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emarkable progress in cancer treatments has

resulted in improved long-term survival.

However, cardiovascular complications
related to these therapies may result in treatment in-
terruptions and worse oncologic and cardiovascular
outcomes. Early diagnosis and management of cancer
therapy cardiotoxicity are therefore critical for safe
and effective cancer treatment and long-term sur-
vival. In this population, established clinical bio-
markers such as cardiac troponin (cTn) and
natriuretic peptides (B-type natriuretic peptide
[BNP], and N-terminal pro-B-type natriuretic peptide
[NT-proBNP]) have shown promise, but studies have
been limited by variable sensitivity, relatively small
study populations with low cardiotoxicity event
rates, and inconsistencies in cardiotoxicity defini-
tions and timing of biomarker ascertainment. Addi-
tionally, these biomarkers are not specific to drug-
induced toxicity. Thus, there is a need to discover
novel biomarkers to accurately identify at-risk popu-
lations, diagnose toxicity early, monitor disease
course, and guide therapies, enabling the implemen-
tation of precision cardio-oncology. This paper pro-
vides a brief overview of the future of biomarker
discovery in cardiotoxicity, translating novel omics
technologies to the clinic.

BIOMARKER SOURCES AND THEIR
COMPARATIVE PROPERTIES

Biomarkers can be obtained from any products or
parts of the body, including urine, blood, and tissues.
Human-induced pluripotent stem cells (iPSCs) can be
generated from patients’ somatic cells such as pe-
ripheral blood mononuclear cells and differentiated
into relevant cardiovascular or immune cell types,
providing a novel source of biomarkers. Figure 1 lists
common sources of biomarkers and their properties.
Briefly, urine and blood are abundant, noninvasive,
and easy to collect. Blood cells provide an excellent
source of genomic materials and immune phenotyp-
ing. However, biomarkers from those sources may
lack specificity for cardiac pathology and suffer from
wide variability and poor reproducibility due, in part,
to the multiorgan effects of cancer treatments. Bio-
markers obtained directly from cardiac tissue provide
tissue-specific and physiologic information; however,
those samples are often difficult to obtain due to
procedural risk and cost. iPSC-derived cardiovascular
cells are cardiac-specific, albeit immature. They can
be cultured in a dish with a nearly limitless supply of
cells and allow serial collection without requiring
invasive procedures or additional clinical sampling.
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ABBREVIATIONS
AND ACRONYMS

BNP = B-type natriuretic

peptides

CHIP = clonal hematopoiesis of

indeterminate potential

€Tn = cardiac troponin

CyTOF = mass cytometry by

time-of-flight

DCM = dilated cardiomyopathy

GWAS = genome-wide
association study

iPSC = induced pluripotent

stem cells

IncRNA = long non-coding RNA

miRNA = microRNA

scRNA-seq = single-cell RNA-

sequencing

They retain patient-specific genetic infor-
mation and enable personalized screening.
However, reprogramming and maintenance
of iPSCs are costly procedures and are labor
intensive, and iPSC-derived cells alone lack
environmental and physiologic relevance (1).

OMICS APPROACHES FOR NOVEL
BIOMARKER DISCOVERY

Omics technologies allow high-throughput
generation of large amounts of data for a
specific molecular type such as DNA, pro-
teins, and metabolites (Figure 2). By using
bioinformatic tools combined with detailed
clinical phenotyping, researchers can deter-
mine whether particular genetic or molecular

patterns are associated with increased car-
diotoxicity risk. This approach may enable
novel biomarker discovery, provide mechanistic and
therapeutic insights, and generate hypotheses for
future investigations.

GENOMICS. Genomic influence on the risk of cancer
therapy-induced cardiotoxicity has been actively
researched, given widely variable interindividual
susceptibility. Hypothesizing shared genetic risk be-
tween dilated cardiomyopathy (DCM) and cancer-
therapy induced cardiotoxicity, Garcia-Pavia et al. (2)
sequenced putative DCM genes and found an
increased prevalence of TTN-truncating variants in
cardiotoxicity cases. In a separate study, Aminkeng
et al. (3) conducted a genome-wide association study
(GWAS) in 280 patients of European ancestry treated
with anthracyclines (32 cases, 248 controls) and iden-
tified a protein-altering variant in RARG that was
highly associated with cardiotoxicity; findings vali-
dated in other cohorts and independently supported
by investigations using patient-specific and genome-
edited iPSC-derived cardiomyocytes (4). Hence, ge-
nomics can be used to identify key genetic variants or
develop polygenic risk scores predicting cancer ther-
apy cardiotoxicity risk. However, for GWAS to yield
meaningful discoveries, many factors need to be
considered, including the overall prevalence of car-
diotoxicity associated with a particular cancer drug,
the number of cardiotoxicity cases and controls being
studied, expected variant frequencies, and the extent
to which cardiotoxicity risk is influenced by variants
(5). Thus far, genomic studies in cardio-oncology have
largely been limited by small numbers and relatively
low cardiotoxicity event rates. This may be overcome
by combining genomic data from various sources.
Another promising genetic biomarker is clonal he-
matopoiesis of indeterminate potential (CHIP), which
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has been linked to an increased risk of aging-related
conditions including cardiovascular disease (6).
Emerging data suggest that CHIP is more common in
patients after cancer treatments such as bone marrow
transplantation and is associated with higher risk of
leukemia and all-cause mortality (7). Although CHIP
is currently an area of active research, it may serve as
an attractive biomarker to identify both cardiovas-
cular and oncologic risk.

EPIGENOMICS. Epigenomics are reversible genetic
modifications that regulate gene expressions without
altering the DNA sequence. Established epigenomic
factors include: 1) DNA methylation and histone
modifications altering chromatin accessibility and
structure; and 2) expression of noncoding RNA, such
as microRNA (miRNA) and long noncoding RNA
(IncRNA), directly interacting with gene transcrip-
tions. A patient-specific epigenomic footprint may
influence the response to environmental insults or
cancer therapies. Additionally, chemotherapies and
radiation therapies may also alter the epigenome,
further impacting gene expression and subse-
quent phenotypes.

Recent developments in epigenetic technologies
to sequence accessible chromatin regions or quan-
titatively interrogate methylation sites across the
genome have advanced the understanding of
epigenetic regulations. With advances in technolo-
gies, investigations using miniscule amounts of
genomic samples (<1 pg) can now provide compre-
hensive epigenomic information. Epigenomic
profiling of the heart, however, has been hampered
by difficulties in obtaining myocardial tissues from
patients. Meder et al. (8) performed epigenome-
wide mapping of DNA methylation in endomyo-
cardial biopsies obtained from 41 DCM patients and
31 controls and compared the results with the
methylation profiles of whole peripheral blood
The authors
observed distinct epigenetic patterns associated
with DCM, identifying 27 epigenetic loci signifi-
cantly enriched in the DCM cohorts, and also iden-
tified a minor subset of DCM-specific methylation
sites conserved in cardiac and blood tissues. Further

samples from the same patients.

studies are needed to examine whether epigenetic
signatures of the heart or other biosamples can
serve as a useful biomarker of cardiotoxicity.

TRANSCRIPTOMICS. Next-generation  sequencing
(NGS) has enabled rapid and affordable sequencing of
RNA, making it possible to quantitatively assess

thousands of gene transcripts. Transcriptomic
profiling of drug-treated iPSC-derived cardiac cells
revealed distinct expression patterns and
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FIGURE 1 Common Sources of Biomarkers and Their Properties
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pluripotent stem cells.

Common sources of biomarkers include urine, blood (serum and blood cells), cardiac tissues, and iPSC-derived cardiac lineage cells (e.g.,
cardiomyocytes, endothelial cells, vascular smooth muscle cells, fibroblasts) and iPSC-derived immune cells such as T cells and lymphocytes
(*). Their comparative strengths and weaknesses to identify clinically useful biomarkers are summarized. CV = cardiovascular; iPSC = induced

mechanistic insights for (9,10) tyrosine kinase inhib-
itor- (11), and trastuzumab-related cardiotoxicity (12).
Together, these studies have also demonstrated
interindividual variation correlating with cellular
toxicity, suggesting underlying genetic contributions
in modulating cellular response to various treat-
ments. These findings exemplify potential utility of
transcriptomic biomarkers to improve accurate diag-
nosis of cardiotoxicity. Additionally, the recent
development of single-cell RNA sequencing (scRNA-
seq) technologies allows cell-specific transcriptomic
evaluation, enabling the discovery of new, relevant
cell populations such as inflammatory cells and
important genes and pathways that mediate car-
diotoxicity (13).

Circulating miRNAs are attractive biomarkers as
they are readily detectable in serum and are stable
against degradation with a long half-life. More than
1,900 human miRNAs have been annotated in the
miRBase database (miRBase: MicroRNA, University of
Manchester, Manchester, United Kingdom) and a
number of miRNAs have already been shown to be
associated with myocardial injury and cardiovascular
death. Oatmen et al. (14) compared serum miRNA
profiles in anthracycline-treated pediatric patients
with age-matched controls. Using a customized
microarray of 84 miRNAs associated with cardiovas-
cular diseases, the authors observed significantly
altered miRNA expression with anthracyclines and

identified 8 miRNAs that correlated with
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FIGURE 2 Omics Strategies for Biomarker Discovery
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Integrated Omics, Computational Biology, Machine Learning

Novel Biomarker Discovery

Clinically informed, omics-based investigations using biological samples, including genomics, epigenomics, transcriptomics, proteomics, metabolomics, and immu-
nolomics, combined with advances in bioinformatics and computational tools may provide an unparalleled opportunity for the discovery of novel, molecularly targeted
biomarkers. ATAC-seq = assay for transposase-accessible chromatin sequencing; CHIP = clonal hematopoiesis of indeterminate potential; ChIP-seq = chromatin
immunoprecipitation sequencing; CyTOF = cytometry by time-of-flight; IncRNA = long noncoding RNA; mRNA = messenger RNA; miRNA = microRNA; NGS = next-
generation sequencing; piRNA = piwiRNA; seq = sequencing; SNP = single nucleotide polymorphism; WGS = whole-genome sequencing.

cardiotoxicity. Although these findings suggest the
potential utility of miRNAs as cardiotoxicity bio-
markers, few markers have been validated, due in part
to differences in isolation and measurement tech-
niques. Future endeavors in optimized measurement
and unbiased sequencing of miRNA may accelerate the
discovery of novel miRNA cardiotoxicity biomarkers.

PROTEOMICS. Although transcriptomic information
provides insights into the proteome, significant
discordance exists, due in part to complex protein
regulation in cells. First, protein synthesis may be
directly correlated with the abundance of RNA tran-
scripts, but many factors contribute to protein
degradation including ubiquitin-proteasome and
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lysosome-mediated proteolysis. Second, there are far
more proteins in the body than there are protein-
coding genes, further complicating proteomic evalu-
ation. Third, although proteomic changes in cardiac
tissues may reflect direct cardiac pathologies, the
associated procedural risk has prevented its wide-
spread use, and researchers have used plasma sam-
ples for proteomics analysis. Beer et al. (15) used mass
spectrometry to comprehensively analyze plasma
proteomic profiles of 3 cardiotoxicity cases versus 4
age- and cancer-matched controls without cardio-
myopathy. Their results suggested that immuno-
globulin E had the largest and most consistent
differences in the levels between cases and controls
(15). In another study in noncancer patients, re-
searchers used aptamer-based proteomic technology
to probe the plasma proteome in patients with coro-
nary heart disease (16). The study’s 9-protein risk
score outperformed the Framingham secondary event
risk score in predicting cardiovascular events among
patients with stable coronary heart disease. As such,
proteomics-based studies may allow the discovery of
novel protein biomarkers or the development of a risk
score to predict those at risk for cardiotoxicity.

METABOLOMICS. Metabolomics is the analysis of
metabolites in the body such as amino acids, lipids,
and organic acids. According to the Human Metab-
olome Database, there are >100,000 metabolites,
which include endogenous metabolites and metabo-
lites from external sources such as food and envi-
ronmental pollutants. Circulating metabolites not
only reflect the end products of bodily processes but
provide unique insights into the interplay between
environmental exposure and development of car-
diotoxicity. Although metabolomic profiling of
plasma or urine samples can provide valuable insight
into metabolic pathways critical to cardiotoxicity,
cancer therapies typically have a broad impact in the
metabolism of multiple organ systems, complicating
interpretation. One way to circumvent this problem
would be to use cardiac-specific tissues, such as iPSC-
derived cardiovascular cells, to identify cardiac-
specific metabolic perturbation by specific cancer
therapies (1).

IMMUNOLOMICs. With the introduction of immuno-
therapies, there have been increasing reports of
immunity-related cardiovascular complications such
as myocarditis. Omics-based immune profiling of
whole blood or affected tissues, immunolomics, may
provide insights into new mechanisms and bio-
markers. The major approaches include: 1) genetic
sequencing of the complementarity-determining
regions and the antigen-binding portion of the

Primer on Biomarker Discovery in Cardio-Oncology

T-cell-receptor beta chain, so-called immuno-seq; 2)
scRNA-seq of immune cells; and 3) a single cell-level
proteomic evaluation of immune cell surface re-
ceptors using a mass spectrometry-based approach
called mass cytometry by time-of-flight (CyTOF), all
of which are used to characterize cellular composi-
tions and molecular characteristics of immune cells.
Johnson et al. (17) used immuno-seq to identify se-
lective clonal T-cell populations potentially involved
checkpoint inhibitor myocarditis.
Although immunolomics are still at an early stage,
they may provide a novel class of biomarkers with
which to identify immune-related complications.

in immune

INTEGRATED MULTI-OMICS
BlOLOGY. With advances
computational biology, the aforementioned multi-

AND SYSTEMS
in bioinformatics and

level omics data can be simultaneously and longitu-
dinally studied, which may help narrow biomarker
candidates and also reveal important interaction
networks. Rose et al. (18) performed integrative
multi-omics profiling from patient samples collected
quarterly for up to 8 years. They constructed predic-
tion models to identify patients at risk for developing
type 2 diabetes mellitus and also reported >60 clini-
cally actionable health discoveries to implement diet
and exercise changes. With accumulating integrative
and longitudinal multi-omics data, comprehensive
molecular signatures specific to cardiotoxicity of
cancer therapy may accelerate actionable health and
biomarker discoveries.

CONCLUSIONS

Despite significant progress, there is an important
need to continue to develop the necessary infra-
structure and technologies to advance biomarker
science. Emerging omics technologies and bioinfor-
matics tools coupled with access to large patient
populations may provide an unparalleled opportunity
to discover novel, molecularly targeted biomarkers.
This would facilitate better risk stratification, pre-
vention, and treatment of cancer therapy-associated
cardiotoxicity.
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