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Abstract

Aim Cancer treatments are associated with cardiotoxic events that predispose to cardiac pathology and compromise the sur-
vival of patients, making necessary the identification of new molecular biomarkers to detect cardiotoxicity. This scoping review
aims to identify the available evidence on novel molecular biomarkers associated with cardiotoxicity in the adult population
undergoing cancer therapy.

Methods and results The databases Medline, Web of Science, Scopus, and Embase were screened for the identification of
published studies until 23 August 2020, searching for novel molecular biomarkers reported in cancer therapy-related cardiac
dysfunction in adult patients. A total of 42 studies that met the eligibility criteria were included. Fourteen studies reported 44
new protein biomarkers, 18 studies reported 57 new single nucleotide polymorphism biomarkers, and 11 studies reported 171
new gene expression profiles associated with cardiotoxicity. Data were extracted for 272 novel molecular biomarkers reported
and evaluated in 7084 cancer patients, of which only 13 were identified in more than one study (MPO, sST2, GDF-15, TGF-B1,
rs1056892, rs1883112, rs4673, rs13058338, rs1695, miR-1, miR-25-3p, miR-34a-5p, and miR-423-5p), showing values for area
under the curve > 0.73 (range 0.74—0.85), odds ratio 0.26—7.17, and hazard ratio 1.28-1.80.

Conclusions Multiple studies presented a significant number of novel molecular biomarkers as promising predictors for risk
assessment of cardiac dysfunction related to cancer therapy, but the characteristics of the studies carried out and the
determinations applied do not allow suggesting the clinical use of these molecular biomarkers in the assessment of cancer
therapy-induced cardiotoxicity.
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Introduction rence of the baseline malignancy,>™ and impact the progno-

sis of patients treated in the short and long term.® The

The relationship between cancer and cardiovascular diseases
(CVDs) is studied in the field of cardio-oncology/onco-
cardiology.'? This relationship includes the cardiotoxicity as-
sociated to cancer therapies.? Cancer therapy-related cardiac
dysfunction (CTRCD) is recognized as one of the main causes
of mortality among breast, prostate, and bladder cancer
survivors, even surpassing the mortality related to recur-

cardiotoxic events include myocardial dysfunction, heart fail-
ure (HF), coronary artery disease, valvular disease, arrhyth-
mias, pericardial disease, hypertension, and thrombolytic
events, among others.”® The cardiac imaging societies define
cardiotoxicity as a serial decline of left ventricular ejection
fraction (LVEF) despite symptoms,® and despite existence of
other cardiac imaging parameters, such as global longitudinal
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strain (GLS), which could be used to predict CTRCD.' In
addition, the LVEF as a diagnostic tool for early cardiomyop-
athy has poor sensitivity and variable reproducibility,**
highlighting the need to identify novel cardiotoxicity
biomarkers. The molecular biomarkers (as protein, DNA, or
RNA), among other characteristics, must detect cardiac
lesions in earlier stages of the disease, monitoring the
therapeutic benefit of cancer therapy with the risk of
cardiotoxicity and identifying high-risk patients who required
closer cardiac surveillance or the establishment of cardiopro-
tective strategies.!**3

The molecular biomarkers currently accepted in the clinic
are cardiac troponins and natriuretic peptides (BNPs) and
their use for cardiovascular toxicity diagnosis, during and
after cancer therapies, have been recently discussed. For
example, Pudil et al., 2020, reviewed the role of cardiac
biomarkers to monitor cardiac safety during surveillance of
cancer patients receiving radiotherapy, chemotherapy, or
targeted therapies.'* Cardiac troponins are the gold standard
biomarkers for the detection of cardiac injury and cardio-
myocyte necrosis, and the most extensively used biomarkers
to detect cardiac toxicity. BNP and N-terminal pro-B type na-
triuretic peptides (NT-proBNPs) are biomarkers of long-term
cardiovascular dysfunction in asymptomatic patients.*>*®
However, these biomarkers are not useful in all cases,
generating contradictory results.'”*® Therefore, the search
for new biomarkers is necessary. For instance, microRNAs
(miRNAs) that mediate cardiac hypertrophy and fibrosis
may represent important biomarkers of HF,*® as well as sin-
gle nucleotide polymorphisms (SNPs) that are associated
with patients at increased risk of cardiotoxicity due to cancer
treatment.?®

Several studies have reported new molecular biomarkers
of cardiac dysfunction, but there is no clarity on its potential
as biomedical tools to recognize cardiotoxicity risk.
Therefore, we conducted a scoping review?! to identify the
emerging evidence on novel molecular biomarkers of cancer
therapy-induced cardiotoxicity in adult population, as well
as to identify existing gaps in scientific knowledge on this
topic.

Material and methods

Our protocol was developed and written according to the
scoping review methodological framework proposed by
Arksey and O’Malley.*

Literature searches were performed in the following
information sources: Medline (by PubMed), Web of Science
(WoS), Scopus, and Embase. An initial search was performed
by two authors (A. L. R-C. and I. C-E.) on all included
databases using keywords and index terms, followed by an
analysis of the text contained in the title and abstracts, and

the index terms used to describe the study (Supporting
Information, Table SI). In addition to electronic databases,
searching bibliographies and reference lists from relevant
publications were checked for potentially relevant studies.
All searches were carried out until 23 August 2020.

All identified citations were collated, and duplicates were
removed. Abstracts and full-text reviews were screened and
selected by two reviewers (A. L. R.-C. and I. C.-E.) based on
the inclusion—exclusion criteria (Supporting Information,
Table S2). Inter-reviewer disagreement was handled by a
third reviewer (M. T.-F.). The scoping review was guided
following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR).%®

For all included studies, the following data collection item
was recorded: study characteristics, doi, author, year of pub-
lication, country, study designs, population characteristics,
cardiotoxicity definition, and biological sample (Supporting
Information, Table S3, Sheets A—E). The collection informa-
tion was performed by I. C-E. and cross-checked by
A. L. R-C.

Results
Study selection and characteristics

A total of 3484 publications from 2012 to 2020 were identi-
fied (Figure ). Duplicated articles and those that did not
meet the inclusion criteria during the initial screening of titles
and abstracts and full-text analysis were excluded. Addition-
ally, nine articles were incorporated by hand searching by
checking the reference lists of relevant studies. Finally, 42
studies were examined in this scoping review (Supporting
Information, Table S3, Sheet E).

The study design was correctly defined in 22 studies (co-
hort n = 12, case—control n = 7, cross-sectional n = 2, and ran-
domized n = 1) and only 40.4% of the studies were
prospective (Table 1). The studies were conducted in North
America (n = 17), Europe (n = 16), Asia (n = 8), and South
America (n = 1). The most common type of cancer was
breast cancer (n = 30), followed by haematological
malignancies (leukaemia, lymphomas, or multiple myeloma)
(n = 5), lung cancer (n = 1), and colorectal cancer (n = 1).
For the remaining five studies, multiple cancer types were
examined. Cancer therapies were chemotherapy (n = 22),
radiotherapy (n = 4), or target therapy (n = 7), and nine
articles reported the use of combined therapies. The
definition of cardiotoxicity varied across studies, but 66.7%
used the reduction in LVEF defined by the CTCAE.?*

Finally, 14, 18, and 11 studies reported novel proteins,
DNA, and RNA molecular biomarkers, respectively, associated
with cardiotoxicity (Figure 1 and Table I).
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Figure 1 PRISMA flow diagram of the selection process and exclusion criteria. *The article Freres et al., 2018, reported protein and RNA biomarkers

and it is repeated in the n of these biomarker types, but not in the total included studies.
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Patients characteristics

The analysed population consisted of 7084 cancer patients
(age range from 43 to 65.7, median 50 years) with 70.9%
(n = 5018) of females. A total of 6766 patients were treated
with cancer therapy and 1166 patients reported
cardiotoxicity.

Novel protein biomarkers associated with
cardiotoxicity

Fourteen studies evaluated the relationship between levels of
44 circulating proteins and cardiotoxicity induced by cancer
therapy (Table 2 and Supporting Information, Table S3,
Sheet F).>>%® Only transforming growth factor-beta 1
(TGF-B1), interleukin-1 suppression of tumorigenicity 2
(ST-2), myeloperoxidase (MPO), phosphatidylinositol glycan

anchor biosynthesis class F (PIGF), and growth differentiation
factor 15 (GDF-15) were repeatedly evaluated in eight
studies.?> 32 All these proteins have been associated with
cardiac dysfunction; for example, the soluble form of ST-2 is
secreted by cardiac cells in response to myocardial stress
and fibrosis.>® The determination of proteins in plasma was
done by immunoassays (n = 11) and high-throughput (n = 3)
techniques (Table 2).

A protein profile performed in breast cancer patients
showed that >15% tricuspid annular plane systolic excursion
(TAPSE) decline was associated with a significant decrease in
TGF-B1 after adjuvant radiotherapy (P < 0.001).%> Also, a de-
crease in TGF-P1 levels before and after 3 years of follow-up
were independent risk factors for worsening LV systolic dys-
function (P = 0.013).%° Three studies evaluated the associa-
tion of soluble ST-2 (sST-2) with cardiotoxicity.?”3%32
Patients under anthracycline-containing chemotherapy pre-
sented increased sST-2 levels after treatment and were pos-
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Table 1 Study characteristics summary

Variable Treated (n) Cardiotoxicity (n) Included studies
Patients 6766 1166 42
Type of cancer Breast 4532 771 30
Haematological 801 149 5
Colorectal 198 98 1
Lung 63 11 1
Various types 1172 37 5
Cancer treatment Chemotherapy 4667 571 24
Target therapy 1155 219 7
Radiotherapy 253 64 4
Combined 691 312 7
Continent North America 2606 305 17
Europe 2351 584 16
Asia 1753 267 8
South America 56 10 1
Study design Cohort 1538 661 12
Case—control 467 165 7
Cross-sectional 338 191 2
Randomized 450 87 1
Others 3973 62 20
Cardiotoxicity LVEF decline 4251 795 28
Clinical symptoms 2080 220 10
Others 526 151 4
Markers Protein 1002 338 14
DNA 4920 680 18
RNA 899 148 11

LVEF, left ventricular ejection fraction; n, number.

In the haematological type of cancer, leukaemia, lymphomas, or multiple myeloma were included. North America included USA and Can-
ada; Europe included the Netherlands, France, Belgium, Spain, Greece, Romania, Italia, France, Norway, Turkey, and Finland; Asia included

China and Japan; and South America included Brazil.

itively correlated with elevation of the cardiac-specific
isoenzyme troponin T (TnT) (P < 0.001).3? In addition, levels
of sST-2 after 6 months of chemotherapy were negatively
correlated with LVEF (P < 0.05) and were considered an in-
dependent predictor of LVEF change [area under the curve
(AUC) of 0.74] with a sensitivity and specificity of 73 and
79%, respectively.”” Finally, increased levels of sST-2 in
chemo-naive breast cancer patients treated with radiother-
apy during 3 years were associated with a worse GLS
(P =0.034) and LVEF (P = 0.006). However, baseline patients’
characteristics and cardiac doses were also associated with
impairment in GLS.3!

The level of MPO, GDF-15, and PIGF proteins increases af-
ter anthracyclines and trastuzumab therapy, but only changes
of MPO were related to subsequent cardiotoxicity [hazard ra-
tio (HR) = 1.34 (1.00-1.80), P = 0.048]. The combination of
MPO and troponin | (Tnl) was able to improve the risk
prediction of cardiotoxicity.?® A second study confirmed that
MPO, GDF-15, and PIGF biomarkers increase over 3 months
and were associated with the prediction of subsequent
cardiotoxicity against doxorubicin and trastuzumab therapy.*
A prospective cohort study of breast cancer patients treated
with anthracyclines and trastuzumab demonstrated that
higher baseline MPO levels (median 325 pmol/L) before
treatment were associated with an increased risk of

cardiotoxicity for over an extended period of 3.7 years [HR:
1.28 (1.04-1.57), P = 0.019].%°

Novel DNA biomarkers associated with
cardiotoxicity

Eighteen new studies describe the significant association of
57 polymorphic variations with cardiac toxicity induced by
cancer therapy*®™>’ (Table 3 and Supporting Information,
Table S3, Sheet G). These DNA polymorphisms are presented
in genes associated with drug metabolism and detoxification.
Thus, these can be important in establishing a genetic
predisposition or protection for cardiotoxicity. The SNPs were
classified as intronic (22 SNPs), intergenic (14 SNPs), UTRs
(3 SNPs), splice acceptor variants (1 SNP), non-coding genes
(2 SNPs), and missense/synonymous coding genes (15 SNPs).
Of the total SNP evaluated, only rs1883112 (NCF4), rs4673
(CYBA), rs13058338 (RAC2), rs1695 (GSTPI), and rs1056892
(CBR3) were presented in more than one study.*™43°057
Genotyping was performed by PCR-RFLP (n = 1), direct se-
quencing PCR (n = 1), Tagman (n = 5), pyrosequencing
(n =2), array/bead-based (n = 5), or mass spectrometry-based
(n = 4) (Table 3).
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Novel RNA biomarkers associated with
cardiotoxicity

A total of 11 studies explored the relationship between
drug-induced cardiotoxicity and 171 RNA expression
markers (Table 4 and Supporting Information, Table S3,
Sheet H).32°%%7 Four studies identified differential expression
profile in 96 genes and seven determined the potential of 75
circulating microRNAs. The miR-1, miR-25-3p, miR-34a-5p,
miR-423-5p, and BANKZ transcripts were found in two inde-
pendent studies. 3587606266 Tha gene expression screening
was performed using high-throughput sequencing (n = 5) or
RT-gPCR over RNAs previously selected by literature (n = 6)
(Table 4).

The miR-1 showed down-regulation in breast cancer
patients who developed LVEF decline after the completion of
doxorubicin-based chemotherapy but, in a second study, was
associated with decreased LVEF (P < 0.0001) and prediction
of cardiotoxicity (AUC = 0.851).>>%° The miR-25-3p was up-
regulated in lung and breast cancer patients treated with ra-
diotherapy or doxorubicin chemotherapy who developed
cardiotoxicity.?%®® Up-regulation of miR-34a-5p in treated-na-
ive breast cancer patients immediately after anthracycline was
identified as a possible risk factor for cardiotoxicity
development.? The last miRNA, the miR-423-5p, was up-reg-
ulated during chemotherapy treatment and was associated
with decreased LVEF (P = 0.045).3%>° A genomic profile in pa-
tients who presented abnormal LVEF by doxorubicin treat-
ment showed a significant down-regulation of BANKIZ
gene.58’62

Other novel molecular biomarkers of interest

Some novel biomarkers such as miR-223-3p, the protein IgE,
and the rs1045642 (ABCBI) and rs7668258 (UGT2B/) poly-
morphisms were associated with a protective role or lower
occurrence of cardiotoxicity due to cancer therapy.3>4>>4¢¢
Noteworthy, the combined use of MPO and Tnl was able to
provide additive value in predicting subsequent
cardiotoxicity,”® and the measure of proteins BNP, myoglo-
bin, and GPBB (a glycogen phosphorylase released into circu-
lation after myocardial injuries) together in patients with
anthracycline risk cardiotoxicity exhibited an AUC of 0.930
with a sensitivity of 90.3% and specificity of 85.7%.3% Further
on, the combination of miR-17-5p and miR-20a expressions
displayed a predictive benefit for low cardiotoxicity risk
(AUC = 0.842).%% High baseline concentration of chemokine
CCL23 plasma levels before early doses of doxorubicin treat-
ment could predict subsequent LVEF decline in breast cancer
patients (P < 0.05).3° Lastly, the expression profile of circulat-
ing miRNAs in two independent cohorts of colorectal cancer
showed that only up-regulation of miR-1254 could be consid-

ered as a putative biomarker for bevacizumab-induced
cardiotoxicity (Tables 2-4).%*

Discussion

Summary of findings

To the best of our knowledge, this is the first and only scoping
review focused on novel molecular biomarkers associated
with cancer therapy-induced cardiotoxicity in adulthood.
We found a total of 42 articles, examining 44 proteins, 57
SNPs, and 171 differential gene expression profiles. Within
these studies, two approaches are used for the identification
of new biomarkers. The first approach utilizes high-
throughput analysis to identify new biomarkers among the
total of molecules studied.33>37:4043,45-53,58,6264.67 Thg
second approach, used in the most of articles, is a directed
selection based on a previous literature search. Further, in
an attempt to provide a biological context of these novel
molecular  biomarkers with cancer therapy-induced
cardiotoxicity, three articles performed a network analysis
where they identified an over-representation of biological
processes involved in apoptosis, immune response,
drug/response transport, collagen metabolism, and activa-
tion of matrix metalloproteinases.3”°®®2 However, the lack
of complete knowledge on the molecular mechanisms of
drug action constitutes one of the major problems to improve
the biomarker discovery and its role on cardiotoxicity.®® From
the total 272 novel molecular biomarkers reported, only 13
were assessed by two or more studies (MPO, sST2, GDF-15,
TGF-B1, rs1056892, rs1883112, rs4673, rs13058338, rs1695,
miR-1, miR-25-3p, miR-34a-5p, and miR-423-5p). Further-
more, contradictory results were reported when the role
of the same molecular biomarker of cardiotoxicity was
examined in the different studies. For example, the HER2
lle655Val polymorphism was significantly associated with
cardiotoxicity, but a genome-wide study failed to observe
any association between HERZ gene and LVEF decline in
breast cancer patients treated with trastuzumab.**°%5%57
Another approximation used by some authors is attempting
to study the prediction role of these novel molecular bio-
markers in combination with previously recognized cardiac
biomarkers, such as Tnl or BNP, to evaluate cardiotoxicity risk
due to cancer therapy. The authors recognize a superior
performance when two molecular biomarkers were used
together, suggesting the usefulness of this strategy to identify
subgroups of patients with considerable risk to suffer
cardiotoxicity.283%%3

Regarding the types of therapy studied, a lack is observed in
the identification of molecular biomarkers for the new types
of therapy, as immunotherapy. For instance, reviews highlight
the cardiotoxic effects of CAR-T cell treatment such as tachy-
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cardia, hypotension, hypertension, LVEF decrease, and cardio-
genic shock,®*"* but associated molecular biomarkers have
not been investigated. There is also a lack of information
regarding the types of molecular biomarker identified.
For example, studies evaluating the role of epigenetic
biomarkers with cardiotoxicity in patients were not re-
ported, despite that the recent findings demonstrate that
decreased DNA methylation and increased acetylation are
associated to doxorubicin induced in in vivo and in vitro
models.”? These gaps in knowledge added to the fact that
the molecular factors related to cardiotoxicity derived from
cancer treatment are not reported in all types of cancer,
which opens a new field for the discovery of new molecu-
lar biomarkers.

On the other hand, the majority of the studies focused on
the identification of novel molecular biomarkers before or
immediately after treatment to predict early changes in car-
diac parameters to identify patients at high risk of
cardiotoxicity, but cancer therapies may also induce cardio-
vascular late effects.”®’* For instance, study conducted in
long-term survivors of paediatric cancer showed that they
had more than nine-fold increased rates of suffering CHF,
CVD, or stroke compared with general population after che-
motherapy and radiation therapy.”> Therefore, long
follow-up studies for these molecular biomarkers are sug-
gested to understand late cardiac effects due to cancer ther-
apy. In this sense, the absence of a uniform definition for
cardiotoxicity among trials could significantly influence the
validity of the results.>® Even more, establishing a consensus
in the definition of cardiotoxicity is an urgent need. Some in-
teresting studies found in the systematic search were left out
of the selection due to the definition of cardiotoxicity used. A
recent study has made an attempt to uniform these diagnos-
tic criteria suggesting a division of cardiotoxicity into four ex-
clusive degrees groups according to their myocardial injury/
dysfunction that could serve as a guide for future studies in
cardio-oncology field.”®

Regardless of the above and despite advances in
the identification of new molecular biomarkers, further
research is needed to outline whether all these novel
molecular biomarkers could provide additional value in
cardiotoxicity management and risk evaluation over already
established cardiac biomarkers and cardiac imaging
techniques.

Limitation of included studies

This scoping review suggests that knowledge related to
novel molecular biomarkers in cardiotoxicity is in an early
stage of understanding. A common limitation in most of
the studies is the small sample size and reduced number
of individuals experiencing cardiotoxicity events, which
reduce the statistical power and limits the association

between molecular biomarker changes and cardiotoxicity.
Further, due to the novelty of these molecular biomarkers,
the authors did not provide the potential implications of
additional risk factors such as underlying CVDs, age, cumula-
tive dose, or concomitant administration of multiple treat-
ment modalities, which could have been contributing to
the cardiotoxicity outcomes.

There is also a selection bias due to single-institution stud-
ies, cancer types, and population characteristics. Interna-
tional collaboration research and additional replication
studies could help to validate and add consistency to these
novel molecular biomarkers on cardiotoxicity towards their
clinical use. Furthermore, longer follow-up trials and larger
prospective clinical studies are required to establish molecu-
lar biomarker associations as it takes years for some
cardiotoxic regimens to manifest symptoms.

Finally, the exclusion of patients with underlying CVDs
and the lack of control groups, among others, hinder
the application of novel molecular biomarkers in clinical
practices.

Strengths and limitations of scoping review

The purpose of this review was to assess the amount and
the preliminary nature of published evidence for novel mo-
lecular biomarkers associated with cancer therapy-induced
cardiotoxicity in the adult population. This scoping review
used precise methods to ensure a broad search of the liter-
ature, including four electronic databases and a reference
list of relevant publications. The screening and data charac-
terization forms were pre-tested by at least two reviewers
and revised as needed before implementation. Each cita-
tion and article was reviewed by two independent re-
viewers who met to resolve conflicts. A bias towards
English-language terms could have arisen on missing docu-
ments of interest in our scoping review. Our literature
search included different terms used to describe
cardiotoxicity, but other words may also exist. Only 22 arti-
cles reported the study design, and because of the hetero-
geneity, we could not infer the level of evidence for the
literature search.

Conclusions

There is currently a limited amount of research on novel
molecular biomarkers to predict cardiac toxicity induced by
cancer therapies. This scoping review showed that the
investigation of new protein, DNA, and RNA biomarkers in
cardio-oncology is still at early stages and highlighted several
limitations to confirm their added value in cardiotoxicity.
Even though, molecular biomarker research is a promising
area that would help to establish new strategies for CVD
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