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Abstract

Current risk-prediction models for Cancer Therapy—Related
Cardiovascular Toxicity (CTR-CVT) rely predominantly on
demographic, diagnostic, and treatment variables, lacking genetic
determinants of individual susceptibility. Recent evidence suggests
cardiomyopathy-associated genetic variants, particularly Titin-
truncating variants (TTNtv), may be significant in CTR-CVT
development. This review examines the occurrence and impact
of TTNtv in CTR-CVT patients. We conducted a PRISMA-guided
review analyzing T TNtvin patients with chemotherapy exposure who
developed cardiomyopathy. Literature searches were performed in
PubMed and Scopus using keywords: “(cardiomyopathy OR heart
failure) AND (chemotherapy OR cancer therapy) AND (Titin OR
TTNtv).” Quality assessment employed the Newcastle-Ottawa
Scale (NOS) for observational studies and the Joanna Briggs Institute
(IBl) criteria for case reports. We included 2 case-control studies
and 2 case reports. TTNtv prevalence was significantly higher in
chemotherapy-induced cardiomyopathy than in controls: 7.5%
versus 0.6-1.1% (multicenter cohort), and 6.5% versus 0% (single-
center cohort). There are conflicting results regarding symptom
severity and prognosis among those with and without TTNtv
mutation. One multicenter case-control study with animal model
validation demonstrated that chemotherapy is poorly tolerated
in TTNtv carriers. Chemotherapy-to-symptom onset ranged
from 0.4 to 9 years and primarily involved anthracyclines. Among
truncating variations found in the included literature, localization in
the A-band of the titin protein predominated. TTNtv represents
a predominant genetic determinant in CTR-CVT susceptibility,
although its association with severity and recovery outcomes remains
inconsistent across studies. Genetic screening could identify high-
risk cancer patients benefiting from personalized cardioprotective
strategies and enable assessment of prophylactic interventions.
Future investigations will determine if early genetic risk recognition
optimizes cancer and cardiovascular treatments, potentially
transforming precision cardio-oncology care. However, cost-benefit
analysis, validation in diverse populations, and comparison with non-
anthracycline CTR-CVT groups are needed.

Keywords: Titin-truncating variants, Chemotherapy-induced
cardiomyopathy, Cardio-oncology, Genetic predisposition, Review
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Introduction

Risk prediction for Cancer Therapy—Related
Cardiovascular Toxicity (CTR-CVT), previously
described in the literature as chemotherapy-induced
cardiomyopathy, is a cornerstone of modern cardio-
oncology. Current approaches largely depend on
demographic, diagnostic, and treatment-related
factors such as age, baseline cardiac function, and
cumulative drug exposure. While these models help
identify patients at higher risk, they still fail to explain
interindividual variation of cardiotoxicity despite
receiving similar treatment. This variability suggests
that genetic predisposition may play a role. Yet,
despite rapid progtress in cardiovascular genomics,
genetic factors have not been incorporated into
standard  cardiotoxicity risk The
European Society of Cardiology (ESC) working
group has noted that Titin-truncating variants
(TTNtv) confer additional anthracycline-related
risk, establishing groundwork for improved risk
stratification.! This gap underscores the urgent need
for studies exploring the genetic determinants of
CTR-CVT.

Recent research points to sarcomeric gene
variants, especially TTNtv, as possible contributors
to myocardial vulnerability under stress, including
exposure to chemotherapy. Titin, the largest protein
in the human body, is essential for maintaining
sarcomere elasticity and structural stability. Variants
that truncate the TTN protein lead to incomplete or
dysfunctional sarcomeric components, weakening
myocardial contractility. Truncating TTIN variants,
especially those located in the A-band, shape the
genetic architecture of Dilated Cardiomyopathies
(DCM) and are recognized as the most frequently
encountered monogenic basis of DCM. It was
identified in 15-25% of familial DCM and 10-18%
of sporadic ones.” Studies in both pediatric and
adult populations have shown that TTNtv carriers
often present with more severe disease and poorer
outcomes, including progressive heart failure and
need for transplantation, even without a clear family
history.’

assessments.

Table 1. Boolean strategy.

These findings suggest that TTNtv may act as
genetic sensitizers, lowering the threshold for cardiac
injury when the heartis exposed to external stressors.
Environmental and pharmacologic
including chemotherapy,

stressors,
anthracycline alcohol
exposure, and pregnancy, can unmask latent genetic
vulnerability and precipitate overt cardiomyopathy
through gene—environment interactions.>* Mult-
omic analyses of chemotherapy-exposed tissues
have revealed that TT'N is among the genes most
frequently mutated following treatment, highlighting
a potential link between cytotoxic stress and genomic
instability.” Altogether, this evidence supports the
concept that individuals with TTNtv may have
reduced myocardial resilience to the oxidative and
mechanical stress induced by chemotherapy.
Despite these observations, systematic evaluation
of TINtv in CTR-CVT remains limited. In
addition, TN was notably excluded from genetic
risk prediction for anthracycline toxicity in pediatric
cancer models, unlike other genes expressed in
anthracycline cardiotoxicity or cellular adaptation
biological pathways.® This creates a critical equipoise
that necessitates a review of TTIN’s role, specifically
TTNtv, in chemotherapy-induced cardiomyopathy
or CTR-CVT to inform its integration into clinical
risk stratification for a more personalized risk
prediction in the field of cardio-oncology.

Methods

We conducted a PRISMA-guided review
analyzing the prevalence of TTNtv among
patients who developed chemotherapy-induced
cardiomyopathy and  evaluated its  clinical

implications. A comprehensive literature search was
performed using PubMed and Scopus databases on
May 19, 2025, restricted to articles published within
the last five years.

Boolean operators were employed to formulate
the search terms used in the database, as shown
in Table 1 below. The search terms combined
concepts of cardiac toxicity ((cardiomyopathy) OR
(heart failure)), cancer treatment ((chemotherapy)

Database Search Terms Number of Hits
PubMed ((cardiomyopathy) OR (heart failure)) AND ((chemotherapy) OR (cancer 62
therapy)) AND ((Titin) OR (T'TNtv))
Scopus Title, abstract, keywords : cardiomyopath* OR (heart AND failure) 31

AND chemotherap* OR cancer AND titin OR ttn
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OR (cancer therapy)), and genetic variants ((Titin)
OR (TTNtv)) using database-specific syntax for
PubMed and Scopus. The initial search yielded 93
records (PubMed: 62; Scopus: 31) with 13 duplicates
removed. We included original articles reporting the
presence of TTNtv and subsequent cardiomyopathy
or heart failure following chemotherapy exposure,
which included observational studies and case
reports. Abstract-only articles and registry data
were excluded from this review due to limited
methodological detail and peer review. With these
selection criteria, 2 observational studies and 2

case reports were included in the review. Quality
assessment of included studies was performed
using the Newcastle-Ottawa Scale (NOS) for
observational studies and the Joanna Briggs Institute
(JBI) for case reports. Article screening, selection,
and assessment, as well as data extraction, wetre
performed independently by two authors (A.N.L.
and B.A.). Any disagreements were resolved through
discussion, with input from a third author (G.G.S.).

In detail, the flowchart of study selection can be
seen in Figure 1 below:.

[ Identification of studies via databases

]

Records identified from*:

Records removed before

PubMed (n = 62)
Scopus (n =31)

)

Records screened

Identification

[

]

screening:
Duplicate records (n = 13)

Records excluded after
title/abstract screening (n = 76)
Preclinical studies (n = 32)

(n=280)

A4

Outcome not of interest (n = 15)
Review articles (n = 17)

No chemotherapy (n = 10)
Exposure not of interest (n = 2)

Reports sought for retrieval

Reports not retrieved

(h=4)

Screening

(n=0)

A 4

Reports assessed for

Reports excluded after full-text

eligibility
(n=4)

screening
(n=0)

[

!

Studies included in review
(n=4)

Included

Figure 1. Study selection PRISMA flowchart.

Results

This systematic search yielded four studies
processed for qualitative assessment, revealing high
methodological rigor, with case-control studies
scoring 7-8/9 on the Newcastle-Ottawa Scale and
case reports meeting all applicable JBI criteria. The
analysis included 259 patients and 2,655 controls
from case-control studies, plus three patients from
two case reports. Table 2 summarizes the detailed
data extraction and key findings.

As the four included studies were published
from 2017 to 2024, the terminology used to describe
cancer therapy-related cardiovascular toxicity vaties
across them, reflecting evolving guideline standards
during this period. Table 3 summarizes the terms
used in each included study and their relationship to

the CTR-CVT framework adopted in this review per
the 2022 ESC Cardio-Oncology Guidelines.* Where
study-specific terminology appears in subsequent
sections, it is retained for source fidelity and clearly
attributed to its respective study.
TTNtv Prevalence, Clinical Outcome, and
Cardiac Condition on Case-Control Studies
TTNtv prevalence was significantly enriched in
chemotherapy-induced  cardiomyopathy
compared to controls across both case-control
studies. Garcia-Pavia et al. reported 7.5% TTNtv
prevalence in Cancer Therapy-Related Cardiac
Dysfunction (CTRCD) patients versus 0.6-1.1%
in three control groups: unselected breast or lung
cancer from The Cancer Genome Atlas (TCGA)
patticipants  (combined, p=7.36x10"), healthy

cohorts
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Table 3. Terminology used in this review and its relationship to the 2022 ESC Cardio-Oncology
Guidelines Framework.

Term

Abbreviation

Definition as used in
original source

Relationship to CTR-CVT

Used by

Cancer therapy-related
cardiovascular toxicity

Cancer therapy-related
cardiac dysfunction

Cancer therapy-in-

duced cardiomyopathy

Chemotherapy-induced
cardiomyopathy

CTR-CVT

CTRCD

CCM

CCMP

Encompasses the full spectrum
of cardiovascular toxicity attrib-
utable to cancer therapy, including
cardiac dysfunction, ICI (immune
checkpoint inhibitors) myocardi-
tis, cancer therapy-related vascular
toxicity, cardiac arrhythmias, and
arterial hypertension, as struc-
tured in Table S1 of the 2022
ESC  Cardio-Oncology  Guide-
lines supplementary data (Lyon et
al.,, 2022)

Decrease in LVEF to <50% with
>10% treduction from baseline by
echocardiography, per the 2016
ESC Position Paper on cancer
treatments and cardiovascular
toxicity (Zamorano et al., 2016, as

cited in Boen et al., 2024)

Diagnosed irrespective of symp-
toms, based on LVEF <50% (co-
hort B) or <53% (cohorts A and
CO)* with 210% reduction from
baseline by echocardiography, or
LVEF <50% with 210% reduc-
tion from baseline by radionuclide
ventriculography, in the absence
of established coronary artery
disease, cardiomyopathy, primary
valvular disease, or uncontrolled
hypertension (Garcia-Pavia et al,,
2019)

Cardiomyopathy occurring as a
complication of anticancer treat-
ment (used descriptively without
formal diagnostic criteria in the
source publication)

Equivalent to the cardiac
dysfunction phenotype with-
in the CTR-CVT spectrum;
definition predates and differs

from 2022 ESC criteria

Equivalent to the cardiomy-
opathy  phenotype  within
CTRCD/CTR-CVT; predates
2022 standardization

Equivalent to CCM; predates
2022 ESC standardization

ESC 2022
Guideline (Lyon
et al., 2022); this
review

Boen etal., 2024

Garcia-Pavia et
al., 2019

Linschoten et
al., 2017

*LVEF thresholds differ by cohort in Garcia-Pavia et al. (2019): <50% for prospectively enrolled adults (cohort B) and <53% for
retrospectively recruited adults and children (cohorts A and C), reflecting different diagnostic protocols across study sites.

Note: Where study-specific terminology appears in this review, it reflects the original authors’ nomenclature and is retained for

source fidelity. Terminological variation across included studies reflects evolving guideline standards across the publication period
2017-2024. All terms are considered equivalent to or subsumed within the CTR-CVT framework as structured in the 2022 ESC
Cardio-Oncology Guidelines (Lyon et al., 2022), Table S1. Sources: Lyon et al.,, 2022 ESC Cardio-Oncology Guidelines and

supplementary data; Zamorano et al., 2016; Garcia-Pavia et al., 2019; Linschoten et al., 2017; Boen et al., 2024.

volunteers  (p=3.42x10¥), and the reference
population (p=5.87x10").” Similarly, Boen et al.
identified 6.5% TTNtv prevalence in CTRCD
patients compared to 0% in controls, with all
identified variants classified as pathogenic or likely
pathogenic. TTIN mutations represented the most
prevalent genetic abnormality in the CTRCD cohort
(43.0% of all variants detected).®

In terms of clinical and cardiac outcomes,
Garcia Pavia et al. reported that TTNtv carriers had
higher episodes of heart failure hospitalizations and
atrial fibrillation (p=0.003 for each) as well as more

Indonesian | Cardiol Vol. 47 2026

depressed final mean Left Ventricular Ejection
Fraction (LVEF) recovery (39.6£14.2 versus
48.9£10.8; p=0.03)" (Table 4).

Conversely, Boen et al. found no significant
differences in CTRCD severity or recovery rates
between variant-positive (n1=29, 63.0%) and variant-
negative patients. However, subgroup analysis
specific to TTNtv carriers was not performed.
Notably, the overall genetic variant burden in
anthracycline-induced CTRCD  patients
comparable to that observed in CM cohorts used
as positive controls (0.0094 vs 0.0140; p = 0.023).°

was



Table 4. Specific Left Ventricular Ejection Fraction (LVEF) across case-control and case report cohorts.

Study Population

LVEF at CTR-CVT or

~ 0
CCM Diagnosis (%) Last/Follow-up LVEF (%)

Garcia Pavia et al. TTNtv carriers (n=14")
Non-TTNtv carriers (n=158)

All CTRCD patients (with or
without TTNtv, n=46)

n=2 (P1 and P2)

n=1

Boen et al.

Linschoten et al.

Chang et al.

349 £ 74 39.6 £ 14.2%
36.8£9.5 48.9+10.8*
30.1£11.0 46.6£10.0

P1 = 15%, P2 = 20% P1°, P2 = 34%
11% 45%

*The last LVEF measured across TTNtv carriers and non-TTNtv carriers were statistically significant in the study (p=0.003).
? = missing data from two patients noted in the publication of Garcia-Pavia, missing follow-up LVEF of P1 in the publication of

Linschoten et al.

Preclinical Validation of the TTNtv and

CTRCD
Garcia-Pavia et al. provided mechanistic
validation  through complementary preclinical

models. Anthracycline-treated mice with knocked-
in TTNtv demonstrated
dysfunction compared to wild-type controls
(p=0.00004). The results were replicated in stem-
cell-derived harboring TTNty,
showing prolonged contractile impairment following
(p<0.002), establishing
biological plausibility for clinical observation.”
Individual Patient Trajectories in Case Report
The two case reports, each by Chang et al. and

sustained contractile

cardiomyocytes

anthracycline exposure

Linschoten et al., illustrated a heterogeneous clinical
course of TTNtv. Linschoten et al. described two
females diagnosed with ductal adenocarcinoma who
both harbored heterozygous truncating frameshift
mutations in TTN, with outcomes ranging from
fatal progression to partial cardiac recovery.” The
first patient (P1), a 43-year-old with c¢T4N1MO
stage disease, presented with cardiac symptoms
5 months post-chemotherapy and showed severe
cardiac dysfunction with baseline LVEF of 15%,
borderline dilated left ventricle of 56 mm, and
grade 111 diastolic dysfunction with restrictive filling
pattern. Despite treatment, this patient still required
Left Ventricular Assist Device (LVAD) implantation
and ultimately died from metastasis. The second
patient (P2), a 40-year-old with T2N1MO stage
disease, developed cardiac symptoms 7 months
after chemotherapy initiation with a moderately
dilated left ventricle (59 mm) and an LVEF of
20% at initial echocardiography. Her clinical course
indicated dynamic LVEF changes: improving
from 20% to 41% at 10 months, deteriorating to
7%, then partially recovering to 34%. In terms of
variant inheritance, P1 carried a maternally inherited
variant, while P2 had a variant with a family history
of cardiomyopathy.’

Chang et al. reported a 20-year-old male
with  Acute Myeloid Leukemia (AML)
developed severe congestive heart failure following
chemotherapy. Genetic analysis detected a TTIN
in-frame deletion vatiant (¢.55637_55639delAAG).
This patient presented with an initial LVEF of 11%,
which improved to 34% post-intensive care, and

who

subsequently recovered to 45% three years post-
treatment.'’
Temporal Symptoms Pattern and Treatment
Characteristics

There was variability in symptom onset, although
information is limited in all articles, with 0.4-9 years
and 5 to 7 months post-initiation’” as documented by
case reports.”'” Anthracycline-based chemotherapy,
with or without combinations, was the predominant
regimen across all studies. Garcia-Pavia et al
reported 90% anthracycline exposure, while Boen
et al. documented a median cumulative doxorubicin
dose of 300 mg/m? (IQR/interquartile range
112.5—540.0).7" The treatment pattern differed
in the Linschoten et al. study, with two patients
receiving an anthracycline combination with a taxane
and an alkylating agent as a TAC regimen (Taxotere,
Adriamycin, and Cyclophosphamide), with P2 also
receiving trastuzumab (anti-HER2 monoclonal
antibody) and adjuvant radiotherapy. In an AML
case, Chang et al. reported combination regimens of
antimetabolite and anthracycline (daunorubicin).” "
Molecular Characteristics of Identified
Variants

Analysis of 22 TTNtv mutations across all studies
(Table 5) revealed distinct positional clustering
within the Titin protein structure after adjustment
with DNA transcripts. Fifteen mutations dominated
the A-band (n=15), followed by the I-band (n=4),
in proximity to the Z-disk region (n=2), and the
M-band (n=1). This is further illustrated by Figure
2, which schematically represents TTN domain
architecture and maps CTR-CVT-associated TTNtv
across included studies.

Indonesian | Cardiol Vol. 47 2026
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Table 5. Summary of TTNtv identified from included literatures.

No Variant

Impact Titin Protein Band Localization

Garcia-Pavia et al. | TTN Transcript: ENST00000589042

1 chr2:179399704 ¢.101638G>T
chr2:179400742 ¢.100731dupA
chr2:179410112 ¢.95722+2delT
chr2:179414849 ¢.91715dupA
chr2:179422284 ¢.60512-2A>C
chr2:179425091 ¢.66625T>A
chr2:179428124 ¢.82734dupA
chr2:179432234 ¢.78625G>T

9 chr2:179435679 ¢.75179delG
10 chr2:179441250 ¢.69715+6T>C
11 chr2:179446855 ¢.66240delA

12 chr2:179453355 ¢.63096del T

13 chr2:179478777 c¢.49345+2T>C
14 chr2:179571683 ¢.29042-2A>C
15 chr2:179604819 ¢.13141G>T
16 chr2:179631116 ¢.9693_9694delCT

@ 9 & Ul B~ W N

Nonsense (p.Glu3880X)
Frameshift (p.Ser33578llefsTer15)

Frameshift (p.Asn30572fs)

Nonsense (p.Arg28590X)
Frameshift (p.Val27579SerfsTer15)
Nonsense (p.Glu26209X)
Frameshift (p.Asn25060fs)

Frameshift (p.Asp22081MetfsTer31)

Frameshift (p.His21032fs)

Nonsense (p.Glu4381X)
Frameshift (p.Tyr3232CysfsTer5)

2

Splicing

Splicing

Splicing

Splicing
Splicing

el e e e = e e

Boen et al. | TTN Transcript : (ENST00000589042; ENST00000360870 exon 46)

1 ¢3867delT p-Glu1290Asnfs*107 Near Z-disk"
2 c.6377G>A p-Trp2126Ter Near Z-disk/I Band"
3 c100342C>T p-Arg33448* A-band’
Linschoten et al. | TTN Transcript: ENST00000359218
P1  TTN (NM_133432.3): ¢.27098del (ma- p-(Gly9033fs) I-band’
ternal inheritance)
P2 TTN (NM_133432.3): ¢.56184_56185de- p-(Glu18728Aspfs*3) A-band’
linsT
Exon 155
Yu-Wei Chang et al.*
P1  ¢.55637_55639delAAG p.E18546del A-band’

% No information available from the author; mutation adjusted within transcripts and Titin band localization according to the
CardioDB database. Soutce https:/ /www.catdiodb.org/titin/titin_transctipts.php.
*No information on a specific TTIN transcript in Yu-Wei Chang et al.

Discussion

This review revealed a consistent and substantial
enrichment of TTNtv among chemotherapy-
induced cardiomyopathy patients, with a prevalence
of 6.5-7.5% compared to 0-1.1% in controls.””
This 6—10-fold enrichment, coupled with preclinical
evidence from Garcia-Pavia et al.,” confirms TTNtv
as a significant genetic predisposition to CTR-CVT.

While TTNtv clearly influences CTR-CVT
risk, its clinical implications for individual patients
remain complex. The two case-control cohorts in
our review yielded conflicting results regarding
TTNtv-positive patients. One cohort demonstrated
increased heart failure hospitalizations and atrial
fibrillation with impaired LVEF recovery among
those with TTN truncating mutations compared to
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those without, while the other found no significant
differences in recovery rates or disease severity.
The latter finding aligns with Herman et al., who
observed comparable cardiac outcomes regardless
of mutation status, though notably, male TTNtv
carriers experienced earlier adverse events than
their female counterparts (p=4x10—5)."" This sex-
specific difference in prognostic timing warrants
further investigation, as it cannot be explained solely
by inheritance patterns given TTN’s autosomal
dominant inheritance.
Disease mechanism of TTNtv and TTNtv-
associated CTRCD
Understanding  the
mechanism of TTNtv becomes essential, notably

underlying  disease

given the preclinical stem-cell and murine model



Figure 2. Schematic representation of TTN domain architecture and distribution of CTR-CVT-

associated Titin Truncating Variants (TTNtv) identified across included studies.

The titin (TTN) protein is depicted linearly from its N-terminus (NH2) to C-terminus (COOH), spanning four functional
domains: the Z-disk, I-band, A-band, and M-line. The upper schematic illustrates the canonical domain structure. The lower
schematic maps all TTNtv identified in patients with cancer therapy-related cardiovascular toxicity (CTR-CVT) across the
included studies (n = 4 studies; 22 unique variants), annotated by their Human Genome Variation Society (HGVS) nomenclature
at the genomic DNA level. Variants are distributed across the Z-disk (n = 2), I-band (n = 4), A-band (n = 15), and M-line (n =
1), with a predominance observed in the A-band region. This A-band predominance is consistent with established pathogenicity
in dilated cardiomyopathy, as discussed in the text. Figure created using BioRender.com.
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Figure 3. Two explanatory model on TTNtv disease mechanism.
In this picture, the normal heart has complete set of functional proteins, while haploinsufficiency results in reduced protein
levels. ‘Poison-peptide’ mechanism produces truncated set of protein which may interacts with other normal protein in the
sarcomere. The picture was a modified version from Ghahremani et al.'? and created in Biorender.

data reported in this review. Research into TTNtv ~ form harmful aggregates or interfere with normal

disease mechanism has centered on two explanatory
models: haploinsufficiency and dominant-negative
(poison-peptide) effects, as seen in Figure 3
below. The first mechanism posits that a single
functional TT'N allele produces insufficient normal
titin protein. Meanwhile, the dominant-negative
model suggests that truncated proteins either

sarcomere assembly.'” Current evidence, including
experimental data, supports both mechanisms
operating independently or in combination.'*"

Determining whether TTN mutations
pathogenic has evolved from positional effects
in the protein to employing a more objective
measure, the proportion spliced in (PSI) score. The

are
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Table 6. Domain-based pathogenicity framework of TTN Truncating Variants (T'TNtv) in Dilated

Cardiomyopathy (DCM).

Domain Category Mechanism Odds Ratio/OR"”  P-Value'
Z-disk Constitutive exon Unclear® 5.3 (2.3—11.9) 0.001
I-band Proximal Constitutive . . 19.0 (10.9—33.0) 1.1x 10"

) Haploinsufficiency' ;
Distal Post-Cronos Promoter 32.0 (11.9—85.9) 2.5x 107
A-band Constitutive Haploinsufficiency and truncated peptide ~ 49.8 (40.6—61.1) 2.4 x10%°
generation"
M-band Constitutive Unclear® 3.7 (1.6—8.8) 0.01

Table 6 above shows domain-based pathogenicity framework of TTNtv in constitutive exons throughout the gene within DCM
architecture. Constitutive exons are defined as those spliced into titin isoforms with an efficiency of at least 90% in adult cardiac
tissue (Proportion Spliced In, PSI = 90%). Odds ratios reflect DCM association derived from a meta-analysis of 2,495 DCM
cases and 61,834 population controls.'” As Schafer et al. demonstrated, TTNtv in constitutive exons are significantly associated
with DCM across all sarcomere domains from the Z-disk to the M-band, although A-band and distal I-band variants carry the
highest odds ratios; the reasons why Z-disk and M-band variants carry lower odds ratios remain unclear.'”” The mechanistic basis
for the A-band and I-band domain-specific gradient was subsequently clarified by Romano et al. (2022), as discussed in “Disease
mechanism of TTNtv and TTNtv-associated CTRCD” in this manuscript’s Discussion. The proximal-distal subdivision of I-band
vatiants reflects the position of an internal TTN promoter (Cronos) within the distal I-band."

PSI quantifies each TTIN exon, representing how
frequently it is included across the range of TTN
isoforms. The existence of TTNtv in highly used
exons, defined as having PSI >0.9, warrants a more
likely pathogenic mutation than those in low-scoring
exons.” While PSI information is not available in
out included CTR-CV'T cohorts, TTNtv localization
data revealed predominance of A-band mutations
relative to other domains (I-band, M-band, Z disk),
which overlap myosin heavy chain-binding domains.
This structural localization has been known to be
associated with DCM-associated TTNgv.»!h13>16
Disease modeling and functional assays have

A-band TTNtv leads to both haploinsufficiency
and dominant-negative effects through truncated
peptide production, impairing myofibril formation
and sarcomere function, whereas I-band TTNtv
leads only to haploinsufficiency.!* It must be
explicitly noted, however, that the pathogenic
significance attributed to A-band predominance
in this review is extrapolated from the established
DCM literature, assuming TTNtv follows DCM
genetic architecture (see Table 06). Direct PSI
evidence from chemotherapy-exposed populations
is not yet available, and this interpretation should
therefore be regarded as hypothesis-generating
pending future CTR-CVT-specific cohort studies.

+ clinical risk
factors,
unfavorable
genetic profile

+ clinical risk
factors,
favorable
genetic profile

confirmed these position-dependent effects.
A
; 'second hit’
o
;o :
'ﬁrsil:
hit
I
/ TR\
\"X
A B

cumulative anthracycline dose

Figure 4. Illustration of ‘second hit’ model of TTNtv and interrelated determinants of CTR-CVT event.
Panel A illustrates the ‘second hit” model, where the TTNtv acts as initial hit (genetic component) and chemotherapy as the
‘second hit” (environmental component), altogether allow clinical manifestation of CTR-CVT. Panel B is a graph that illustrates

Linschoten et al’s model on interrelated determinants of CTR-CVT where patients carrying unfavorable genetic profiles and

having clinical risk factors are at greater risk of having cardiotoxicity, despite receiving anthracycline dose. Graph on panel B is

modified from Linschoten et al’s original publication,'” both panels were created with Biorender.
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Beyond TTNtv
phenotypic variability is determined not only

structural  considerations,
by variant characteristics, but also by gene-
environment interactions.!® In this case, the TTNtv-
associated CTR-CVT exemplifies a “second-hit”
model, whereby TTNtv carriers possess genetic
vulnerability (‘first-hit’) to heart failure that manifests
clinically upon exposure to chemotherapy as an
environmental stressor (‘second hit’),” as illustrated
in Figure 4. This concept is demonstrated in Garcia-
Pavia’s pre-clinical model” and Boen et al’s cohort.
In the cohort, the prevalence of TTNtv is enriched
in CTR-CVT and genetic DCM groups compared
to the negative control (healthy) group, supporting
environment-dependent expression rather than
environment-independent expression. The latter
pattern was exhibited by FLNC gene mutations,
one of the known high-risk DCM genes, which
were found exclusively in the DCM cohort but not
in CTR-CVT and healthy controls.” Pregnancy and
alcohol consumption represent other examples of
secondary stressors for TTNtv patients, associated
with peripartum and alcoholic cardiomyopathy
phenotypes, respectively.'

Finally, Linschoten et al. proposed three
interrelated determinants of CTR-CVT
development: genetic profile, treatment-related
factors (especially cumulative anthracycline dose),
and patient-related clinical risk factors. Their model
suggested that patients with unfavorable genetic
profiles exhibit increased reactive oxygen species,
elevated topoisomerase-23 expression, greater
cardiotoxic anthracycline metabolite accumulation,
and impaired sarcomere performance (Figure
4). These molecular alterations eventually render
patients susceptible to CTR-CVT even at low
anthracycline dose."”

Optimal Timing and Current Guidelines on
Genetic Testing

The current ESC Cardio-oncology Guidelines
recommend pre-treatment risk assessment using
the Heart Failure Association-International
Cardio-Oncology Society (HFA-ICOS)
which incorporates patient history, cardiovascular
risk factors, and cardiac biomarkers.* Yet, despite

system,

acknowledging genetic factors’ potential role in
CTR-CVT susceptibility, these guidelines have
not yet formally incorporated genetic testing, thus
representing a significant gap in precision cardio-
oncology care delivery.

The optimal timing for genetic risk evaluation
diagnosis, before initiating
cardiotoxic chemotherapy.!” This pre-treatment

occurs at cancer

window enables personalized cancer care through
comprehensive risk stratification. Genetic testing
for CTR-CVT risk profiling is technically feasible at
multiple levels: exome sequencing, whole-genome
sequencing, and population stratification.'
Pre-treatment genetic risk screening offers
multiple benefits. Patients with favorable genetic
profiles, as described and illustrated before by
Linschotenetal.' (see Figure 4, Panel B), mightsafely
receive higher cumulative doses to maximize desired
anti-neoplastic effects. Meanwhile, those harboring
high-risk variants could benefit from modified
regimens or alternative agents. This approach also
provides opportunities to identify patients who
would benefit from intensive cardiac surveillance
for carly detection of subclinical dysfunction.”
In addition, Garcia Pavia et al. argued that genetic
testing opens new avenues to assess the efficacy of
prophylactic cardioprotective interventions among
high-risk CTR-CVT patients.” Bespoke strategies
for managing CTR-CVT high-risk patients are now
feasible through multiple options. These range
from cardiac-sparing chemotherapy
anthracycline alternative analogs (e.g, liposomal

regimens,

doxorubicin), cardioprotective medications (e.g,,

even minimized
18-19

carvedilol and dexrazoxane),
cardiac radiation exposure techniques.
Expanding Beyond TTNtv: Future Directions
in Genomic Risk Assessment

Available genetic association studies, including
recent cohort analyses of TTN and BAGS3 variants,
are largely derived from populations exposed to
anthracyclines and/or chest-directed radiation,
with limited representation of non-anthracycline
therapies. Consequently, data evaluating TTNtv in
the context of immune checkpoint inhibitors or
targeted therapies remain scarce.”’ Evidence from
non-anthracycline settings is indirect. In a clinical
trial of HER2-positive breast cancer, variants in
cardiomyopathy-associated genes, including TTN,
were associated with treatment-related decline in
LVEF in patients receiving trastuzumab-based
therapy; nevertheless, concomitant anthracycline
exposure in this cohort limits attribution of these
findings to non-anthracycline agents alone.”!
These findings suggest that TTN-related genetic
susceptibility may act as a modifier of cardiotoxic risk
across different therapeutic contexts. Still, current
evidence does not allow definitive conclusions
outside anthracycline-associated cardiomyopathy.
Clarifying the role of TTNtv across contemporary
cancer therapies, including immune checkpoint
inhibitors and targeted agents, therefore represents
a priority for future investigation.
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While TTNtv demonstrates strong CTR-CVT
associations, improving predictive accuracy requires
consideration of multiple genetic variants. The TTN
gene itself presents unique analytical challenges
due to its immense size and complexity. It consists
of 363 coding exons producing multiple isoforms
owing to variable splicing. These encode over 100
kilobases of transcripts, ultimately producing a
4,200 kDa protein.'>*** On top of that, sequencing
and localizing variants in the I-band domain is
challenging, especially when processed by short-read
sequencing technology, as this domain is subject to
repetitive sequences with 99% homology.*

The 2022 ESC Guidelines on Cardio-Oncology
further identified several Single Nucleotide
Polymorphisms (SNPs) associated with CTRCD
in Supplementary Table S9, including CELF4
rs1786814 (sarcomere function), RARG rs2229774
(topoisomerase-23 SLC28A3
rs7853758 (anthracycline drug transport; protective
variant), UGT1TAG rs17863783 (drug metabolism),
and the intergenic variant rs28714259.* However,
the strength of underlying  these
associations varies considerably. rs2229774 in
RARG represents the most robustly validated
non-TTN variant, having achieved conventional
genome-wide significance (p = 5.9 X 10, OR 4.7)
in a Genome-Wide Association Study (GWAS) of
280 European patients with independent replication
in European and non-European populations.”
157853758 in SLC28A3 was found at p = 1.8 X 107°
across 440 patients in three international cohorts

expression),

evidence

using a targeted pharmacogenomic approach, below
the conventional GWAS threshold.*® A subsequent
GWAS meta-analysis of 852 oncology patients
confirmed a suggestive novel intergenic locus
near TP63, 157652759 (p = 5.64 X 10°), validated
in an independent cohort of 1,191 patients,”
though conventional genome-wide significance
was not reached. In this cohort, another SNP,
rs28714259, showed only nominal association (p =
1 X 107). Overall, GWAS-level evidence for non-
TTN CTRCD markers remains limited. These
markers should therefore be interpreted as additive
contributors to risk stratification when combined
with TTNtv status within a multimodal genomic
risk framework. In resource-limited settings where
TTN sequencing is not yet feasible, non-TTN
markers, especially with strong and replicated
evidence, may serve as a complementary first-line
screening approach, but should not be considered a
substitute for TTNtv evaluation where sequencing
capacity exists.
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Complementing genomic markers, an RNA-
based approach may offer additional predictive
value through dynamic gene expression profiling.
This was revealed in an oncology study where
mRNA-based models outperformed DNA-only
approaches.”® Micro-RNA (miRNA), a form of
non-coding RNA in the body, has been shown to
be a promising biomarker for detecting subclinical
cardiotoxicity, as chemotherapy alters miRNA
expression patterns that influence cardiotoxicity
pathways."® In pediatric cancer populations, Leger
et al. found dose-dependent elevations of cardiac-
related plasma miRNAs (miR-29b and miR-499)
following anthracycline therapy, which correlated
with elevated high-sensitivity cardiac troponin T
levels. Similarly, Oatmen et al. found three miRNAs
associated with LVEF reduction in their case-
control study.??" However, it should be noted that
the requirement for myocardial tissue to achieve
optimal TTIN RNA expression likely limits clinical
feasibility.™
Clinical Implementation Strategy

Effective implementation requires integrating
cardiac genetic profiling with existing oncology
workflows. The ideal approach combines tumor
and cardiac genetic assessment at diagnosis,
enabling an opportunity window for integrated
comprehensive risk-benefit analysis™® when both
tumor responsiveness and cardiac vulnerability can
be evaluated simultaneously. In fact, the growing
field of cardio-oncology already benefits from
advances in intraoperative sequencing with rapid
turnaround times.”?*

Recent evidence supports dual-sample profiling
approaches. Iams et al. showed that concurrent
blood and tissue profiling in 3,209 patients identified
significantly more actionable variants than tissue
sampling alone.” Extending this, Gimeno-Valiente
et al. emphasized that germline analysis from blood
prevents missing hereditary syndromes that tumor
sample-only approaches ovetlook.” This germline
component, already necessary for somatic variant
calling, presents an opportunity for simultaneous
TTNtv screening without additional sampling
burden.

Long-read sequencing technologies, in particular
address TTN’s technical
challenges by accurately sequencing repetitive
regions and generating reads capable of spanning
complete TTN transcripts.”” These platforms
enable targeted enrichment of cardiac risk genes
while processing both tissue and blood samples
simultaneously, potentially incorporating both

nanopore platforms,



DNA and RNA analysis for comprehensive risk
assessment.

A key limitation of this review is the small
number of eligible studies, which may reduce the
robustness of evidence and limit the generalizability
of the findings. This likely reflects the emerging
nature of research on TTNtv and related sarcomere
variants in CTR-CVT. This highlights the need
for further investigations, particularly large-scale
and well-characterized studies, to better define the
role of these genetic variants in CTR-CV'T, which
can direct future clinical pathways and treatment
strategies.

Future Directions

Advancing genetically informed risk stratification
for cancer therapy-related cardiovascular toxicity
requires coordinated efforts multiple
domains. First, it is essential to expand the

aCross

evidence base through research, including larger,
ethnically diverse cohorts and a broader range of
chemotherapy regimens beyond anthracyclines.
Genetic panels should also incorporate variants
across complementary sarcomeric genes and drug
metabolism pathways to capture the full spectrum
of pharmacogenomic risk factors.

Second, clinical translation demands rigorous
validation frameworks. Decision support tools
that integrate TTIN truncating variant status with
established clinical risk factors must be validated
across diverse populations to ensure general
applicability. Standardization of TTN truncating
variant pathogenicity assessment, such as through
incorporation of proportion spliced in scores
and positional effects, will be essential to ensure
consistent interpretation across institutions and
enable reliable risk stratification.

Third, implementation
crucial for clinical adoption. Cost-effectiveness

science research is
analyses comparing genetic screening strategies with
current standard care, alongside real-world impact
assessments of genetically guided cardioprotective
interventions, will provide the economic and
clinical evidence necessary for healthcare system
integration. Despite these ongoing efforts, TTIN
truncating variant screening remains associated
with important practical limitations, including cost,
infrastructure requirements, and turnaround time,
as well as disparities in access to genomic testing,
specifically in low- and middle-income settings.”
From a clinical perspective, TTN truncating
variant screening is unlikely to become a universal
upfront test in all cancer patients soon. A more
pragmatic approach may involve targeted genetic

testing in high-risk populations, such as those with a
family history of cardiomyopathy or those planned
for high-dose cardiotoxic therapy. As sequencing
costs decrease and turnaround times improve, TTIN
truncating variant screening may gradually evolve
into a clinically actionable tool within precision
cardio-oncology.

These translational efforts will be instrumental
in embedding genetic risk assessment into routine
cardio-oncology practice, delivering the tailored
cardioprotective strategies that precision medicine
promises.

Conclusion

This review addresses the critical equipoise
regarding TTNtv’s role in CTR-CVT predisposition,
providing evidence to support its integration into
genetic risk assessment, a future potential suggested
by the ESC. Our findings establish TTNtv as a
significant genetic determinant; however, prognostic
implications  (symptom severity/recovery) need
further  clarification. ~ Pre-treatment  genetic
screening for TTNtv offers the potential to identify
patients with reduced myocardial resilience who
would benefit from personalized cardioprotective
strategies, including prophylactic medications and
modified treatment regimens.

Combining TTNtv status with emerging
biomarkers, including relevant and validated SNPs
as well as circulating miRNAs, could transform
risk prediction in cardio-oncology from a primarily
clinical model to a comprehensive precision
medicine approach. That said, this potential should
be complemented with continued investment in
translational research to bridge the gap between
genomic discovery and clinical implementation.
Such efforts will translate the potential of genomic-
guided medicine into tangible benefit, especially for
cancer patients at risk of CTR-CVT.

List of Abbreviations

CTR-CVT Cancer Therapy—Related
Cardiovascular Toxicity

CTRCD Cancer Therapy-Related Cardiac
Dystfunction

DCM Dilated Cardiomyopathies

ESC European Society of Cardiology

GWAS Genome-Wide Association Study

IQR Interquartile Range

JBI Joanna Briggs Institute

LVAD Left Ventricular Assist Device

LVEF Left Ventricular Ejection Fraction
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