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VIEWPOINT

Genetic Testing in Evaluating Risk

of Anthracycline Cardiomyopathy

Are We There Yet?

Jeannette R. Wong-Siegel, MD, MPH,?* Yuri Kim, MD, PuD,” Nathan O. Stitziel, MD, PuD,>"¢ Ali Javaheri, MD, PuD"

hildhood cancer survivors are at increased

risk of cardiac dysfunction following anthra-

cycline therapy, and those who subse-
quently develop heart failure (HF) are at increased
risk of mortality. Genetic variation contributes to
the pathogenesis of anthracycline-induced cardiac
dysfunction,' and may be a larger contributor to HF
risk in the pediatric population, where there are typi-
cally fewer modifiable cardiovascular disease risk fac-
tors. In this Viewpoint, we present our recent clinical
experience with a pediatric patient who developed
HF in the context of anthracycline therapy as an illus-
trative example of the potential role of genetic testing
in stratifying risk for developing anthracycline-
induced cardiomyopathy (AIC).

A 6-year-old, previously healthy girl who initially
presented with left knee pain was diagnosed with
high-grade osteosarcoma. She had no significant
family history of malignancy or cardiovascular dis-
ease. After receiving a cumulative doxorubicin dose
of 367 mg/m® over 6 months, her left ventricular
ejection fraction (LVEF) declined from 52% to 29%,
further worsening to 13% despite cessation of
anthracycline therapy. She continued to have a
severely decreased LVEF, requiring routine para-
centesis and continued medical therapy. Unfortu-
nately, while awaiting adequate remission time
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before consideration for heart transplantation, she
developed metastatic recurrence not amenable to
further therapy. The acuity, severity, and persistence
of her cardiac dysfunction, despite only receiving 73%
of the protocol’s anthracycline dose, led to our hy-
pothesis that a genetic cause might be contributing to
her presentation.

We performed whole exome sequencing (WES) on
the patient and her biological parents, both of whom
were of nonconsanguineous European ancestry and
had no history of cardiomyopathy or anthracycline
exposure. Genomic DNA samples were quantified us-
ing the Qubit Fluorometer 3.0 (Thermo Fisher Scien-
tific) or the VarioSkan Flash (Thermo Fisher Scientific)
with 25 ng used for sample assessment. Following
fragmentation using the Covaris LE220 to achieve 200-
to 250-base pair (bp) fragment sizes, libraries were
constructed using the KAPA Hyper Prep Kid (KAPA
Biosystems, Cat #7962363001) in conjunction with
automated Perkin Elmer SciCloneG3 NGS (96-well
configuration). Libraries were then pooled and sub-
sequently hybridized with the xGen Exome Research
Panel v1.0 reagent (IDT Technologies) that spans a 39-
Mb target region (19,396 genes) of the human genome.
Library fragments were sequenced on an Illumina
NovaSeq-6000 using 150-bp paired-end reads. Mean
coverage depth for the proband, mother, and father
was 92x, 127x, and 127x, respectfully.

We first evaluated for likely pathogenic variants in
genes that had been previously associated with
inherited cardiomyopathies and any variants previ-
ously reported as contributors to AIC. We also eval-
uated other genes for rare (defined as having a minor
allele frequency <1% in the Genome Aggregation
Database) loss-of-function variants and missense
variants predicted to be pathogenic by the rare exome
variant ensemble learner (REVEL), combined anno-
tation dependent depletion (CADD), or ANNOtate
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VARiation (ANNOVAR) algorithms. We considered
both de novo and transmitted variants since 1 of her
parents might have carried an allele predisposing to
AIC that did not manifest without drug exposure.

Although we did not identify any likely pathogenic
variants in genes known to cause inherited cardio-
myopathies, WES revealed 3 variants within genes
previously reported to be associated with AIC. First,
the patient had a paternally inherited, rare non-
frameshift deletion in PRDM2 (p.Ei1261del), which
encodes the PR/SET Domain 2 zinc finger protein.
Considered a tumor suppressor gene, PRDM2 is critical
for BRCA1-dependent repair of DNA double-strand
breaks® and impairment of BRCA1 in cardiomyocytes
exacerbates anthracycline cardiotoxicity.”

Second, WES identified a more common maternally
inherited missense variant in ABCC1 (p.G671V), which
was predicted to be likely pathogenic. ABCC1 encodes
the multidrug resistance protein 1 (MRP1) protein, a
member of the ATP-binding cassette (ABC) trans-
porter family. MRP1 is a cellular efflux pump and
confers resistance against many chemotherapeutics
(including anthracycline) by reducing intracellular
drug accumulation. Residue 671 is located in a highly
conserved region involved in retention of anthracy-
cline and has previously demonstrated a significant
association with AIC in a cohort of non-Hodgkin
lymphoma patients.>

Finally, we discovered a rare, de novo heterozy-
gous mutation with predicted moderate pathoge-
nicity in CCDC51 (p.R4H), a nuclear gene that encodes
the mitochondrial potassium channel protein MITOK.
Located in the mitochondrial inner membrane,
MITOK forms a protein complex with ABCB8/MITO-
SUR that mediates ATP-dependent potassium cur-
rents. Abcb8 knockout mice exhibit increased
anthracycline-induced reactive oxygen species pro-
duction and mitochondrial damage,* suggesting a
plausible connection by which this de novo mutation
may increase risk of AIC.

Although there are currently no guideline-based
recommendations supporting genetic testing to
assess risk of cardiac dysfunction before initiation of
chemotherapy, several prior studies have evaluated
potential underlying genetic mechanisms associated
with AIC—from single candidate single nucleotide
polymorphism to less biased gene discovery strate-
gies, such as the whole genome or exome sequencing.
The identified genetic associations can be classified
based on reported mechanisms related to AIC' that
include alterations in anthracycline transport and
metabolism, generation of reactive oxygen species,
DNA damage response, mitochondrial dysfunction,
and sarcomere disruption that contribute to
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myocardial damage and cardiac dysfunction. In our
case, WES identified variants within genes previously
implicated in AIC pathogenesis, such as p.G671V in
ABCC1 and p.E1261del in PRDM2, as well as a potential
rare genetic modifier p.R4H in CCDC51 that may in-
fluence cellular response following anthracycline
exposure. Although we did not evaluate common
genetic variants, given a growing appreciation that
polygenic risk associated with common genetic vari-
ation across the genome can modify the penetrance
and phenotypic expressivity of disease-associated
Mendelian mutations,” it is possible that combining
common and rare genetic variant assessment in a
comprehensive evaluation will prove useful in the
future.

Mutations that cause inherited cardiomyopathy are
also observed in patients who developed AIC and
increase risk of developing cardiac dysfunction after
anthracycline exposure.® For example, among 213
patients with cancer therapy-induced cardiomyopa-
thy who underwent targeted sequencing of 9
cardiomyopathy-associated genes, those with
therapy-associated cardiomyopathy had significantly
more titin-truncating variants (TTNtvs) detected
compared with the general population.® Whereas
most of the TTNtvs were noted in adult cancer pa-
tients, a single nucleotide polymorphism in CELF4
reported among childhood cancer survivors resulted
in alternative splicing of TNNT2, which was signifi-
cantly associated with cardiomyopathy.”

In the United States, guidelines have been recently
published for genetic testing in inherited cardiovas-
cular diseases, with testing reserved for patients with
a confirmed or suspected diagnosis based on rigorous,
disease-appropriate phenotyping, or those who are at
high-risk secondary to a previously identified patho-
genic variant in a close family member.® Genetic risk
prediction models for AIC demonstrated a modest
ability to discriminate risk and will require external
validation.® Thus, given the limited evidence to date,
we do not currently recommend upfront genetic
testing for a patient newly diagnosed with a malig-
nancy before initiation of therapies with cardiotoxic
potential. However, in our view, if a decline in LVEF
is detected after initiation of chemotherapy, clinical
genetic testing using an inherited cardiomyopathy
gene panel could be pursued.

With further data, we could envision that genetic
testing might be utilized to inform clinical strategies
to prevent AIC. For example, one might ask whether
identification of increased genetic risk of cardiomy-
opathy may influence the use of dexrazoxane,
which reduces oxygen free radical formation when
administered before anthracycline therapy. Despite

407



Wong-Siegel et al
Genetic Testing in Anthracycline Cardiomyopathy

concerns of increased risk for secondary malignant
neoplasms, dexrazoxane may be considered for those
patients receiving higher doses of anthracycline.'®
Perhaps those identified with a genetic predisposi-
tion for AIC might consider dexrazoxane at lower
cumulative anthracycline doses. Earlier initiation of
medical therapy once any cardiac dysfunction is
noted may be considered, but the exact treatment
regimen for AIC remains controversial as typical HF
medications have not demonstrated consistent
benefit. For our patient, she was placed on several HF
medications with no appreciable recovery of cardiac
function, and her genetic testing results, unfortu-
nately, did not provide any information to change her
clinical course.

In summary, growing evidence supports the
contribution of genetic variation to AIC. We currently
do not advocate for the routine use of genetic testing
before initiation of chemotherapy as there are insuf-
ficient data to support its utility to prevent AIC at this
time. Further genetic characterization of larger co-
horts with chemotherapy-associated cardiomyopathy
is critical in order to elucidate the risk related to
specific genetic variants in both pediatric and adult
populations. This work is needed to help define
screening and testing protocols, risk stratification
strategies for patients before initiation of chemo-
therapy, and appropriate treatment regimen.
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