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Clinical-transcriptional prioritization of the
circulating proteome in human heart failure

Graphical abstract

Can we prioritize heart failure (HF)-specific targets using the circulating
proteome and myocardial transcriptomics?

How does the circulating proteome relate to echocardiographic phenotypes of HF?
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How do targets prioritized from circulating proteome relate to myocardial cell-
specific gene expression in failing hearts and during myocardial recovery?
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e Expanding studies in epidemiology identify many molecular

targets in heart failure

Prioritizing among these targets for downstream studies is
critical

We link a proteome to cardiac structure, function, outcomes,
and transcription

This offers a complementary proteomic-transcriptional path
for discovery
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In brief

Studies in epidemiology have identified
many targets in heart failure, fueling the
need to identify ways to prioritize among
them for discovery. Here, Perry et al.
enlist a combined proteomic-
transcriptional approach to identify
biological targets in human heart failure.
This approach offers a complementary
path for target discovery for future
studies.
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SUMMARY

Given expanding studies in epidemiology and disease-oriented human studies offering hundreds of associ-
ations between the human “ome” and disease, prioritizing molecules relevant to disease mechanisms among
this growing breadth is important. Here, we link the circulating proteome to human heart failure (HF) propen-
sity (via echocardiographic phenotyping and clinical outcomes) across the lifespan, demonstrating key path-
ways of fibrosis, inflammation, metabolism, and hypertrophy. We observe a broad array of genes encoding
proteins linked to HF phenotypes and outcomes in clinical populations dynamically expressed at a transcrip-
tional level in human myocardium during HF and cardiac recovery (several in a cell-specific fashion). Many
identified targets do not have wide precedent in large-scale genomic discovery or human studies, high-
lighting the complementary roles for proteomic and tissue transcriptomic discovery to focus epidemiological
targets to those relevant in human myocardium for further interrogation.

INTRODUCTION

Despite advances in heart failure (HF) care and prevention ef-
forts, the lifetime risk of HF at age 50 years is nearly 1 in 4." HF
has a dismal prognosis once diagnosed despite guideline-
directed medical therapy.” While the pathophysiology of HF
can be studied in preclinical animal models through genetic
manipulation and phenotyping, critical genetic and physiological
differences between these model systems and human biology
limit the translatability of findings (e.g., lack of consistency in ef-

myocardial tissue in many patients with HF is challenging, given
that endomyocardial biopsy is rarely indicated clinically and not
without risk. Thus, there is a need to develop non-invasive
methods in humans that (1) identify molecular surrogates of
cellular physiology that are (2) relevant to HF and (3) exist early
in its progression to identify and prioritize pathways causally
implicated in pathogenesis for targeting.®™”

For the last nearly two decades, large human population-
based studies have leveraged increasingly broad profiling efforts
from circulation (“omics”) to identify prognostic and diagnostic

fect, off-target effects, confounding, etc.). Obtaining human biomarkers of HF, its phenotypes, and genetic susceptibility. ">
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Nevertheless, HF is a phenotypically heterogeneous, acquired
condition with contributions from multiple organ systems,
limiting studies of genetic susceptibility. Furthermore, sifting
through hundreds of clinical phenotype-to-molecule associa-
tions from large populations presents a “needle-in-a-haystack”
problem, given the time and cost inefficiency of gain- and loss-
of-function screens in model systems. In addition, mapping to
extant resources (e.g., Tabula Sapiens,” GTEx'?) is limited, as
the included samples are not specifically targeted to HF. This
represents a fundamental problem in the next phase in HF
studies (and cardiovascular omics more broadly): are there any
plausible methods to “filter” the circulating biomarker space to
prioritize targets of particular interest in HF?

We addressed this question by using successive layers of pri-
oritization from the proteome, phenome, and myocardial tran-
scriptome at single-nucleus resolution in HF and during myocar-
dial recovery as an approach to parse targets from cohort
epidemiology of relevance in human HF. We first studied nearly
50,000 individuals across three population studies (Coronary Ar-
tery Risk Development in Young Adults [CARDIA], Framingham
Heart Study [FHS], UK Biobank) to identify robust cross-cohort
circulating proteomic signatures of key clinical measures,
including echocardiographic pathophenotypes that predispose
to HF and long-term incident HF (“clinical prioritization”). We
mapped these targets onto (1) cell-specific gene expression in
human hearts with and without HF (including across cardiac
chambers) and (2) during myocardial recovery (under ventricular
assist device unloading) using single-nucleus RNA sequencing
(snRNA-seq). Our primary hypothesis was that—despite the
various tissue sources of the human proteome and potential
RNA-protein  discordance—overlaying circulating proteins
related to clinical phenotypes on cell-specific myocardial gene
expression across HF states and with HF therapy might offer a
way to prioritize targets for future study that demonstrate rele-
vance within both populations and human myocardial tissue.

RESULTS

Characteristics of included study participants

The characteristics of participants from the population-based
cohorts are shown in Tables 1 and 2. CARDIA participants had
a mean age of 50 years (56% women, 46% Black), compared
to a slightly older distribution of age and a similar balance across
gender in FHS and UK Biobank participants (who were primarily
White). There was an overall low prevalence of cardiovascular
disease (CVD) and moderate to high prevalence of risk factors
(e.g., BMI, hypertension) across cohorts.

Identifying a structural-functional proteome of the
human heart

Our first step was to define cross-sectional proteomic correlates
of echocardiographic measures capturing a broad myocardial
phenome, across left ventricular (LV) systolic function, LV dia-
stolic function, LV morphology, and right ventricular (RV) function
to assemble a “structural-functional” proteome of human HF
susceptibility (Figure 1A; full regression summaries in Data S1).
Across both derivation and replication sets within CARDIA, we
identified the greatest number of proteomic associations with
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LV diastolic function (2,492 Somalogic aptamers), followed by
LV systolic function and morphology (1,125 and 808 aptamers,
respectively; Figure 1B). Of note, we did not replicate associa-
tions with measures of RV function identified in our derivation
sample, likely owing to the limited sample size for both TAPSE
and RV measures. For individual phenotypes and proteins, we
observed a broad concordance in derivation and validation pro-
tein-phenotype associations (r = 0.6; p < 0.001; Figure 1C), sug-
gesting internal validity. We validated the associations with two
key HF-related echocardiographic phenotypes (LV mass and
left atrial dimension) available alongside aptamer-based prote-
omics in the FHS (Figure S1), demonstrating broad concordance
in the directionality of protein-to-phenotype correlations be-
tween CARDIA and the FHS. In total, 2,663 aptamers signifi-
cantly associated with any echocardiographic phenotype (repre-
senting 2,454 unique proteins) in both derivation and validation
samples, of which 413 were jointly associated with at least one
measure of LV systolic function, LV diastolic function, and LV
morphology. These 413 aptamers (378 unique proteins) were
carried forward for further analysis.

Prioritization of targets based on HF association in two
diverse cohorts

To further enrich for proteins related to the eventual clinical
phenotype of interest (HF), we next performed regression in
two independent cohorts —the FHS and UK Biobank —to identify
proteins associated with incident HF. This approach addresses
potential issues around reverse causation of protein-phenotype
associations in CARDIA by examining the relation of a protein to
an incident HF outcome. Of the 2,663 aptamers in our cardiac
structural-functional proteome from CARDIA, we filtered to
those aptamers related to LV systolic function, LV diastolic func-
tion, and LV morphology parameters (N = 413) and tested their
associations with clinical HF in either the FHS or UK Biobank.
To capture the broadest related proteome for discovery, we
adjusted for age and gender (and race in the UK Biobank) in
Cox models, electing not to adjust for potential mediators for
this initial step (hypertension and obesity; regression summaries
in Data S1).

In the FHS, we observed 230 incident HF events (median: 25
years of follow-up; 25"-75" percentile: 18-27 years), with 48 ap-
tamers (out of 74 tested; Figure 2A) associated with incident HF.
In the UK Biobank (1,092 events; median: 13.4 years of follow-
up, 25"-75" percentile: 12.7-14.1 years), we identified 177 pro-
teins (out of 378 tested; Figure 2B) associated with incident HF.
Despite differences in proteomic coverage and cohort charac-
teristics, effect sizes in the FHS and UK Biobank (where protein
quantification was present in both cohorts) were generally
consistent (r= 0.67, p < 0.001). We did not observe a statistically
significant interaction between any proteomic aptamers and age
in regression models for incident HF in the FHS, but we did find
24 proteins with weak interactions with age in the UK Biobank
(Figure S2). Of the 378 unique proteins (from 413 SomaScan ap-
tamers) in our cardiac structural-functional proteome from
CARDIA related to LV systolic function, LV diastolic function,
and LV morphology, 134 proteins were associated with incident
HF in either the FHS or UK Biobank. In pathway analysis (using
the entire CARDIA assayed proteome as a background), these
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Table 1. Characteristics of participants from the CARDIA study

Derivation set (N = 2,075) Validation set (N = 890)
Covariate Mean (SD)/N (%) Missing data Mean (SD)/N (%) Missing data p value
Age at year 25 50.1 (3.7) 0 50.2 (3.6) 0 0.45
40-49 years 845 (40.7%) N/A 354 (39.8%) N/A N/A
50-59 years 1,230 (59.3%) N/A 536 (60.2%) N/A N/A
Female (n, %) 1,176 (56.7%) 0 481 (54.0%) 0.19
Black (n, %) 966 (46.6%) 0 410 (46.1%) 0.81
Body mass index, kg/m? 30.2 (7.2) 4 30.3 (7.1) 0 0.88
BMI <25 511 (24.7%) N/A 206 (23.1%) N/A N/A
BMI 25-30 661 (31.9%) N/A 278 (31.2%) N/A N/A
BMI >30 899 (43.4%) N/A 406 (45.6%) N/A N/A
Systolic blood pressure, mmHg 118.2 (15.1) 3 119.6 (15.9) 1 0.021
SBP <130 1,681 (81.1%) N/A 696 (78.3%) N/A N/A
SBP >130 391 (18.9%) N/A 193 (21.7%) N/A N/A
Smoking status (n, %) N/A 15 N/A 4 0.96
Current smoker 551 (26.7%) N/A 235 (26.5%) N/A N/A
Quit within a year 121 (5.9%) N/A 50 (5.6%) N/A N/A
Never or quit over a year 1,388 (67.4%) N/A 601 (67.8%) N/A N/A
Diabetes (fasting glucose >126 mg/dL or 169 (8.1%) 0 69 (7.8%) 0 0.72
on medications) (n, %)
History of heart failure hospitalization 39 (1.9%) 0 8 (0.9%) 0 0.07
Any cardiovascular disease by year 70 (3.4%) 0 27 (3.0%) 0 0.63
25 (n, %)
Total cholesterol (mg/dL) 191.7 (37.1) 0 192.8 (36.3) 0 0.43
Total high-density lipoprotein cholesterol 57.5(17.1) 0 58.3 (19.4) 0 0.29
(mg/dL)
LV end-diastolic volume (mL) 111.3 (29.4) 150 112.9 (31.4) 65 0.18
Normal 1,835 (95.3%) N/A 786 (95.3%) N/A N/A
LV end-systolic volume (mL) 43.7 (17.8) 151 44.3 (18.5) 65 0.41
Normal 1,810 (94.1%) N/A 782 (94.8%) N/A N/A
LV mass (9) 170.1 (563.2) 158 171.3 (52.8) 66 0.61
Normal 1,368 (71.4%) N/A 589 (71.5%) N/A N/A
E/e’ ratio 8.1 (2.4) 54 8.0(2.2) 26 0.74
Normal 1,670 (82.6%) N/A 730 (84.5%) N/A N/A
E/A ratio 1.3(0.4) 34 1.3(0.4) 15 0.94
Normal 1,989 (97.5%) N/A 849 (97.0%) N/A N/A
LV ejection fraction (%) 61.4 (7.5) 151 61.4 (6.9) 65 1.00
Normal 1,831 (95.2%) N/A 803 (97.3%) N/A N/A
Peak longitudinal strain (%) —-15.0 (2.4) 263 -15.1 (2.4) 111 0.52
Normal 1,665 (91.9%) N/A 711 (91.3%) N/A N/A
Left atrium internal dimensions (cm) 3.7 (0.5) 56 3.7 (0.5) 29 0.43
Normal 1,244 (61.6%) N/A 515 (59.8%) N/A N/A
Left atrial volume (mL) 49.6 (16.0) 28 50.4 (16.0) 6 0.25
Normal 1,253 (67.8%) N/A 538 (68.7%) N/A N/A
Tricuspid annular plane systolic excursion 2.5(0.5) 169 2.6 (0.5) 53 0.25
(cm)
Normal 1,816 (95.3%) N/A 796 (95.1%) N/A N/A
Estimated RV systolic pressure (mmHg) 31.1 (5.9 1,286 30.9 (5.8) 554 0.54
Normal 615 (77.9%) N/A 265 (78.9%) N/A N/A

SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; LV, left ventricular; RV, right ventricular; NA, not available.
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Table 2. Characteristics of participants from the Framingham
Heart Study and UK Biobank

UK Biobank
(N = 46,434) FHS (N = 1,886)
Covariate Mean (SD)/N (%) Mean (SD)/N (%)
Age, years 57 (8) 55 (10.0)
<30 0 (0%) 1(0.1%)
30-39 1 (<0.1%) 108 (5.7%)
40-49 10,145 (22%) 506 (27%)
50-59 14,597 (31%) 601 (32%)
60-69 21,381 (46%) 527 (28%)
70-79 310 (0.7%) 139 (7.4%)
>80 0 (0%) 4 (0.2%)
Female, n (%) 25,361 (55) 1,009 (54)
Non-Hispanic White, n (%) 43,414 (93) 1,864 (98.8)
Hispanic White, n (%) N/A 6 (0.32)
Black, n (%) 1,009 (2.2) 1 (0.05)
Asian, n (%) 969 (2.1) 1(0.05)
Other race, n (%) 1,042 (2.2) 14 (0.75)
Body mass index, kg/m? 27.5 (4.8) 27.4 (5.1)
BMI <25 14,756 (32%) 662 (35%)
BMI >25 and <30 11,619 (25%) 762 (40%)
BMI >30 19,817 (43%) 462 (25%)
Current smoker, n (%) 4,970 (11%) 368 (20%)
Systolic blood pressure, 140 (20) 126 (19)
mmHg
Systolic blood 29,548 (64%) 746 (40%)

pressure >130

Diabetes, n (%) 2,686 (5.8%) 145 (7.7%)

Cardiovascular disease, n (%) 3,015 (6.5%) 109 (5.8%)
Total cholesterol, mg/dL N/A 205 (36)
Total high-density lipoprotein  1.44 (0.38) 50 (15)

cholesterol, mmol/L: UK
Biobank, mg/dL: FHS

134 targets specified enrichment in pathways of coagulation and
cell adhesion, among others (Figure 2C).

Chamber enrichment of targets related to varying HF
physiology

To determine whether proteins associated with echocardiographic
traits were enriched transcriptionally inany given cardiac chamber,
we interrogated a previously published snRNA-seq dataset'’ to
evaluate gene expression in the left and right atria and ventricles
of the normal human heart.'" We filtered differentially expressed
genes (at 10% false discovery rate [FDR]) in a stepwise
fashion—(1) atria versus ventricles, (2) left versus right ventricle,
and (3) left versus right atrium, identifying genes most enriched in
the left atrium and left ventricle (165 unique genes in the left atrium
and 81 unique genes in the left ventricle). This filtering method was
chosen to highlight chamber enrichment of prioritized genes (and
does notimply chamber-specific gene expression). Gene symbols
of proteins associated with echocardiographic measures (at 5%
FDR in CARDIA,; Figure 1A) were intersected with those identified
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from the myocardium as above (Figure 3). HSPA1A was enriched
in left atrial cardiomyocytes and associated with LA dimension,
mean E/€’ ratio, and transmitral E/A ratio, consistent with ademon-
strated role for heat shock proteins in atrial pathophysiology (atrial
fibrillation).'>~'® ROBO2, ERP29, and ZNF483 were enriched in
cardiomyocytes of both the left atrium and left ventricle and were
associated with multiple phenotypes. GEM, associated with the
transmitral E/A ratio, was enriched in left atrial fibroblasts and car-
diomyocytes, consistent with putative roles in cardiac contraction
and electrical activity.'®'”

Prioritizing targets via cell-specific myocardial RNA
expression in human HF

The final step of our approach was to identify which targets prior-
itized by structural, functional, and prognostic associations from
the circulating proteome would exhibit dynamic expression in
human heart tissue in two major states: (1) failing (versus non-
failing) myocardium and (2) myocardial recovery with LV assist
device (LVAD) support.'®'?

In this first approach, we studied 11 individuals with HF'® (age:
54.9 + 9.3 years; 36% female; LV ejection fraction: 12.8% + 3.3%)
and 16 heart transplant donors (age: 56.8 + 10.0 years; 63%
female; LV ejection fraction: 59.1% + 6.8%; Data S1). We identi-
fied 64 genes reported in the failing and non-failing myocardial
snRNA-seq data (from the 134 encoding unique proteins priori-
tized by structure/function and clinical association after filters as
discussed in the initial report), of which 60 genes were significantly
differentially expressed in failing versus non-failing hearts in at
least one cell type or across cell types (pseudobulk). We observed
a generally higher myocardial expression for those genes from our
prioritized list relative to all expressed genes (Figure 4A). A pre-
ponderance of differentially expressed genes were concentrated
in fibroblasts, cardiomyocytes, and pericytes, cell types putatively
implicated in myocardial fibrosis and contractile dysfunction (Fig-
ure 4B). Of note, cell-specific differential expression displayed
patterns consistent with known cell-specific roles in HF: for
example, hypertrophy markers were differentially expressed in
cardiomyocytes (ILTRAP, IL1R1, ADAM23, DKK3, etc.), while
fibrosis signaling mediators and collagen were more commonly
differentially expressed in pericytes and fibroblasts (/GFBP4,
MMP2, SERPINE1, and POSTN, among others; Figures 4C and
4D). Collectively, this approach identified genes implicated in
described mechanisms of myocardial injury and hypertrophy,
including those involved in hypertrophy (L1R1,°° IL1RAP?'22
DKK3%%?%), fibrosis and inflammation (MMP2, SERPINE1,>>?"
POSTN,?®=° IGFBP4°'**?), metabolic function (PTGR1,**
TALDO1,2*5 FABP3%%), and ischemia (SERPINF1°"*%). In addi-
tion, we identified a host of other genes across different cell types
not widely described in human HF but with supporting evidence
from model systems (Table 3). Intersecting our prioritized targets
with the results of large-scale murine phenotyping efforts®®
yielded multiple genes whose knockout induced cardiovascular
phenotypes relevant to HF (Data S1). These phenotypes included
enlargement of the heart (TNXB, IL1R1, MMP2, NOTCH3), dilated
LV and reduced contractility (NCAM2), and abnormalities in elec-
trical conduction (SMPDL3A, CHRDL1, CHLT).

In addition, many targets had precedent for involvement in HF
from literature. For example, we observed decreased expression
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Figure 1. Proteomic architecture of cardiac structure and function in CARDIA

(A) Protein associations that are directionally consistent in both CARDIA derivation and validation samples and are significant at a 5% FDR in both after adjusting
for age, gender, and race. “Pearson” reports the Pearson correlation between beta coefficients from models in CARDIA derivation and validation samples for
each respective phenotype. Displayed effect sizes (beta) are from regression models performed in the derivation sample.

(B) An UpSet plot with the number of proteins related to each echocardiographic domain, demonstrating broadly shared proteins implicated across cardiac
phenotypes.

(C) Beta coefficients from linear models of echocardiographic measures as a function of circulating proteins from the derivation (x axis) and validation (y axis)

CARDIA samples (with Pearson r).

of DKK3 (implicated in upregulation in canonical Wnt signaling
and protection from cardiomyopathy in mice®**%), decreased
IGFBP4 (implicated in canonical Wnt signaling®?), increased
POSTN (implicated in myocardial fibrosis®®**"), increased
expression of components of the interleukin-1 receptor (IL1R1,
ILT1RAP; elevated levels of IL-1 signaling have been implicated
in LV hypertrophy and HF?°"??), and increased expression of
EDIL3 (implicated in angiogenesis*®°*"%), among many others
(Table 3). Importantly the clinical-myocardial approach priori-
tized several targets implicated in HF by traditional and associa-
tive genetic approaches (e.g., IDS in Hunter syndrome; RGMB in
genome-wide association studies [GWASs]°), as well as many
targets with a null finding (or no report) in human HF GWASs
but with implicated mechanisms central to HF pathogenesis.
Finally, the approach also captured several genes with broad
cellular processes central to cardiac function, including cell cy-

cle regulation (DPY30, NUDC) and development (CHRDL1T,
BOC, NOTCHS3), without clearly previously outlined mechanisms
in HF. We found model system mechanistic evidence for many
targets identified by our tiered approach (Table 3).

Prioritization of targets via dynamic cell-specific
expression during recovery from HF under mechanical
circulatory support

Identifying whether genes encoding proteins discovered in
epidemiologic approaches are dynamic in longitudinal studies
during HF treatment—potentially even in those individuals who
recover cardiac function with treatment—may provide even
more compelling evidence to link those genes and proteins to
HF disease mechanism. Therefore, we next studied 14 heart
transplant donors'® (age: 51 £ 15 years, 21% female, LV ejection
fraction: 62% + 7% [1 missing value]) and 13 individuals with HF
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Figure 2. Proteomics of incident HF in two independent studies (the FHS and UK Biobank)

(A) Volcano plots in FHS (adjusted for age and gender) and UK Biobank (adjusted for age, gender, race). Blue color indicates <5% FDR. Note that in the FHS where
SomaScan proteomics was used, there can be multiple aptamers for the same protein (e.g., F9).

(B) Pathway analysis of the 134 targets (KEGG, Reactome) prioritized by echocardiographic associations with LV systolic function, LV diastolic function, and LV
morphology, which were associated with incident HF in FHS or UK Biobank. The assayed proteome from CARDIA was used as background. p.adjust indicates

FDR-corrected p values.

(age: 51 + 16 years; 23% female; LV ejection fraction: 16% + 8%;
Data S1). Of the 13 individuals with HF, 5 were “responders” to
ventricular assist device-mediated recovery (increasing LV ejec-
tion fraction 18 £ 12% to 45% + 5%; decreasing LV end-diastolic
dimension 6.9 + 1.5 to 4.9 + 0.6 cm) and 8 were “non-re-
sponders” (increasing LV ejection fraction 15% + 6% t0 21% =+
5%; decreasing LV end-diastolic dimension 7.4 + 1.5 t0 6.5 +
1.5 cm). Changes in transcripts (encoding proteins from our clin-
ical prioritization strategy) in recovered versus non-recovered LV
function in cardiomyocytes, fibroblasts, and pericytes are shown
in Figures 4E-4G. We observed broad dynamic alterations in
prioritized transcripts in a cell-specific manner with different
patterns by recovery status. For example, DKK3 displayed
increased cardiomyocyte expression in individuals who experi-
enced myocardial recovery, directionally consistent with a lower
expression in failing hearts and higher levels associated with
a reduced hazard of incident HF in the UK Biobank (connecting
myocardial and clinical data). Analogously, in fibroblasts
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and pericytes, we observed a dramatic shift in genes implicated
in multiple processes central to recovery, including hypertrophy,
metabolism (PTGR1, TALDO?1), cell injury (RGMB), and fibrosis/
inflammation (MMP2, ROR1, SERPINET).

DISCUSSION

Prioritizing among hundreds to thousands of identified associa-
tions from molecular profiling studies in human populations for
downstream mechanistic and therapeutic studies remains a
challenging part of translational medicine in HF. Here, we lever-
aged layers of clinical and molecular information from human
studies to begin to offer a scheme to address this pressing prob-
lem, spanning proteomics and phenotyping of cardiac remodel-
ing in at-risk populations to single-nucleus transcriptomics
within myocardial tissue in failing and non-failing states to map
these proteins at an RNA level within the human heart. As antic-
ipated based on prior studies,®>®’"""° the clinical association
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Figure 3. Four-chamber deconvolution of proteomic associations
with echocardiographic measures of HF

Made in BioRender. Genes of significant proteins (FDR <0.05 in both CARDIA
derivation and validation sets) associated with echocardiographic measures of
HF were filtered to those significantly differentially expressed in the left atrium
and LV as published."’

step generated a broad array of diverse relations between a pro-
tein target and phenotype or outcome. Filtering these targets
through the myocardial transcriptome achieved a >50-fold
reduction in targets, many of which—despite not previously be-
ing implicated in human HF by genetics —grouped along canon-
ical pathways of fibrosis and extracellular matrix remodeling,
metabolism, hypertrophy signaling, and ischemia. In addition,
several displayed mechanistic evidence in animal and cellular
models of HF. Finally, the addition of a therapeutic perturbation
(ventricular assist device) highlighted several targets of interest
with both regulatory/protective and counter-regulatory/non-pro-
tective transcription consistent with function in model systems.
These results suggest the potential for a complementary para-
digm to translate epidemiologic catalogs of association in HF to-
ward potentially mechanistically interesting, functional targets
for further study.

The concept of tying the proteome to the transcriptome to pri-
oritize targets has recently garnered attention,®° % given the
advent of applying single-cell genomics to sort targets. Despite
this growing interest, two major criticisms have surfaced around
this approach: (1) potential discordances between protein and
RNA abundance may be gene specific and epigenetically influ-
enced (thereby potentially excluding relevant genes) and (2)
concordance between circulating protein abundance and
myocardial transcription does not necessarily mean that the
source of the protein is exclusively cardiac. Nevertheless, tar-
gets that emerge as connected to clinical phenotypes and out-
comes and differentially regulated across HF states and with
therapy are more likely to comprise functionally relevant actors
within the human heart. Supporting the validity of this approach,
this prioritization strategy identified genes historically implicated
in hypertrophy and fibrosis signaling (ILTRAP, IL1R1, ADAM23,
POSTN, etc.) and a set of other genes not previously widely
noted in human HF spanning similar pathways in models
(e.g., DKK3**“° and RGMB, among many others). Interestingly,
several of these genes exhibited dynamic expression during he-
modynamic unloading (LVAD) in a directionally consistent
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manner (e.g., DKK3, IL1RAP, etc.), more dramatically in myocar-
dium from those individuals who experienced recovery. These
targets may be particularly appealing for further study, given
that a primary goal in HF therapy is improvement in LV function.
Certainly, by construction, this approach does not prioritize tar-
gets and mechanisms that are outside the heart (e.g., trans-or-
gan, such as adipose- or immune-cardiac signaling), and inte-
gration of larger proteomic and transcriptomic atlases in
patients with HF (as suggested recently in other conditions®?)
would expand this approach. Indeed, recent reports in aging
suggest that mapping of the human circulating proteome
using tissue-specific RNA-seq atlases may yield “organ-spe-
cific” proteomic profiles that are highly prognostic.®” Neverthe-
less, given costs inherent in large gain- and loss-of-function
screening approaches across multiple targets (e.g., CRISPR-
based screens'®), these results suggest that utilizing epidemio-
logic and transcriptional information to winnow targets to those
directly relevant to human myocardium and clinical HF offers
an important first step.

In addition, we recognize that this epidemiologic-translational
approach does not confirm that the abundance of a given HF-as-
sociated protein reflects secretion by myocardium. Given the tis-
sue ubiquity of proteins, it is currently nearly impossible in human
studies to deconvolve myocardial-specific proteins from the
circulating proteome, and confirming tissue-specific effects will
require additional model system inquiry (e.g., via inducible cell-
tissue-type specific Cre-lox approaches, CRISPR-based ap-
proaches in vitro). Stating that clinically prioritized proteins are
definitively cardiac specific via myocardial transcription was
not the goal of our study. Targets in functional pathways of HF
that display dynamic RNA expression across HF states and
with perturbation and serial sampling during disease recovery
are more likely to identify molecules of importance for down-
stream studies in the myocardium, even if these molecules are
ubiquitous. As a prime example, early studies of the renin-angio-
tensin system (a critical pharmacologic target in HF) demon-
strated concordant induction of renin mRNA expression in
both the heart and kidney in HF®® with plasma and myocardial
renin levels correlated in cardiomyopathy,®* despite a primarily
renal source of human renin in normal conditions. Linking epide-
miologic data with transcriptional states in diseases is even more
pressing in the context of prevention: obtaining myocardial tis-
sue at early states in HF progression—where participants in
the epidemiologic studies in this work fall and where disease-
modifying therapies may have particular benefit—is clinically
inaccessible.

Finally, only a limited number of targets identified here (e.g.,
RGMB?®) had been previously identified by genome-wide studies
of HF, despite a wider array of targets displaying support from
model system systems. In general, HF GWASs have had limited
success in identifying targets in HF, likely due to the heteroge-
neous nature of HF, gene-environment interactions, and pleiot-
ropy with underlying driving risk factors related to acquired
conditions and poor instrumental variables: indeed, major HF-
related loci have been strongly linked to other comorbid dis-
eases on the pathway to HF (e.g., hyperlipidemia, diabetes,
obesity, and blood pressure).®® In contrast, the proteome and
transcriptome directly reflect a variation in phenotype and
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Figure 4. Single-nucleus myocardial prioritization of clinical targets in human HF

(A) The mean count expression (pseudobulked) between the full list of genes expressed versus those 134 prioritized by our approach, demonstrating a higher
myocardial expression for those prioritized genes.

(B) The number of differentially expressed genes by cell type in single-nucleus RNA-seq in HF (dilated cardiomyopathy) versus non-failing (donor) myocardium. '®
“Unique” represents genes uniquely differentially expressed in that cell type; “Shared_Once” and “Shared_Multi” represent genes differentially expressed in one
other cell type or multiple, respectively. The number of differentially expressed genes in the pseudobulk population is shown in black as a reference and not
considered in the shared or unique count for the cell type differentially expressed genes. Fibroblasts, pericytes, and cardiomyocytes are among the top 3 cell
types by number of differentially expressed genes.

(C) A heatmap of the number of shared differentially expressed genes across cell types. Fibroblast and pericytes had the most frequent shared differentially
expressed genes from our prioritized set.

(D) A heatmap of the log, fold change for genes differentially expressed in the three prioritized cell types (now visualized across cell types). Genes with blanks
signify the absence of reporting of differential expression in the parent data. “Ifc” signifies log fold change, and “mean” signifies mean expression.

(E-G) Individual genes across failing and non-failing myocardial samples in fibroblasts, pericytes, and cardiomyocytes by single-nucleus RNA-seq for responders
and non-responders across the three cell types. The y axis represents the fold change in individuals who experienced cardiac recovery (more positive = greater
expression with hemodynamic unloading with assist device). The asterisks reflect an FDR < 10% (executed only across the displayed transcripts).

exposure relevant to HF: coupling proteomics, phenotyping, and  oritization is urgently needed. The emergence of tissue and
single-nucleus human myocardial transcription is a complemen-  circulating proteomic, transcriptional, and epigenetic atlases
tary approach that leverages the disease heterogeneity itself to  during disease is likely to increase the specificity and richness
prioritize targets. of these approaches.
To our knowledge, the approach here presents an emerging

paradigm to connect findings from a large, well-phenotyped, Limitations of the study

observational human setting to dynamic states within human  Despite the promising proteo-transcriptional linkage demon-
myocardium. The key innovation—prioritization through struc-  strated here, our results have several important limitations. First,
tural, clinical, and single-nucleus-based dynamic transcriptional ~we have focused our myocardial snRNA-seq analyses on end-
states—implicated proteins in cardiomyocytes, pericytes, and fi-  stage HF and donor tissue not used in transplantation. This is
broblasts in both canonical and other pathways of metabolism,  due to the clinical accessibility of these tissues (in the operating
ischemia, hypertrophy, and fibrosis, extending results from tran-  theater, at the time of LVAD and/or transplant) and appropriate
scriptional approaches in HF with reduced or preserved ejection  ethical limitations in endomyocardial biopsy at earlier stages of
fraction.'®%%%° We envision that this proteo-transcriptional HF outside of acute severe HF states.’® Second, we chose
approach offers a method (complementary to human genetics) to focus primarily on non-ischemic cardiomyopathy for our
to deliver associations developed from large epidemiologic ef- snRNA-seq analyses, a different area from early HF states (likely
forts for diagnosis and prognosis to the functional space to pri- represented in the community, from where our circulating prote-
oritize targets for mechanistic interrogation. Despite concerns  omic data are derived) and certainly different from ischemic or
around RNA-protein concordance and cardiac specificity, the  other causes of HF. We recognize that this choice may limit the
findings here suggest the plausibility of this approach to identify  reporting of targets perturbed early in the heart or in other dis-
biologically relevant targets (several previously described and ease states. Nevertheless, the success of proteo-transcriptional
across important pathways in HF) at a time when functional pri-  mapping for several targets here underscores the importance of
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Table 3. Prior evidence for select gene targets differentially expressed in cardiomyocytes, fibroblasts, and pericytes

Gene/protein Cell type FC Molecular evidence

Fibrosis and inflammation

DKKS3 (Dickkopf WNT signaling pathway inhibitor 3) CM l implicated in upregulation of canonical Wnt signaling;
higher levels protect from cardiomyopathy in mice®**°

MMP2 (matrix metalloproteinase 2) FB l decreased MMP2 leads to increased hypertrophy to
hypertension in mice”’

IGFBP4 (insulin-like growth factor binding protein 4) FB, PC il implicated in canonical Wnt signaling®'**? and
protective angiogenic responses post-infarct*?;
increased circulating levels with SGLT2i therapy®

SERPINE1 (plasminogen activator FB, PC A human loss-of-function mutations in SERPINE1

inhibitor 1) associated with greater fibrosis, with unclear
mechanism?®

ROR1 (receptor tyrosine kinase-like orphan receptor 1) FB T involved in myofibroblast differentiation; induced in
fibroblasts after transverse aortic constriction in mice,
potentially a protective mechanism against unchecked
inflammation**

IL1RAP (interleukin-1 receptor accessory protein) CM 1 component of the IL-1 receptor complex; implicated in
LV dysfunction; IL-1 blockade improves peak aerobic
capacity*®™’

POSTN (periostin) FB T known marker of activated fibroblasts*®; genetic
knockout of Postn in mice showed less fibrosis in
pressure overload and following myocardial
infarction®®

CHRDL1 (chordin-like 1) FB 1 increased expression protective against adverse
cardiac remodeling and myocardial fibrosis®®

EDIL3 (epidermal growth factor-like repeats and FB T implicated in inflammation and angiogenesis; EDIL3-

discoidin I-like domains 3) deficient mice protected against adverse cardiac
remodeling*® and cardiac dysfunction®®

Metabolism

FABP3 (fatty acid binding protein 3) CM l lower levels worsen response to aortic construction in
mice; can lead to metabolic transition in failing heart
(fatty acid oxidation defect); can be rescued with
PPAR-alpha agonist™®

TALDO(1 (transaldolase) FB l a key enzyme in the pentose phosphate pathway®*;
homozygous deficiency of this gene in humans
includes phenotypic manifestations of liver failure,
aortic coarctation, and cardiomegaly®**"

NRP1 (neuropilin 1) FB, PC WA involved in angiogenesis; rodents without Nrp1
expressed in cardiomyocytes and vascular smooth
muscle cells exhibited cardiomyopathy®?

Hypertrophy and contractile function

UNCS5D (unc-5 netrin receptor D) CM T receptor for netrin-1; netrin-1 signaling mitigates
cardiac dysfunction during pressure overload®®

NCAM1 (neural cell adhesion molecule) FB i related to fibrosis, dilatation, and dysfunction in human
dilated cardiomyopathy; cardiac expression correlates
with circulating natriuretic peptide levels®*

IL-1R1 (interleukin-1 receptor, type 1) CM, FB A involved in IL-1 signaling®®; IL-1R1-null mice are
protected against LV hypertrophy, myocardial fibrosis,
and diastolic dysfunction associated with aging®® and
LV dilation and dysfunction following myocardial
infarction®’

ADAM23 (a disintegrin and metalloprotease domain- CM 1 reduced expression in failing hearts; protective against

containing protein 23) LV hypertrophy®®

DCC (netrin-1) CM T netrin-1 signaling mitigates cardiac dysfunction and

hypertrophy during pressure overload®*

(Continued on next page)
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Table 3. Continued

Gene/protein Cell type FC Molecular evidence

GHR (growth hormone receptor) FB, PC A receptor for growth hormone; mixed data suggesting
possible improved contractility>® with GH
administration; acromegalic patients can exhibit LV
hypertrophy®°-¢?

ROBO2 (roundabout homolog 2) CM, FB A involved in Slit-Robo signaling; implicated in
cardiomyopathy susceptibility®> and congenital heart
defects®*

Ischemia, thrombosis, and hypoxia

CHL1 (cell adhesion molecule L1-like) CM l no large studies in HF; expressed in the carotid body
and may be relevant to hypoxia responses®®

Complement (C3) FB l C3-null mice show decreased fibrosis following
ischemia-reperfusion injury®®; no large HF studies.

SERPINF1 (pigment epithelium-derived factor [PEDF]) FB l circulating levels associated with vascular
inflammation®’; administration of PEDF in a rat model
of acute myocardial infraction was protective against
adverse cardiac remodeling®®

CCN4 (WNT1-inducible-signaling pathway protein 1) PC l induces vascular smooth muscle cell migration and
proliferation®®; unclear role in HF

Other

EGFR (epidermal growth factor receptor) PC ! inhibitors of EGFR increase risk of HF in humans’";
broad implications of EGFR on endothelium and
cardiac development”’

SPARCL1 (SPARC-like protein 1) FB, PC A most studies in the right ventricle; some evidence that
SPARCL deficiency associated with greater
susceptibility to cardiac rupture post-infarct’?

RGMB (repulsive guidance molecule B) FB T higher circulating level associated with lower incident
HF®; appears protective against acute kidney injury via
inhibition of necroptosis’®; directionally consistent in
genetic MR analyses in HF®

IDS (iduronate 2-sulfatase) FB 1 lysosomal catabolism of glycosaminoglycans (Hunter
syndrome); unclear connection to HF

BOC (brother of CDO) FB, PC A elevated plasma levels associated with HF"*

NRXNS3 (neurexin 3) CM, FB A neurexin 3 involved in cell adhesion; may be implicated

in congenital heart disease’® but role in HF unclear

CM, cardiomyocyte, FB, fibroblast, PC, pericyte, FC, fold change (up arrow indicates higher in failing versus non-failing myocardium).

conducting these studies in a wide array of HF conditions (e.g.,
HF with preserved ejection fraction) and other forms (e.g., viral
cardiomyopathy). While discovery in increasingly prevalent HF
subtypes with clinical morbidity (like the preserved ejection frac-
tion) are emerging,®° parsing the cause of HF in epidemiologic
cohorts (either via administrative codes in the UK Biobank or
via chart review in the FHS) is fraught, given incomplete data.
Future efforts focused on these cohorts (e.g., National Institutes
of Health HeartShare program) will yield fruitful data in this re-
gard. Third, transcript-to-protein levels may not be concordant,
with post-transcriptional and post-translational modifications,
protein kinetics in circulation, and secretory-associated modifi-
cations having influence on circulating levels. Given the limita-
tions with single-sample collection in a cohort setting, these
remain important challenges to any work in this space. Finally,
the proteomics panel used in the FHS cohort was an older
version of the SomaScan platform (= 1,000 aptamers) compared
to the CARDIA cohort, and the UK Biobank cohort utilized a
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modern Olink panel (=3,000 proteins, with 378 overlapping
with significant targets from CARDIA). Nevertheless, the
targets that were selected by the cross-platform, cross-cohort
approach (which has proven useful in recent reports®°7)
included those targets that were significant across CARDIA to
the FHS or UK Biobank, including those with proven biological
plausibility (DKK3,2*“° FABP3,°° UNC5D°%). Future studies
across harmonized proteomics are likely to continue to develop
this method.
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Data and code availability

Data from CARDIA used in these analyses are available through the Coronary
Artery Risk Development in Young Adults study (CARDIA; cardia.dopm.uab.
edu). Data from the Framingham Heart Study (FHS) is available at dbGaP
(dbGaP identifier pht006013) or via contact with the FHS coordinating center
(www.framinghamheartstudy.org). UK Biobank data is available at UK Bio-
bank Research Access Portal (analyses here conducted under proposal
approval 57492). This paper does not report any original code. Any additional
information required to reanalyze the data reported in this work paper is avail-
able from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

CARDIA study proteomics and clinical data CARDIA study, dbGaP Deposited at CARDIA Coordinating Center
cardia.dopm.uab.edu; to be posted to
dbGaP phs003491.v1.p1, proteomics

FHS study proteomics dbGaP pht006013

UK Biobank study proteomics UK Biobank Approved access to UK Biobank Research
Access Portal

Single nuclear RNA-seq from dilated Single Cell Portal (Broad Institute) https://singlecell.broadinstitute.org/single_

cardiomyopathy and non-failing hearts cell/study/SCP1303/single-nuclei-profiling-
of-human-dilated-and-hypertrophic-
cardiomyopathy

Single nuclear RNA-seq, four-chamber, Single Cell Portal (Broad Institute) https://singlecell.broadinstitute.org/single_

human heart cell/study/SCP498/transcriptional-and-
cellular-diversity-of-the-human-heart

Single nuclear RNA-seq from cardiac NCBI GEO GEO: GSE226314, GEO: GSE183852

recovery

Software and algorithms

R studio R project https://www.r-project.org

Python Python https://www.python.org

STATA STATA (Version 17) https://www.stata.com

EXPERIMENTAL MODEL AND SUBJECT DETAILS

CARDIA

The Coronary Artery Risk Development in Young Adults (CARDIA) study is a population-based, prospective longitudinal cohort of
Black and White participants across four centers in the United States. Recruitment for CARDIA began in 1985-86 and strove to build
a cohort representative of the Black and White populations in the United States. To participate in CARDIA, individuals had to be be-
tween 18 and 30 years old at the time of initial interview and free from long-term disease or disability (including deafness, blindness,
inability to walk on a treadmill).®” Data from CARDIA for this analysis were collected from 2965 participants who attended a follow-up
visit 25 years after baseline (2010-2011) with proteomics and echocardiographic measurements available. Clinical information and
questionnaires were collected by standardized assessment (study review in ref.®®). Procedures for two-dimensional echocardiogra-
phy in CARDIA have been described previously.®* Measures were selected given their putative importance as pre-clinical markers of
HF susceptibility: (1) apical four-chamber view LV end diastolic volume (ml, indexed by height and log-transformed); (2) apical four-
chamber view LV end systolic volume (ml, indexed by height and log-transformed); (3) M-mode LV mass (grams, indexed by height®”
and log-transformed); (4) mean E/e’ ratio (log-transformed); (5) mitral E/A ratio (log-transformed); (6) apical four-chamber view LV
ejection fraction (%); (7) apical four-chamber peak longitudinal strain (%); (8) M-mode left atrium dimensions (cm); (9) two-dimen-
sional left atrial volume (ml; end systolic LAV in 4-chamber view); (10) tricuspid annular plane systolic excursion; (11) estimated
RV systolic pressure (mmHg). Study participants provided written informed consent, and CARDIA was approved by each site’s
respective Institutional Review Board.

FHS

The Framingham Heart Study (FHS) is a population-based study which initially began in 1948 with 5209 participants from Framing-
ham, Massachusetts. In the 1970s, the Framingham Offspring Study (now known as the Generation 2 cohort) began with recruitment
of the children of the original Framingham participants, with a subset specifically invited due to the presence of coronary heart dis-
ease in their parent.®® We utilized clinical and proteomic data from 1886 participants in the FHS Generation 2 (“Offspring”) cohort® at
the 5 examination cycle without prevalent HF and who had complete data on covariates and incident HF.® Methods for clinical and
biochemical measures have been previously reported.’®~°® HF was defined by 2 major or 1 major and 2 minor criteria (major: parox-
ysmal nocturnal dyspnea or orthopnea, increased venous pressure, distended neck veins, rales, cardiomegaly by radiograph, pul-
monary edema, a third heart sound, hepatojugular reflux, and weight loss on diuretic therapy; minor: ankle edema, nocturnal cough,
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hepatomegaly, dyspnea on exertion, pleural effusion, decrease in vital capacity and tachycardia), as reported previously.® All partic-
ipants provided informed written consent, and all study protocols were approved by the Boston University Medical Center Institu-
tional Review Board.

UK Biobank

We used data from the UK Biobank Pharma Proteomics Project wherein =52,000 participants had proteomic profiling with the Olink
Explore 3072 platform.®® UK Biobank is broadly inclusive of the general population between the ages of 40-69, with sampling from
the National Health Service with stratification on age, gender, and postcode.'°° We excluded participants who reported a history of
heart failure (UK Biobank Data Field 20002) and those with confounding ICD codes that prohibit identification of cases and controls.
History of CVD was defined as physician diagnosed angina, myocardial infarction, or stroke (UK Biobank Data Field 6150). Incident
HF cases were defined using ICD-code based methods (PheWAS package'°"). Time-to-event was defined as the time to first qual-
ifying ICD code, and non-event participants were censored at the date of death (if applicable) or region-specific dates (UK Biobank
Data Field 54): 31 October 2022 for England; 31 July 2021 for Scotland; and 28 February 2018 for Wales.

METHOD DETAILS

Proteomics

Proteomic quantification was performed on collected plasma samples using aptamer (FHS, CARDIA; SomaScan; Somalogic,
Boulder, CO) or antibody-based (UK Biobank; Olink; Uppsala, Sweden) using standard methods.’®'°> CARDIA utilized the
SomaScan 7K platform for protein quantification. In CARDIA, data from sixty-eight participants with >1 sample run were averaged
for use in models. We did not detect batch effects or outlier values (by principal components analysis). We excluded proteins with a
coefficient of variation >20%. A final 7228 aptamers were included in the analysis for CARDIA. Proteins were log-transformed and
standardized (mean 0, variance 1) prior to use in models.

FHS included an earlier version of the SomaScan platform (= 1000 aptamers), and we used published methods to normalize this
data.®'% Briefly, given differences in collection batch in FHS, protein levels were standardized within each of the two batches,
pooled, and rank normalized across all samples with subsequent residualization against assay plate before analysis to remove
plate-based effects, as described previously.®

UK Biobank used the Olink Explore 3072 platform (=3000 proteins). Prior to public release, proteomics data underwent quality
control and review by UK Biobank investigators.®® We used the proteomics data as provided and scaled the normalized protein
expression (NPX) values to mean 0 and unit variance prior to models. To match proteins across platforms from CARDIA
(SomaScan) to UK Biobank (Olink) we matched on UniProt identifier, and manual review of gene symbol and assay names for those
not matched by UniProt.

Single-nuclear RNA sequencing

Publicly available datasets were utilized for single-nuclear RNA-sequencing (snRNA-seq) analyses.'" %9 Myocardial tissue was
obtained as described in the respective studies.'®'® Briefly, myocardial tissue was obtained from left ventricular apical cores at
the time of left ventricular assist device (LVAD) implantation,'® adjacent sections during LVAD explant'® or transplant,'®'® or the
left ventricle from organ donors without a history of heart failure.’"'®"° Single nuclear suspensions were generated through a
combination of gentle physical dissociation (e.g., mincing of tissue or cryosectioning, dounce homogenization, sequential filtration
of debris, etc.) and buffer solutions. Nuclei were loaded onto the 10X Genomics microfluidic platform using either the 3’ v3 or 5’
v1.1 single-cell kits. Downstream processing, QC, and analyses were performed as described below and in the respective
manuscripts.’"819

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical prioritization (population-based studies)

Our clinical prioritization strategy involved selecting proteins significantly associated with both any echocardiographic phenotype (in
both derivation and validation samples) and with incident HF in FHS and UK Biobank. To identify circulating proteomic correlates of
echocardiographic measures, we used linear regression models with individual aptamers as the predictor, adjusted for age, gender,
and race. We randomly split the CARDIA sample to a derivation (70%) and validation sample (30%). We performed linear regression
analyses to assess the association between each log-transformed, standardized aptamer (continuous) and echocardiographic traits
(continuous, transformed as noted above and standardized). In FHS and UK Biobank, we estimated Cox regression models for inci-
dent HF, with individual aptamers (FHS) or assays (UK Biobank) as independent variables, adjusted for age and gender in FHS, and
adjusted for age, gender, and race in UK Biobank. An FDR of 5% (Benjamini-Hochberg) was used across all models to control type 1
error. Aptamers or assays associated with incident HF (after FDR correction), were examined for effect modification by age in Cox
regression models in FHS and UK Biobank. Aptamers that passed a 5% FDR for association with echocardiographic features in deri-
vation and validation samples in CARDIA and were associated with incident HF in either UK Biobank or FHS at the same FDR were
selected for evaluation in single nucleus myocardial transcriptomics. Pathway analysis was performed on prioritized proteins (total
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134 proteins) using ClusterProfiler in R'°* on KEGG and Reactome databases. Hypergeometric tests were used to evaluate enrich-
ment level for each pathway comparing to all the proteins measured.

Myocardial prioritization (single nucleus RNA-seq)

We used single-nuclear RNA-sequencing (snRNA-seq) data from 11 dilated cardiomyopathy (DCM) and 16 non-failing hearts'® as
well as four-chamber expression from a normal human heart for deconvolution approaches.’" In comparing DCM (“heart failure”)
and non-failing hearts, pseudo-bulk and cell-specific differential expression analyses were performed using limma-voom'®® and
two-sided P-values were corrected for multiple testing using Benjamini-Hochberg FDR. We focused our analysis on genes encoding
proteins that filtered through clinical prioritization (see above; CellBender-corrected counts, 5% FDR threshold). We identified the
number of differentially expressed genes per annotated cell types, and focused subsequent cell-specific expression analysis on 3
cell types (cardiomyocytes, fibroblasts, and pericytes) given their putative role in cardiac remodeling. For four-chamber deconvolu-
tion approaches, we identified genes that were differentially expressed using a generalized linear mixed model between (1) atria and
ventricles, (2) between left and right atria, and (3) between left and right ventricles. Those differentially expressed genes (at a 10%
FDR) most expressed in the left atrium and left ventricle were intersected with proteins associated with aforementioned echocardio-
graphic measures indicative of HF risk, significant in both derivation and validation cohorts (at a 5% FDR).

As a final step, we studied transcript dynamics during ventricular unloading, an intervention that specifically impacts myocardial
structure and function. We studied dynamic, cell-specific changes in expression during hemodynamic unloading with a left ventric-
ular assist device (LVAD) in 27 individuals (14 non-failing donors, 13 advanced HF patients), as described.'® We only studied genes
prioritized by the clinical filtering that exhibited cell-specific differential expression in failing versus non-failing myocardium as above
and passed quality control filters as in the primary report.'® In brief, myocardium from the LVAD core (at the time of LVAD insertion)
and from areas adjacent to the core at the time of LVAD removal were used for single nucleus expression profiling. “Responders”
were defined using turn-down echocardiography during low speed assist device support (responders: final LVEF >40% and LV
end-diastolic dimension [LVEDD] <5.9 cm; non-responders: final LVEF <35% with <50% relative improvement in LVEF regardless
of the final LVEDD), as described.'°® Individuals who did and did not experience cardiac structural and functional improvement by
this definition were selected so that LVEF at the time of LVAD insertion was similar between groups. Cell-specific differential expres-
sion between the pre-LVAD state and responders or non-responders post-LVAD was performed using DESeq2. Specifically, cell type
annotations from snRNA-seq were used to select cardiomyocytes, fibroblasts, and pericytes. Subsequently, counts were aggre-
gated within each cell type to the sample level, and DESeq2 was used for differential expression analysis for two conditions: (1)
pre-LVAD heart failure versus responders post-LVAD (paired analysis); and (2) pre-LVAD heart failure versus non-responders
post-LVAD (paired analysis). We executed a type 1 error correction only over the transcripts that passed our initial shnRNA-seq
step in each of the three cell types (DCM vs. donor).
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