
bility (h?) of LVEF. The SNP heritability of LVEF was similar be-
tween males (h? = 0.17, SE = 0.04) and females (h? = 0.19, SE =
0.03). The bivariate LD score® using SNPs across the whole
genome identified comparable genetic correlations between
LVEF and HF in males (ry = —0.39) and females (rg = —0.37),
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Figure 3. Manhattan plot of sex-stratified genome-wide LVEF associations

Sex-stratified GWAS was conducted using the BOLT-LMM method (n = 17,899 in males, n = 19,467 in females). The x axis represents the genomic position and
the y axis represents the strength of association as represented by —log10 (p value). Suggestive associations at a significance level of p < 1 x 10~° are indicated
by the black line and genome-wide significance at p <5 x 108 is indicated by the red line. Independent genome-wide significant variants are annotated with the
nearest gene(s). Male-specific candidate genes are denoted by blue boxes, female-specific candidate genes are denoted by red boxes, and candidate genes

found in both sexes are denoted by green boxes.

and a strong positive genetic correlation between LVEF in
males versus females (rg = 0.92, SE = 0.13, p = 4.66 x 107"
Table S10). However, when we restricted the comparisons to
sex-stratified eQTLs from GTEXx, the Spearman correlation be-
tween SNP-LVEF associations in males and females was
largely attenuated (p = 0.13, p < 0.001), suggesting a higher
sex disparity of these genetic variants influencing the expres-
sion of genes.

To investigate potential sex-differential causal effects of gene
expression levels on LVEF, we undertook MR analyses by
combining sex-stratified shared eQTLs (GTEx) and LVEF data
(this study) and obtained 7,931 pairs of gene-LVEF MR estimates
in both males and females (Table S11). We identified 41 genes
exhibiting sex-differential effects on LVEF using pairwise Z score
tests (p < 0.01; Table S12). Among these 41 genes, 27 were po-
tential causal genes with robust MR signals (FDR <0.05), and 11
of them showed LD checked evidence (Table S12). Among the
causal genes, four genes, OPRL1, CLEC12A, CLEC12B, and
CLEC1B, exhibited robust causal effects on LVEF in both males
and females (Table S13).

Sex-stratified causal links between LVEF and HF

We hypothesized that LVEF plays an intermediate role of causal
genes on HF, and sex differences in HF can be partially explained
by sex differences in LVEF. Using four SNPs robustly (with
p <5 x 1078 and independently (filtered by LD clumping with
r? < 0.001) associated with LVEF in males and two SNPs in fe-
males as instruments (Table S14), we found strong MR evidence
to support the effect of upregulated LVEF on a reduced risk of HF
in both males (inverse variance weighted [IVW] odds ratio [OR] =
0.90, 95% confidence interval [CI] = 0.85-0.94, p = 1.86 x 107°
per percent change unit increase of LVEF) and females (IVW
OR = 0.84, 95% Cl = 0.78-0.90, p = 2.70 x 10~ 7). The direction
of effects was consistent across the five MR sensitivity methods,
including IVW, weighted median, weighted mode, simple mode,
and MR-Egger (Table S15).

Male-specific causal links between LVEF and HFrEF and
causal genes of HFrEF

Due to a more pronounced decline in the incidence of HFrEF
among women compared to men, women experienced a greater
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reduction in the overall incidence of HF.” Therefore, we aimed to
find drug target genes for HF, with a focus on increasing LVEF
and preventing HFrEF for males. We performed male-specific
MR analyses to examine the causal links between LVEF and
two HF subtypes (HFrEF and HFpEF; data from MVP, which
comprised 92% male participants). Using the four male-specific
LVEF variants as instruments, MR analysis revealed a robust ef-
fect of higher LVEF on the reduced risk of HFrEF (IVW OR = 0.82,
95% Cl = 0.78-0.86, p = 1.64 x 107'%) in males, but not on
HFpEF in males, which fit with our expectations (Figure 4;
Table S15). Furthermore, we performed male-specific MR using
male-only eQTLs (GTEx) and a GWAS of HFrEF (MVP). We iden-
tified 6,254 gene-HFrEF MR estimates, 8 of which showed
robust MR signals (FDR <0.05), and 2 genes showed LD checked
evidence with HFrEF (Table S16). In addition, to evaluate the ef-
fects of genes on HFpEF for reference, we performed MR anal-
ysis by combing male-only eQTLs and HFpEF, which identified
10 putative causal genes, with 9 showing LD checked evidence
with HFrEF (Table S17).

Evidence synthesis and HF/HFrEF drug targets
identification

Through the above MR analyses, we first found 140 causal
genes in sex-combined HF, and 7 of them showed robust
MR evidence in males and 1 of them showed robust MR evi-
dence in females. Second, we found 24 sex-differential causal
genes of HF in males or females. Third, we identified 8 male-
specific causal genes of HFrEF. Taken together, we found 32
sex-differential causal genes for HF/HFrEF and 27 sex-differ-
ential causal genes for LVEF. To pinpoint causal genes playing
sex-differential roles on HF/HFrEF via LVEF, we identified
genes exhibiting robust MR evidence (FDR <0.05) for both
LVEF and HF. Considering the potential tissue-specific effects
of gene expression regulations,® we initially focused on
shared genes that demonstrated causal effects in the same
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Figure 4. Sex-stratified MR to estimate the
causal effects of genetically determined
LVEF levels on risks of HF/HF subtypes
GWAS of LVEF is from the present study, whereas
sex-stratified GWAS of HF is from GBMI, and
GWASs of male-dominant HFrEF and HFpEF are
from MVP. Inverse variance weighted 2-sample
MR method was performed. The odds ratio (OR)
and 95% Cl are for the risk of HF and its subtypes
per percent change in the LVEF levels. The
squares are the causal estimates on the OR scale,
and the whiskers represent the 95% CI for these
ORs.

P value

1.86E-05

2.70E-07

1.64E-15

tissue. As a result, we identified 2
causal genes, SORT1 (sortilin 1) and
0.23 NPR2 (natriuretic peptide receptor 2),
that showed sex-differential causal ef-
fects on HF/HFrEF and LVEF (Figures 5
and 6; Table S18). Then, to extensively
examine shared causal genes between
LVEF and HF/HFrEF, we expanded the
search to genes showing MR evidence
in different tissues and identified SHMT1 (Serine hydroxyme-
thyltransferase 1) as a putative causal gene for both HF and
LVEF in females.

For these three prioritized causal genes/targets, NPR2,
SORT1, and SHMT1, we integrated their MR evidence with
drug trial information from OpenTargets®® and the Therapeutic
Target Database®” to assess the potential of these causal genes
as viable drug targets. First, genetically predicted higher expres-
sion levels of NPR2 showed an effect on increased LVEF levels
(B = 0.65, 95% Cl = 0.23-1.07, p = 2.39 x 107°) and reduced
risk of HFrEF (OR = 0.87, 95% CI = 0.81-0.93, p = 4.57 X
1079), but not associated with risk of HFpEF in males. For MR re-
sults in females, the expression levels of NPR2 showed little ev-
idence to support its effect on LVEF or HF. Its effect on HF in both
sexes was naturally neutralized after combining the differential
effects in males and females, which partly explained why previ-
ous sex-combined studies were not able to identify the associa-
tion of NPR2 on HF (genetic score from OpenTargets = 0; Ta-
ble 1). The drug trial information further supported the
protective effect of NPR2 activation on HF and LVEF. Cenderi-
tide, also known as CD-NP, is a dual agonist targeting both
NPR2 and NPR1.%° It has entered phase 1 and 2 and proof-of-
concept clinical studies that aimed to evaluate its efficacy in
treating HF (clinicaltrials.gov: NCT00839007, NCT00620308,
NCT02359227, and NCT01750905).

Second, genetically predicted higher expression levels of
SORTT1 exhibited effects on reducing the risk of HF in both males
and females, although the evidence was comparatively weaker
in females. Meanwhile, elevated expression levels of these two
genes were associated with increased LVEF levels solely in fe-
males, whereas no such correlation was observed in males.
Drug targeting SORTT1 for the treatment of frontotemporal demen-
tia is currently under clinical development (phase 3 clinical trial,
clinicaltrials.gov: NCT04374136), and the design of drugs targeting
SORTT1 and clinical trials evaluating their effects on HF are awaited.
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lHF Both sex —a 0.95 (0.89-1.01) 1.11x10-1
{ HF Male*

i HE Female . 1.00 (0.95-1.04) 8.33x10""
| HFeEF Male —m— 0.87 (0.81-0.93) 4.57%10°
i HFpEF Male — . 0.97 (0.90-1.04) 3.74x10-1
|

} HF Both sex = 0.97 (0.96-0.98) 3.14x10-10
E HF Male - 0.96 (0.94-0.98) 1.55x10-1
bowF Female —a 0.96 (0.93-1.00) 5.01x102
i HFTEF Male - 0.95 (0.93-0.97) 3.64x107
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Figure 5. Sex-stratified TWMR to estimate the causal effects of gene expression levels on levels of LVEF and risks of HF/HF subtypes

Wald’s ratio method was applied. The effects on LVEF were reported as effect sizes (B) with 95% Cls. Effects of per 1-SD change in gene expression level on
binary outcomes (HF, HFrEF, and HFpEF) were represented as ORs with 95% Cls. The squares are the causal estimates on the B scale for LVEF levels, or OR
scale for binary outcomes, and the whiskers represent the 95% Cls.* The instrument of NPR2, rs78920801, was not available in the male-specific HF GWAS data.
We attempted to use a proxy genetic variant in high LD with this eQTL (r* > 0.8 in the 1000 Genomes data for the relevant population®?) instead. However, no

variant met this criterion.

Third, we identified SHMT1 as a putative causal gene that
showed effects on both LVEF and HF in females, with MR evi-
dence in different tissues. Our findings revealed that genetically
predicted higher expression levels of SHMT1 were linked to an
increased risk of HF and elevated levels of LVEF in females,
whereas little effect was found in males. We did not find a devel-
oped drug targeting SHMT1.

Furthermore, this study identified three causal genes related to
LVEF or HF as potential drug targets: ADORA2B, OPRL1, and
KCNH2. KCNH2 is already targeted by an approved HF drug,
vesnarinone,®® which is an inhibitor of KCNH2. This aligned
with our finding that a lower expression level of KCNH2 was
associated with a lower risk of HF. In addition, we discovered
five other causal genes, CLEC12A, CETP, EDNRA, VKORCT,
and ALDH2, which were already targeted by existing drugs,
four of which were used in the treatment of cardiovascular dis-
eases (Table 1).

DISCUSSION

In this study, we comprehensively investigated the sex-differen-
tial putative causal genes of HF/HF subtypes and LVEF.
Although previous sex-stratified genetic studies recognized HF
as a sex-balanced disease,’**" we observed that 5.0% of the
tested genes exhibit sex-differential effects on HF, and these dif-
ferences can be attributed to sex-differential genetic associa-
tions of HF. Sex-stratified GWASs identified three loci for
LVEF; two loci were only identified in males (FHOD3 and
LSM3), and one locus was found in females only (PTK2). After
detecting causal links between LVEF and HF/HF subtypes,
especially HFrEF in males, we looked for sex-differential causal
genes shared between LVEF and HF/HFrEF. Among 32 sex-dif-

ferential causal genes for HF/HFrEF and 27 sex-differential
causal genes for LVEF, 3 shared causal genes, NPR2, SORT1,
and SHMT1, may play their causal roles on HF through LVEF.
Among these three genes, SORT1 has been previously reported
in GWASs of HF,'® whereas NPR2 and SHMT1 were not. Inte-
grating the MR evidence with drug trial information, we priori-
tized two sex-differential genes as candidate drug targets for
HF. NPR2, the target gene of HF drug Cenderitide, showed
robust MR evidence on LVEF and HFrEF in males but much
weaker in females. SORT1 showed effects on LVEF only in fe-
males and showed effects on HF in both sexes, where SORT1
is the target gene for the drug latozinemab. In addition, among
a total of 202 causal genes of LVEF, HF, and its subtypes identi-
fied in this study, except for NPR2 and SORTT, there were 8 drug
targets for existing drugs, including 3 HF drugs and 4 other car-
diovascular drugs. Our study highlighted the importance of
considering sex-differential genetic effects even in sex-balanced
diseases such as HF and emphasized the value of sex-stratified
GWAS and MR analyses in identifying genetic variants, putative
causal genes, and candidate drug targets for HF, which may not
be identifiable using a sex-combined strategy.

Although omics MR studies integrating QTLs data (i.e., eQTLs)
with GWASSs have been widely used to pinpoint potential causal
genes for complex traits and diseases,'”*""*° the availability of
sex-stratified omics MR studies has only recently emerged.'®
Most of these studies have focused on phenotypes exhibiting
notable sex differences, such as testosterone levels and demen-
tia.*"~** In previous sex-stratified genomic studies that system-
atically screened phenotypes with sex differences,'**' HF was
considered to be a phenotype without sex differences due to
its similar SNP heritability between males and females. This
may partly lead to the lack of further discoveries (e.g., omics
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Figure 6. Shared causal genes between LVEF and HF/HFrEF iden-
tified in this study

Two genes inred (NPR2 and SORT1) were shared causal genes between LVEF
and HF/HFrEF with eQTLs from the same tissue. The remaining gene in black
(SHMTT) was a shared causal gene with eQTLs from different tissues.

MR study) on the sex differences in HF. However, such similarity
in heritability for binary traits, such as HF, may arise due to the
limited power to detect sex differences in the currently available
cohorts.'® Interestingly, our findings reveal that 5.0% of the
tested genes exhibit sex-differential causal effects on HF. Such
sex-differential MR estimates were driven by different genetic
associations of HF between males and females (p = 0.10) rather
than that of eQTLs (p = 0.97). This observation aligns with find-
ings from a previous MR analysis using sex-stratified eQTL
data as exposure.*?

Previous studies have validated the effectiveness of evaluating
the causal effects of genes on intermediate phenotypes to inform
causal pathways and drug targets for cardiovascular dis-
eases.'>***" However, the application of a sex-aware approach
in this field was scarce. Considering that LVEF stratified HF into
subtypes with significant sex disparities, we hypothesized that
sex-differential causal relationships between genes and LVEF
levels may contribute to the sex disparities in HF subtypes. We at-
tempted to inform the mechanism of HF by the following three
sex-stratified analyses. First, by conducting a sex-stratified
GWAS on LVEF, we found that although the heritability (0.17 in
males and 0.19 in females) and genetic correlation (rg = 0.92) of
LVEF were highly similar between males and females, our
GWAS identified three sex-specific LVEF loci. This further high-
lights the need to go beyond heritability and genetic correlation
analyses and indicates that sex-specific loci may be masked in
sex-combined GWASs and only identifiable in sex-stratified
GWASs. One of the findings, PTK2, encodes FAK (focal adhesion
kinase) and has been reported to be associated with other LVEF-
related phenotypes, including LV diastolic function measurement
and atrial fibrillation.*®*° In line with our findings, animal research
yielded evidence of sex-specific neurological effects of FAK.>%*"
Second, sex-stratified MR analysis for LVEF revealed four sex-dif-
ferential genes—OPRL1, CLEC12A, CLEC12B, and CLEC1B—
that exhibited strong causal associations with LVEF in both sexes.
Intriguingly, these genes had opposite effects on LVEF levels in
males and females. In females, higher expression levels of these
genes were related to increased LVEF levels, whereas in males,
it led to decreased LVEF. Third, sex-stratified MR analysis identi-
fied causal genes showing sex-differential effects on HF, and
three of these genes also affect LVEF levels in a sex-biased
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manner. Among these shared genes, higher expression levels of
NPR2 showed a positive association with LVEF levels in males
and a negative association with risk of HFrEF in males. Notably,
these effects were not observed in females, suggesting that
NPR2 may exclusively affect LVEF levels and the risk of HFrEF
in males. Taken together, the sex-stratified method outperformed
the common sex-combined analysis in identifying genes that
affect LVEF and HF in a sex-specific manner and potentially
explain causal pathways in HF.

In this study, NPR2, SORT1, and SHMT1 were identified as
three prioritized drug targets. However, the validation of the
drug targets should not rely on only genetic evidence but,
more important, on evidence derived from experiments and clin-
ical trials. NPR2 encodes the primary receptor for C-type natri-
uretic peptide (CNP), a hormone involved in cardioprotective ac-
tions mediated by NPR2/cGMP signaling.”>* Existing
experimental evidence showed that CNP has antiproliferative
and antihypertrophic effects, and activating NPR2 with CNP
was effective in improving ventricular contractility and reducing
the risk of HF and other related cardiovascular conditions in
mice.**~°% In contrast, inhibiting NPR2 in mice led to precursors
to HF, including deteriorated left ventricular systolic func-
tion.>>*%% Furthermore, a drug targeting NPR2, Cenderitide,
has been evaluated in clinical studies with patients with acute
and chronic HF (NCT00839007 and NCT00620308) after
myocardial infarction (NCT02071602), and in stable patients
with left ventricular assist devices (NCT01750905). In a recent
randomized trial involving 18 HF patients with LVEF <40%, Cen-
deritide showed a safety profile and pharmacological effects,
compared with placebo.®’ This further supports NPR2 prioritiza-
tion as a candidate drug target for HFrEF prevention. Further-
more, a next-generation drug called CRRL408, which was de-
signed based on Cenderitide, is currently in its preclinical
investigational drug-enabling program.®® This clinical trial evi-
dence aligns well with our MR evidence, in which our results
further indicate that NPR2 could have better efficacy on HFrEF
in males through increasing LVEF.

SORT1 was previously identified in a sex-combined GWAS of
HF conducted by the HERMES Consortium.'® Building upon this
study, we further investigated the sex-differential associations
between SORT1 expression levels and LVEF and HF/HF sub-
types. Our MR evidence indicates that the drug targeting this
cluster may be more effective in the increase of LVEF levels in fe-
males and have protective effects on HF in both sexes and
HFrEF in males. However, the relationship between SORT7
and HFrEF risk in females remains to be elucidated. Preclinical
studies have identified the crucial role of SORTT in cardiovascu-
lar phenotypes.®*~"° However, the direction of the causal effects
of SORT1 on these phenotypes remains inconsistent.”"""* To
pave the way for the development of cardiovascular drugs tar-
geting SORT1, additional experimental and clinical evidence is
required to fully understand the role of SORT1 in the develop-
ment of cardiovascular diseases, including HF. SORTT1 has
emerged as a potential therapeutic target for ALO01, a mono-
clonal antibody that blocks the receptor encoded by SORT71."”®
A phase 3 clinical trial is in progress to assess the effectiveness
of ALOO1 in treating frontotemporal dementia (NCT04374136).
However, our findings, together with the existing evidence
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Table 1. Drug target validation

Therapeutic target

MR results in this study Open targets database Clinical trial
Causal Outcomes Effect p Overall Genetic Drug Action Indication Phase
gene sizes® score  score
NPR2 Male-stratified  0.65 2.39E-3 0.01 0.00 Cenderitide  Agonist Heart failure 2 (NCT02359227)
LVEF (0.23-1.07)
Female- —0.09 4.86E—1
stratified (—0.36
LVEF t0 0.17)
Male- 0.87 4.57E-5
dominated (0.81-0.93)
HFrEF
OPRL1 Male-stratified ~ —0.32 2.75E-2 0.00 0.00 SER-100 Agonist 2 (NCT00283361)
LVEF (—0.61
to —0.04)
Female- 0.32 8.12E-3
stratified (0.08-0.56)
LVEF
ADORA2B Sex-combined  0.97 4.49E-4 0.02 0.00 Tonapofylline Inhibitor 3 (NCT00709865)
HF (0.95-0.99)
KCNH2 Sex-combined  1.03 2.21E-4 0.50 0.00 Vesnarinone Inhibitor Approved
HF (1.02-1.05)
SORT1 Male-stratified  —0.05 3.85E—1 0.06 0.09 Latozinemab Monoclonal  Frontotemporal 2 (NCT03987295)
LVEF (-0.17 (ALOO1) antibody dementia
t0 0.16)
Female- 0.18 2.20E-3
stratified (0.06-0.29)
LVEF
Male- 0.95 3.64E—7
dominated (0.93-0.97)
HFrEF
CLEC12A Male-stratified  —0.16 6.33E-3 0.00 0.00 CD123/CLL1 CAR-T Acute myeloid 2/3
LVEF (—0.28 CAR-T cells  cell-therapy leukemia (NCT03631576)
to —0.05) (dual
Female- 0.17 1.46E—2 specific)
stratified (0.03-0.30)
LVEF
CETP Sex-combined  1.05 4.36E—4 0.20 0.32 Evacetrapib  Inhibitor Cardiovascular 3 (NCT02227784)
HF (1.02-1.08) disease
EDNRA Sex-combined  0.94 3.16E-5 0.34 0.00 Macitentan Modulator Cardiovascular ~ Approved
HF (0.91-0.97) disease
VKORC1  Sex-combined 1.02 3.76E—4 0.50 0.00 Warfarin Inhibitor Atrial fibrillation ~ Approved
HF (1.01-1.03)
ALDH2 Sex-combined  0.91 1.27E-5 0.07 0.05 ALD-401 Modulator Cerebrovascular 2 (NCT01273337)
HF (0.87-0.95) ischemia
FP-045 Agonist Cardiovascular 1
disease

NPR2 and SORT1 were causal genes that showed sex-differential effects on HF/HFrEF and LVEF in this study.
3Effect sizes are represented by ORs and 95% Cl for binary outcomes, including HF, HFrEF and HFpEF; for the continuous outcome, LVEF, the effect

sizes are P coefficients and 95% CI.

mentioned above, raise concerns about the potential side effects
of ALO01 on cardiovascular health.

In addition, we found that expression levels of SHMT1 were
associated with elevated LVEF levels and increased risk of HF
in females. However, the causal effects were observed in

different tissues and should be interpreted with caution.
SHMTT regulates key reactions in folate-mediated one-carbon
metabolism.”* The functions of SHMT1 in the development of
HF or other cardiovascular diseases have been poorly investi-
gated.”>”® Mimosine, a nonprotein amino acid, attenuates the
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transcription of SHMT1 and was reported to have an antifibrotic
effect.”” However, it was unclear whether this antifibrotic activity
can benefit heart diseases in vivo.”® Further studies are needed
to investigate the effects of SHMT17 on LVEF and HF, particularly
in females.

Furthermore, among the causal genes for LVEF, HF, and its
subtypes identified in this study, three served as existing drug
targets for HF. Our findings offer additional genetic evidence
that may help explain the observed drug effects in clinical trials.
First, an approved HF drug, vesnarinone, inhibited the expres-
sion of KCNH2. This aligned with our finding that lower expres-
sion levels of KCNH2 were associated with a reduced risk of
HF. Second, SER100 was an agonist targeting OPRL1 that
was evaluated in a phase 2 clinical trial (NCT00283361). Howev-
er, the development of SER100 as a drug candidate for HF was
terminated due to its adverse dose-limiting decrease in systolic
blood pressure.”® Our study revealed the sex-differential effects
of OPRL1 on LVEF. Specifically, we found a positive association
between OPRL1 expression levels and LVEF in females and a
negative relationship in males. Third, a lower expression level
of ADORA2B was related to an increased risk of HF in this study;
however, an HF drug, tonapofylline, assessed in clinical trials
was an inhibitor targeting ADORA2B. Notably, the phase 3 clin-
ical trial failed to demonstrate the efficacy of intravenous tonapo-
fylline treatment for acute HF,%° although another trial suggested
that oral agents were beneficial in increasing sodium excretion in
stable HF patients.®"

Limitations of the study

Our study has some limitations. First, the outcome data we used
were derived from case-control GWASs. Therefore, the causal
genes identified in this study represent potential targets for dis-
ease prevention rather than treatment. Further investigations
conducted with HF progression data are needed to validate
the treatment effects of drugs targeting these genes. However,
despite this limitation, one of three gene targets, NPR2, is an
HF drug target. In addition, expression levels of several other
HF treatment targets (i.e., KCNH2) were found to be associated
with the risk of HF. This suggests that there may be some mech-
anistic overlaps between HF prevention and treatment targets.
Second, due to a lack of other types of omics data, our analyses
were restricted to transcriptome data and GWAS data. Studies
incorporating other types of large-scale molecular QTL datasets
are needed to better discover disease mechanisms and identify
potential drug targets.®” Third, this study included only partici-
pants of European ancestry, which limits the generalizability of
the findings to non-European ancestry. Although multiancestry
MR comparisons are of great importance,®’**® data in non-Euro-
pean ancestries are still lacking, which highlights the importance
of well-powered genetic studies in non-European ancestries.
Fourth, the eQTL data used in our study were derived from rela-
tively small sample sizes with 838 individuals, and only 1 instru-
ment for target genes in each tissue was available. This may limit
the statistical power and precision of the MR results. However,
we prioritized using GWASs with larger sample sizes and cases
as outcomes to minimize the impact of this limitation. Fifth, we
used eQTLs data with more males than females and sex-com-
bined and sex-stratified HF data with more HF cases in males
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than in females. This sample size imbalance may affect the sta-
tistical power of our MR analyses, potentially weakening evi-
dence of correlations between gene expression levels (e.g.,
SORT1) and HF/HFrEF risk in females compared to males. In
an ideal situation, we could conduct GWASs after matching
the sample size between males and females. However, our
limited access to summary statistics prevented us from taking
this approach. Sixth, limited by a lack of female-only data, causal
genes of HF subtypes identified in this study were male specific,
and their effects in females remain unknown. This constrained
our investigation of the mechanism of HF. However, a paucity
of female data is a common problem in HF research,® and
such knowledge gaps can only be addressed with sex-balanced
or female-only studies that have increased representation of
females.

In conclusion, our findings indicate that the sex differences in
sex-balanced diseases, such as HF, can still be partly explained
by genetics. Meanwhile, sex-stratified GWASs have the potential
to reveal genetic loci (e.g., PTK2 for LVEF in females). These find-
ings highlight the importance of considering sex-stratified dis-
ease GWAS associations when examining the genetic basis of
sex differences in diseases. Furthermore, we identified two
genes, NPR2 and SORT1, that are causally linked to both
LVEF and HF/HFrEF, exhibiting sex-differential effects. These
genes are potential drug targets for the prevention of HF and
HFrEF by increasing LVEF levels in specific sexes. Further clin-
ical and experimental research is warranted to validate and
explore the feasibility and effectiveness of targeting these genes
for HF prevention and treatment. The analytical model used in
this study can be generalized to other research on complex
diseases without noted sex differences.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

eQTLs Genotype-Tissue Expression (GTEx) project'® www.gtexportal.org/home/

GWAS of sex-combined HF

GWAS of sex-stratified HF
GWAS of sex-stratified LVEF

GWAS of male-dominate HFrEF and HFpEF

Heart Failure Molecular Epidemiology for
Therapeutic Targets (HERMES) Consortium'°
Global Biobank Meta-analysis Initiative (GBMI)'®

Global Biobank Meta-analysis Initiative (GBMI)'®

UK Biobank?®
This study

Million Veteran Program (MVP)'’

www.nature.com/articles/
s41467-019-13690-5
www.globalbiobankmeta.org/

www.globalbiobankmeta.org/
www.ukbiobank.ac.uk/

www.nhature.com/articles/
s41467-022-35323-0

Software and algorithms

MR models Hemani et al.®® github.com/MRCIEU/
TwoSampleMR

LD check Zhao et al.*® github.com/globalbiobankmeta/
multi-ancestry-pwmr

LDSC Ning et al.®* github.com/bulik/Idsc

R Open source https://www.r-project.org/

Other

Variant Effect Predictor (VEP)
Therapeutic Target Database

MclLaren et al.®®
Zhou et al.**

useast.ensembl.org/
db.idrblab.net

OpenTarget Koscielny et al.®® https://platform.opentargets.org/
ClinicalTrials Open source https://clinicaltrials.gov/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yu Xu (jane.yuxu@

gmail.com).

Materials availability

This study did not generate unique reagents.

Data and code availability

The summary statistics of the present sex-stratified GWAS analysis on left ventricular ejection fraction (LVEF) will be deposited to the
IEU Open GWAS database (https://gwas.mrcieu.ac.uk/) upon publication of the article. The data can be accessed using the GWAS
IDs ’ieu-b-5120’ and ’ieu-b-5121. Code for reproducing the study is available at GitHub repository (https://github.com/geneinmylife/
MR-project-Heart-failure). Any additional information required to reanalyze the data reported in this work is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study did not use any experimental models or enroll human subjects.
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METHOD DETAILS

Study design

The current study consists of four parts, as shown in Figure 1. (1) to identify causal genes for heart failure (HF) and explore potential
sex differences in gene-HF associations, we conducted sex-combined and sex-stratified omics Mendelian Randomization (MR) an-
alyses. A pairwise Z score test was used to quantify the sex differences in HF and find sex-differential causal genes. To understand
the underlying reasons for sex differences in HF, we calculated Spearman correlations between gene expression regulations and
genetic effects on HF between males and females. (2) to comprehend the sex differences in left ventricular ejection fraction
(LVEF), we conducted a GWAS analysis for LVEF by employing data from the cardiac magnetic resonance (CMR) imaging sub-study
of UK Biobank (UKB) and stratified the samples by sex. Post-GWAS analyses included Spearman correlation calculation, estimation
of heritability and genetic correlations, as well as sex-stratified MR analyses applying the same analytical pipeline described above
for HF. (3) To investigate the sex-differential causal effects of LVEF on HF, we conducted two-sample MR with sex-stratified LVEF
and HF data. Besides, we analyzed the causal effects of LVEF on two subtypes of HF, HF with reduced ejection fraction (HFrEF), and
HF with preserved ejection fraction (HFpEF) using male-dominate data. (4) Based on evidence gathered from the previous steps, we
assumed that certain genes may play causal roles in HF/HFrEF through their effects on LVEF. Therefore, we identified shared causal
genes between these two phenotypes. This MR evidence was incorporated with drug trial information to find potential drug targets.
Details about the study participants and methods are provided below.

Data resources
Table S2 provides full details of the data sources and sample size.

Study exposures
In the current analysis, expression quantitative trait loci (€QTLs) were used as instruments to evaluate the causal role of genes on
outcomes. The eQTL data were obtained from version 8 of the Genotype-Tissue Expression (GTEx) project, which consisted of
838 individuals (557 males and 281 females, sex was classified based on sex chromosomes).'® Our study focused on eQTLs in tissue
types potentially relevant to the pathology of HF. The evaluated tissue types included: Heart — Atrial Appendage, Heart — Left
Ventricle, Artery — Coronary, Artery — Aorta, Artery — Tibial, Adipose — Subcutaneous, Adipose - Visceral (Omentum), Liver, Pancreas,
and Whole Blood. The tissue selection process was informed of biological mechanisms known to be related to HF.'%%5:87

The following steps were applied to select eQTL instruments: (1) we focused on cis-eQTLs, which are located within 1 Mb of the
associated probe, to minimize associations potentially driven by horizontal pleiotropy; (2) only eQTLs that were closely associated
with genes (with p < 1.0 x 107°) were selected; (3) we assessed the strength of the genetic predictors for each variant using
F-statistics. We considered single nucleotide polymorphisms (SNPs) with F-statistics > 10 as having sufficient power and included
them in our analysis; (4) we used Steiger filtering to identify SNPs that explain more of the variance in the exposure than it does the
variance in the outcome, and only eQTLs with the Steiger filter flag as TRUE were selected. By implementing these rigorous selection
criteria, we aimed to ensure the reliability and validity of the instrumental variables used in our analysis.

Primary outcomes

The primary outcomes were HF and its two subtypes: HFrEF and HFpEF. We obtained sex-combined GWAS summary statistics of
HF from 1) the Heart Failure Molecular Epidemiology for Therapeutic Targets (HERMES) Consortium,'® which includes 26 studies of
European ancestry; and 2) Global Biobank Meta-analysis Initiative (GBMI).'® GBMI is a global biobank that includes genetic and
health data from approximate 2.6 million participants, from which sex-stratified HF data were obtained. To analyze the subtypes
of HF, specifically HFrEF and HFpEF, we utilized GWAS data from the Million Veteran Program (MVP)."' MVP is a large biobank linked
to Veterans Affairs (VA) electronic health record databases. MVP dataset primarily consists of male participants (92%), and most of
the HF cases were males (96.9%), the GWAS data from MVP were specifically used as male-dominate data.

Intermediate phenotypes

There are marked sex biases in the landscape of the two major subtypes of HF, HFrEF, and HFpEF, which are categorized based on
LVEF. Therefore, in the current analysis, the sex-stratified LVEF was used as an intermediate phenotype. We performed sex-stratified
GWAS of LVEF, using data from the CMR imaging sub-study of UK Biobank (UKB).?° The UKB is a large prospective cohort that
initially recruited around half a million participants resident in the UK at an age of 40-69 years in its initial recruitment visit. As a
sub-study of UKB, CMR imaging was performed in Cheadle, United Kingdom, on a clinical wide bore 1.5 Tesla scanner according
to a protocol reported before.®® At the time of the current analysis, data on LVEF from 39,695 individuals were available.

Before conducting two-sample MR analyses to test the causal links between LVEF and HF and its two subtypes, we performed the
following criteria to select instruments that were strongly and independently associated with LVEF: (1) instruments were required to
be associated with LVEF at genome-wide significance level (p < 5.0 x 1078); (2) instruments with F-statistics lower than 10 were
excluded to ensure sufficient instrument strength; (3) linkage disequilibrium (LD) clumping was applied to remove instruments
strongly correlated with each other (r? < 0.001) in 1Mb region.
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Identify sex-combined and sex-stratified causal genes associated with HF

First, we employed sex-combined MR analyses to identify potential causal genes of HF, thus informing the subsequent follow-up
investigation about whether these genes exhibited sex-differential effects. To increase statistical power, we conducted sex-com-
bined MR analyses separately using HF outcome datasets from GBMI and HERMES, and then synthesized the results obtained
from these two datasets using meta-analyses with fixed-effects model. FDR was applied among all MR estimates within each tissue
respectively. Genes with robust MR signals (FDR<0.05) in this sex-combined MR analysis were further tested in sex-stratified MR
analyses. LD check were performed for these potential causal genes of HF.

Second, to examine sex differences in HF, we conducted sex-stratified MR analyses in three steps: 1) identified genes with instru-
ments proxy their expression levels in both sexes, and performed MR on HF separately for males and females; 2) calculated
Spearman correlations to quantify the differences in all pairs of MR estimates shared between the two sexes; 3) conducted pairwise
Z score tests to quantify differences in each pair of MR estimates shared by males and females. A p value of pairwise z-scores <0.05
indicated non-overlapping MR estimates between males and females.

Using Spearman correlation coefficient and the percentage of non-overlapping MR estimates, we detected sex differences in HF.
To reveal the underlying reasons for these differences, we calculated the correlations between gene expression regulations (eQTL
data) and genetic associations with HF (GWAS data) for all gene-HF pairs between males and females. Furthermore, to validate
the findings that sex differences in HF were driven by sex-stratified GWAS associations of HF, we performed MR again with sex-com-
bined eQTL data and male- or female-only HF GWAS summary statistics, separately. Subsequently, we calculated correlations be-
tween these MR estimates and those derived from sex-stratified MR (i.e., the MR estimates from sex-combined eQTLs and male-only
HF GWAS, and the MR estimates from male-only eQTLs and male-only HF GWAS).

To extensively investigate genes with sex-differential causal effects on HF, we selected MR estimates with significant sex-differ-
ential effects (defined as a pairwise Z score p value < 0.01), and then applied an FDR correction to exclude genes that showed weak
association in both sexes. For causal genes with robust evidence (FDR<0.05), LD check was further conducted to evaluate the LD
structure. This approach allowed us to pinpoint genes with sex-differential effects on LVEF and HF, aligning with the primary focus of
our investigation.

Identify sex-stratified causal genes associated with LVEF
The same statistical model used in sex-stratified MR analyses for HF was applied to identify the sex-differential putative causal genes
of LVEF.

Identify causal relationships between LVEF and HF/HF subtypes
To identify potential causal links between LVEF and HF, we performed a two-sample MR analysis. In this analysis, LVEF was the
exposure variable, and the risk of HF/HF subtypes was evaluated as the outcomes.

Identify male-specific causal genes on HF subtypes

Male-specific MR was performed in male-only eQTLs and male-dominant GWAS of HFrEF and HFpEF. We used an FDR threshold of
0.05 for all MR estimates within each tissue respectively, and then LD check for validation. Furthermore, the causal effects of genes
on HFpEF were tested for reference.

Identify drug targets for HF/HF subtypes

Based on previous studies that identified cardiovascular drug targets among shared causal genes between disease-relevant traits
and diseases, ™’ we investigated the overlap between sex-differential causal genes of LVEF and HF/HFrEF to explore potential
drug targets. We assumed that these shared genes could be potential drug targets with sex-specific effects on LVEF and HF, so
we conducted an extensive search for drug information on all the causal genes identified in this study, with a particular focus on these
shared causal genes. To gather drug information and clinical annotations for the potential target genes, two primary sources were
utilized: Therapeutic Target Database (TTD)*>* and OpenTarget.*®* TTD provides valuable information about therapeutic protein
and nucleic acid targets, the specific diseases they target, and the drugs associated with these targets. The OpenTarget recorded
the relationships between genes and diseases, and rated evidence score for each category (e.g., genetic association score) (Table 1).
Details of the clinical trials for potential targets were further verified by checking Clinialtrials.gov.

QUANTIFICATION AND STATISTICAL ANALYSIS

MR analyses

MR allows for the simultaneous use of multiple SNPs as instruments and multiple gene expression traits as exposures.® The analysis
was conducted based on three key assumptions of MR: (1) relevance: the genetic predictors have robust associations with the expo-
sure; (2) exchangeability: the association of instruments with exposures and outcomes is not confounded; (3) exclusion restriction:
the instruments are only related to the outcome through the exposure being studied. Findings were reported according to the
STROBE-MR (Strengthening the Reporting of Mendelian Randomization Studies) guidelines.”®
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For MR analysis aimed at identifying causal genes, the Wald's ratio method was applied to calculate the MR estimates for all instru-
ments, as only one instrument was available for target genes in each tissue. To establish multiple testing-adjusted thresholds and
discover gene-outcome associations with robust signals, we applied a Benjamini-Hochberg FDR of 0.05. For MR analysis aimed at
identifying causal links between LVEF and HF and HF subtypes, we utilized Wald’s ratio method for exposures with only one instrument,
and the inverse variance weighted (IVW) method for exposures with two or more instruments.®’ To ensure the robustness of associa-
tions, we further performed sensitivity analyses using weighted median, MR-Egger, simple mode, and weighted mode methods.

We reported the effects of per 1-standard deviation (SD) change in gene expression level on binary outcomes (HF, HFrEF, and
HFpEF) as odds ratios (ORs) with 95% confidence intervals (Cls). The effects on LVEF were reported as effect sizes with 95%
Cls. All ethical approvals for these analyses can be found in the original studies.

LD check

For causal genes showing robust MR evidence (FDR<0.05), to further distinguish causality from confounding by LD, we evaluated the
LD structure. As gene expression association lacks sufficient SNP coverage in the test region (only top hits were provided from
GTEX), we conducted the ‘LD check’ analysis'” to evaluate the LD. We calculated LD r® between each eQTL and all variants in
the disease-associated region (1Mb window) with GWAS p < 1 x 1073, and r? of more than 0.8 between the eQTL and any of the
outcome variants was considered as evidence for LD checked.

GWAS and post-GWAS study of LVEF

Sex-stratified GWAS of LVEF (continuous variable, UKB data-field ID 22420) was performed among 17,899 men and 19,467 women
of European ancestry in UKB separately. To maximize sample sizes, these two GWAS were conducted using BOLT-LMM,®? a linear
mixed model to account for both relatedness and population stratification, following the in-house UKB GWAS pipeline.®® Genotyping
array (UKB data-field ID 22000) was included in BOLT-LMM as a covariate to account for the potential batch effect, and we assumed
an additive genetic effect on LVEF for each genetic variant. Full details of BOLT-LMM were described elsewhere.* This analysis has
been conducted using the UKB Resources under application number 15825.

Manhattan plots of genome-wide associations were depicted. To estimate the proportion of LVEF that could be attributed to com-
mon variants, we estimated heritability (h?) with linkage disequilibrium core regression (LDSC, v.1.0.1).°° Besides, we employed
LDSC to calculate the genetic correlation between male- and female-stratified HF and LVEF, as well as between male-only LVEF
and HFrEF or HFpEF. These included the following steps: (1) reformatting summary statistics; (2) filtering for the HapMap3 SNPs
with corresponding allele; (3) assessing genetic correlation. The LD scores from the European 1000 Genomes Project dataset
were referenced.*”
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