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BACKGROUND Anthracycline-related cardiomyopathy is a leading cause of premature death in childhood cancer

survivors. The high interindividual variability in risk suggests the need to understand the underlying pathogenesis.

OBJECTIVES The authors interrogated differentially expressed genes (DEGs) to identify genetic variants serving

regulatory functions or genetic variants not easily identified when using genomewide array platforms. Using leads from

DEGs, candidate copy number variants (CNVs) and single-nucleotide variants (SNVs) were genotyped.

METHODS Messenger RNA sequencing was performed on total RNA from peripheral blood of 40 survivors with

cardiomyopathy (cases) and 64 matched survivors without cardiomyopathy (control subjects). Conditional logistic

regression analysis adjusting for sex, age at cancer diagnosis, anthracycline dose, and chest radiation was used to

assess the associations between gene expression and cardiomyopathy and between CNVs and SNVs and

cardiomyopathy.

RESULTS Haptoglobin (HP) was identified as the top DEG. Participants with higher HP gene expression had 6-fold

greater odds of developing cardiomyopathy (OR: 6.4; 95% CI: 1.4-28.6). The HP2-specific allele among the HP genotypes

(HP1-1, HP1-2, and HP2-2) had higher transcript levels, as did the G allele among SNVs previously reported to be

associated with HP gene expression (rs35283911 and rs2000999). The HP1-2 and HP2-2 genotypes combined with the

G/G genotype for rs35283911 and/or rs2000999 placed the survivors at 4-fold greater risk (OR: 3.9; 95% CI: 1.0-14.5)

for developing cardiomyopathy.

CONCLUSIONS These findings provide evidence of a novel association between HP2 allele and cardiomyopathy. HP

binds to free hemoglobin to form an HP-hemoglobin complex, thereby preventing oxidative damage from free heme iron,

thus providing biological plausibility to the mechanistic basis of the present observation. (J Am Coll Cardiol CardioOnc

2023;5:392–401) © 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Founda-

tion. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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AB BR E V I A T I O N S

AND ACRONYM S

CNV = copy number variant

DEG = differentially expressed

gene

FPKM = fragments per

kilobase of transcript per

million mapped reads

HB = hemoglobin

HP = haptoglobin

mRNA = messenger RNA

PCR = polymerase chain

reaction

RNA-seq = RNA sequencing

SNV = single-nucleotide

nt
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A nthracycline-related cardiomyopathy is one
of the leading causes of premature death after
childhood cancer.1 Previous studies have

identified genomic variants associated with
anthracycline-related cardiomyopathy.2 Some studies
have extended these findings to examine the func-
tional relevance of the identified genomic variants.3,4

Nonetheless, the functional impact of several genomic
variants associated with anthracycline-related cardio-
myopathy remains unknown, as many of these vari-
ants are located in noncoding (intronic or intergenic)
regions and do not change the protein structure; how-
ever, these may have a regulatory function (eg, by
affecting expression of target genes).5

Interrogating differentially expressed genes
(DEGs) may allow the identification of genetic var-
iants serving regulatory functions (expression
quantitative trait loci) or genetic variants that are
not easily identified when using genomewide array
platforms.6-8 However, differential constitutive gene
expression in survivors with and without cardio-
myopathy remains understudied and could enhance
our knowledge of the pathogenesis of cardiomyop-
athy. We have previously used microarray-based
gene expression analysis to identify the role of
GSTM1 in anthracycline-related cardiomyopathy in
childhood cancer survivors.9 Gene expression
microarrays, however, have limited probe sets and
are not suited to identify transcript isoforms.10 RNA
sequencing (RNA-seq) can identify known and novel
transcripts and measure transcript abundance and
splicing isoforms in a high-throughput and quanti-
tative manner.11 Furthermore, messenger RNA
(mRNA) sequencing by oligo (dT) selection of poly
(A)þ mRNA allows interrogation of the protein-
coding fractions of the transcriptome. We per-
formed mRNA sequencing using whole-blood RNA
from anthracycline-exposed childhood cancer sur-
vivors who had cardiomyopathy (cases) matched to
those without cardiomyopathy (control subjects) to
further our understanding of the pathogenesis of
anthracycline-related cardiomyopathy.
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METHODS

STUDY DESIGN. Study participants were
drawn from a Children’s Oncology Group
study (COG-ALTE03N1 [Genetic Analysis in
Identifying Late-Occurring Complications in
Childhood Cancer Survivors]; NCT00082745)
that used a matched case-control design to
understand the pathogenesis of cardiomyop-
athy in childhood cancer survivors. Chil-
dren’s Oncology Group member institutions
enrolled patients after obtaining approval
from local Institutional Review Boards.
Written informed consent or assent was ob-
tained from patients, parents, or legal
guardians. Cases and control subjects were

identified from individuals diagnosed with cancer
at #21 years of age. Cases consisted of childhood
cancer survivors who developed cardiomyopathy af-
ter exposure to anthracyclines. For each case, pa-
tients who had no signs or symptoms of
cardiomyopathy after anthracycline exposure were
randomly selected as control subjects from the same
Children’s Oncology Group childhood cancer survivor
cohort, matched on primary cancer diagnosis, year of
diagnosis (�5 years), and race/ethnicity. The selected
control subjects also needed to have a longer duration
of cardiomyopathy-free follow-up compared with
time from cancer diagnosis to cardiomyopathy for the
corresponding case. Participants provided blood
samples in PAXgene blood RNA tubes for RNA and
blood samples in dipotassium ethylenediaminetetra-
acetic acid tubes or saliva in Oragene kits (DNA Gen-
otek) for DNA.

Cases fulfilled the American Heart Association
criteria for cardiac compromise by presenting with
signs and/or symptoms (dyspnea, orthopnea, fatigue,
edema, hepatomegaly, and/or rales). In the absence
of signs or symptoms, cases had echocardiographic
features of left ventricular dysfunction (ejection
fraction #40% and/or fractional shortening # 28%).
Lifetime anthracycline exposure was calculated by
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multiplying the cumulative dose (milligrams per
square meter) of individual anthracyclines by a factor
that reflects the drug’s cardiotoxic potential12 and
then summing the results. Radiation to the chest with
heart in the field was captured as a yes-or-no variable.

RNA ISOLATION, LIBRARY CONSTRUCTION, AND

SEQUENCING. RNA was isolated using the PAXgene
whole-blood RNA kit (Qiagen). RNA concentration
was measured using a Nanodrop ND-1000 Spectro-
photometer (Thermo Fisher Scientific). RNA quality
was checked on Bioanalyzer Nanochip (Agilent
Technologies) and samples with RNA integrity
numbers >7 were submitted to the Genomic
Services Laboratory at the HudsonAlpha Institute
for Biotechnology in Huntsville, Alabama. Poly-
adenylated RNAs were isolated using NEBNext Mag-
netic Oligo d(T)25 beads. Libraries were prepared
using the TruSeq RNA Sample Preparation Kit (Illu-
mina). Each library was pair-end sequenced (100 bp)
by using the TruSeq SBS Kit v4-HS (Illumina), on a
HiSeq 2500 platform. Raw reads were demultiplexed
using bcl2fastq Conversion Software (Illumina) with
default settings.

DIFFERENTIAL GENE EXPRESSION ANALYSIS. Trim
Galore! (https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) was used to trim off primer
adapter sequences found in the raw FASTQ files.
STAR was used to align the trimmed RNA-seq FASTQ
reads to the human reference genome from GENCODE
(GRCh38 p7 release 25).13 HTSeq-count was used to
count the number of reads mapping to each gene from
the STAR alignments.14 Normalization and differen-
tial expression was then applied to the count files
using DESeq2.15 The q values (adjusted P values) from
DESeq2 are adjusted for multiple testing using the
Benjamini-Hochberg procedure, which controls false
discovery rate.

TRANSCRIPT EXPRESSION ANALYSIS. Following
mapping of the reads to the reference
genome(GRCh38 p13 release 39), the mapped reads
were assembled using Cufflinks.16 Cuffnorm was used
to estimate expression levels of individual transcripts
assembled by Cufflinks. Cuffnorm output contains
normalized expression levels for all gene-specific
transcripts. Transcripts with fragments per kilobase
of transcript per million mapped reads (FPKM) $1
were used to estimate allele-specific tran-
script abundance.

DNA ISOLATION AND GENOTYPING. DNA was iso-
lated using the Gentra Puregene blood kit (Qiagen) or
prepIT�L2P reagent (saliva). DNA concentration
was measured using a Nanodrop ND-1000
Spectrophotometer. Copy number variants (CNVs)
were determined using polymerase chain reaction
(PCR) amplification devised by Koch et al17 with mi-
nor modifications.18 PCR products from DNA samples
were run on 1% and 2% agarose gel (E-Gel agarose
gels, Invitrogen, Thermo Fisher Scientific) using an
E-Gel Power Snap Electrophoresis System. Genotyp-
ing for single-nucleotide variants (SNVs) was per-
formed on the Juno system (Fluidigm) and 96.96
Genotyping IFCs. Endpoint fluorescence values were
measured on the BioMark HD system, and Fluidigm
SNP Genotyping Analysis software was used to
generate genotyping calls for each sample.

STATISTICAL ANALYSIS. Statistical analyses were
conducted using JMP 16 Pro (JMP Statistical Discov-
ery) and SAS version 9.4 (SAS Institute). We summa-
rized the characteristics of the study participants
according to their case-control status and presented
as mean � SD and median with IQR for continuous
variables. Categorical variables are shown as absolute
numbers and percentages. Continuous and categori-
cal variables were examined using Wilcoxon rank
sum or Kruskal-Wallis tests and Fisher exact or chi-
square tests, respectively. Multivariable conditional
logistic regression analysis (adjusting for age at
diagnosis of primary cancer [continuous variable],
sex [male vs female]), anthracycline dose [<250 mg/
m2 vs $250 mg/m2], and chest radiation [yes vs no])
was used to determine the association between gene-
specific RNA counts and gene expression–related ge-
netic variants with cardiomyopathy. Model results
are presented as ORs and corresponding 95% CIs.

RESULTS

PATIENT CHARACTERISTICS. The median ages at
primary cancer diagnosis for the 40 cases and 64
matched control subjects were 8.2 years (IQR: 3.6-13.9
years) and 9.7 years (IQR: 3.3-14.4 years), respectively
(Table 1). Cases had received higher cumulative
anthracycline exposure compared with controls
($250 mg/m2, 62.5% vs 35.9%; P ¼ 0.008) and were
more likely to have received chest radiation (47.5% vs
20.3%; P ¼ 0.003). The median time between cancer
diagnosis and cardiomyopathy for cases was 5.3 years
(IQR: 0.8-12.8 years); control subjects were followed
for a significantly longer period (median 10.1 years;
IQR: 7.1-14.5 years; P < 0.001). The phenotypic
characteristics of the cases are presented in
Supplemental Table 1.

GENE EXPRESSION AND ANTHRACYCLINE-RELATED

CARDIOMYOPATHY. Overall, 43,198 genes (protein
coding, long noncoding RNA, processed

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://doi.org/10.1016/j.jaccao.2022.09.009


TABLE 1 Demographic and Clinical Characteristics by Case-Control Status

Cases
(n ¼ 40)

Controls
(n ¼ 64) P Valuea

Age at primary cancer diagnosis, y 8.2 (3.6-13.9) 9.7 (3.3-14.4) 0.97

Sex

Female 24 (60.0) 34 (53.1) 0.49

Cumulative anthracycline exposure

$250 mg/m2 25 (62.5) 23 (35.9) 0.008

Chest radiation

Yes 19 (47.5) 13 (20.3) 0.003

Race/ethnicity

Non-Hispanic White 23 (57.5) 37 (57.8) Matched

Hispanic 9 (22.5) 16 (25.0)

Black/African American 5 (12.5) 7 (10.9)

Asian 3 (7.5) 3 (4.7)

Mixed race/ethnicity 0 (0.0) 1 (1.6)

Primary diagnosis

Acute lymphoblastic leukemia 9 (22.5) 16 (25.0) Matched

Acute myeloid leukemia 2 (5.0) 3 (4.7)

Ewing sarcoma 4 (10.0) 8 (12.5)

Hodgkin lymphoma 7 (17.5) 10 (15.6)

Kidney tumors 2 (5.0) 2 (3.1)

Neuroblastoma 5 (12.5) 8 (12.5)

Non-Hodgkin lymphoma 5 (12.5) 8 (12.5)

Osteosarcoma 4 (10.0) 7 (10.9)

Soft tissue sarcoma 2 (5.0) 2 (3.1)

Time from diagnosis to cardiac event
for cases or time to enrollment
for control subjects, y

5.3 (0.8-12.8) 10.1 (7.1-14.5) <0.001

HP RNA count 135.3 (63.7-300.2) 70.3 (47.5-105.8) <0.001

Values are median (IQR) or n (%). aP values were estimated using either chi-square or Fisher exact tests for
categorical variables or the Wilcoxon rank sum test for continuous variables.

HP ¼ haptoglobin.
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pseudogenes, unprocessed pseudogenes, miscella-
neous RNA, small nuclear RNA, small nucleolar RNA,
and transcribed pseudogenes) were expressed in total
RNA from peripheral blood. We filtered 28,026 low-
expressed genes (RNA counts <10 in $70% of the
samples). The remaining 15,172 genes included
protein-coding genes (82%), long noncoding RNA,
pseudogenes, and immunoglobulin genes. Using
DESeq2, we identified 36 DEGs with adjusted
P values <0.05 and absolute fold changes >2
(Supplemental Table 2); 35 were up-regulated among
cases, and 1 was down-regulated. Prioritization of
these 36 genes with >50% of matched sets showing
differential expression between the cases and their
matched control subjects, as well as previously pub-
lished association with heart disease, identified
haptoglobin (HP) as the top differentially expressed
gene, with 25 of 40 cases (62.5%) having
higher expression compared with control subjects. In
the present report we focus on HP gene expression
and its association with anthracycline-related
cardiomyopathy.

HP GENE EXPRESSION AND ANTHRACYCLINE-RELATED

CARDIOMYOPATHY. Figure 1 shows the normalized
aggregate read RNA counts of matched case-control
sets plotted side by side for the HP gene. Overall,
median expression of HP gene was higher among
cases compared with control subjects (median RNA
count 135.3 [IQR: 63.7-300.2] vs 70.3 [IQR: 47.5-105.8];
P < 0.001). Dichotomizing HP RNA counts at the
median level for the control subjects, into low vs high
gene expression (#70 vs >70), we found that 75% of
cases had high HP expression compared with 50% of
control subjects (P ¼ 0.011) Multivariable conditional
logistic regression analysis, adjusted for age at diag-
nosis of primary cancer, sex, anthracycline exposure,
and chest radiation, showed that childhood cancer
FIGURE 1 HP Gene Expression

The normalized aggregate read RNA counts of haptoglobin (HP) gene a

case-control sets are plotted side by side. Matched cases are indicated
survivors with HP RNA counts >70 (higher gene
expression) had 6-fold higher odds of developing
cardiomyopathy (OR: 6.4; 95% CI: 1.4-28.6; P ¼ 0.014)
compared with those with HP RNA counts #70 (lower
gene expression).
re shown from RNA sequencing in anthracycline-related cardiomyopathy. The matched

in red, and control subjects are indicated in green.
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TABLE 2 Genetic Determinants of HP RNA Expression in Childhood Cancer Survivors

HP RNA counts by HP genotype

HP RNA Counts HP1-1 (n ¼ 16) HP1-2 (n ¼ 77) HP2-2 (n ¼ 5) P Valuea

Median (IQR) 91.0 (24.0-155.4) 84.2 (55.8-166.4) 73.4 (48.7-483.5) 0.86

#70, n (%) 7 (43.7) 31 (40.3) 2 (40.0) 0.96

>70, n (%) 9 (56.2) 46 (59.7) 3 (60.0)

HP allele-specific transcript expression

Cumulative FPKM HP1 (n ¼ 69) HP2 (n ¼ 63) NA

Median (IQR) 0 (0-3.4) 3.6 (1.6-7.3)

HP RNA counts by additional genetic determinants of HP gene expression

HP RNA Counts

rs2000999

P ValueaA/A (n ¼ 1) G/A (n ¼ 27) G/G (n ¼ 70)

Median (IQR) 25.7 (25.7-25.7) 63.8 (36.5-108.3) 95.4 (63.2-196.6)

#70, n (%) 1 (100) 16 (59.3) 23 (32.9) 0.008

>70, n (%) 0 11 (40.7) 47 (67.1) 0.015

HP RNA counts

rs35283911

-/- (n ¼ 1) G/- (n ¼ 27) G/G (n ¼ 70) P Valuea

Median (IQR) 25.7 (25.7-25.7) 68.8 (36.5-114.4) 94.5 (60.7-196.6)

#70, n (%) 1 (100) 15 (55.6) 24 (34.3) 0.033

>70, n (%) 0 12 (44.4) 46 (65.7) 0.049

aP values were estimated using either chi-square or Fisher exact tests for categorical variables or the Kruskal-
Wallis test for continuous variables.

FPKM ¼ fragments per kilobase of transcript per million mapped reads; HP ¼ haptoglobin; NA ¼ Not
applicable.

TABLE 3 HP Allele-S

HP2 allele (4 transcript

Cumulative FPKM

Median (IQR)

HP1 allele (2 transcript

Cumulative FPKM

Median (IQR)

aP values were estimated u

Abbreviations as in Tabl
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HP GENOTYPE AND HP GENE EXPRESSION LEVELS.

HP gene exists as 2 CNVs (HP1 and HP2), yielding 3
genotypes: HP1-1, HP1-2, and HP2-2.19 Of the 104
participants in this study, we had genotype data for
only 98 because of either unavailability of DNA
(n ¼ 4) or inconclusive PCR results (n ¼ 2). HP geno-
types showed the following distribution in 98 geno-
typed samples: 16.3% for HP1-1, 78.5% for HP1-2, and
5% for HP2-2. HPdel and NM_001126102.1:c.190 þ 1
(splice donor mutation) were not found. The median
RNA counts did not differ significantly among the 3
genotypes (HP1-1, 91.0; HP1-2, 84.2; and HP2-2, 73.4;
P ¼ 0.86) (Table 2). However, to gain insight into HP1
and HP2 allele-specific transcripts, we assessed 40
pecific Transcript Abundance in Cases and Control Subjects

Cases Control Subjects P Valuea

s in HP1-2 and HP2-2)

(n ¼ 31) (n ¼ 32)

5.1 (2.1-11.8) 2.9 (1.4-4.4) 0.027

s in HP1-1 and HP1-2)

(n ¼ 35) (n ¼ 34)

3.9 (1.2-7.9) 2.2 (0-4.3) 0.11

sing the Wilcoxon rank sum test for continuous variables.

e 2.
cases matched 1:1 with control subjects (n ¼ 80) and
finally analyzed (n ¼ 74) those with genotyping data
(Supplemental Results, Supplemental Table 3). FPKM
represented transcript abundance in the paired-end
RNA-seq data. HP2 allele had higher transcript
levels compared with HP1 allele (median FPKM level
3.6 [IQR: 1.6-7.3] vs 0 [IQR: 0-3.4]), regardless of case-
control status (Table 2). Furthermore, as shown in
Table 3, cases had higher median HP2 cumulative
FPKM transcript levels compared with control sub-
jects (median 5.1 [IQR: 2.1-11.8] vs 2.9 [IQR: 1.4-
4.4]; P ¼ 0.027).

ADDITIONAL GENETIC DETERMINANTS OF HP GENE

EXPRESSION LEVELS. SNVs rs35283911 and
rs2000999 are known to be associated with HP gene
expression (independent of HP CNV status).20-22

Genotyping assays for SNVs rs2000999, G>A,
rs35283911 Del, G>-, and NM_001126102.1:c.190 þ 1
SNV, G>C were designed using Fluidigm D3 assay
design (Supplemental Figure 1). As shown in
Table 2, the major allele (G) for both rs35283911 and
rs2000999 was associated with higher HP expres-
sion. rs35283911 [G] was associated with higher HP
gene expression (median RNA count G/G, 94.5; G/-,
68.8; and -/-, 25.7; P ¼ 0.033). Similarly, rs2000999
[G] was also associated with higher HP expression
(median RNA count G/G, 95.4; G/A, 63.8; and A/A,
25.7; P ¼ 0.008).

GENETIC DETERMINANTS OF HP GENE EXPRESSION

AND RISK FOR ANTHRACYCLINE-RELATED

CARDIOMYOPATHY. The HP genotype (model A)
and the 2 SNVs taken together (rs35283911 and
rs2000999) (model B) demonstrated 3.2-fold and
1.8-fold higher odds of cardiomyopathy, respec-
tively, but these associations did not reach statisti-
cal significance (Table 4). We then examined the
combined effect of HP genotype and the 2 SNVs,
(rs35283911 and rs2000999), by creating a combined
high-risk and low-risk group. The high-risk group
consisted of patients with HP2 allele (HP1-2 or HP2-
2) who also had rs35283911 [G/G] or rs2000999 [G/G]
genotype; the low-risk group included all others
(model C). The high-risk group showed significantly
higher HP expression (median RNA count 96.1 vs
68.8; P ¼ 0.006). Multivariable conditional logistic
regression analysis adjusted for age at diagnosis of
primary cancer, sex, and anthracycline and chest
radiation showed that patients in the high-risk
group were 4 times more likely to develop cardio-
myopathy (OR: 3.9; 95% CI: 1.0-14.5; P ¼ 0.045)
compared with those in the low-risk group
(Table 4). The unadjusted conditional logistic
regression analysis containing only the genetic

https://doi.org/10.1016/j.jaccao.2022.09.009
https://doi.org/10.1016/j.jaccao.2022.09.009
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TABLE 4 Unadjusted and Adjusted Models for Genetic Determinants of HP Gene

Expression and Anthracycline-Related Cardiomyopathy

Unadjusteda Adjustedb

OR
(95% CI) P Value

OR
(95% CI) P Value

HP CNV status (model A)

HP1-1 Reference 0.54 Reference 0.17

HP1-2 or HP2-2 1.5 (0.42-5.2) 3.2 (0.61-17.0)

Combined HP SNV status (model B)

rs2000999 [A/A] or [G/A] and rs35283911
[-/-] or [G/-]

Reference 0.36 Reference 0.33

rs2000999 [G/G] or rs35283911 [G/G] 1.6 (0.58-4.5) 1.8 (0.5-6.2)

Composite HP CNV and SNV status (model C)

HP1-1 and rs2000999 [A/A] or [G/A]
and rs35283911 [-/-] or [G/-]

Reference 0.14 Reference 0.045

HP1-2 or HP2-2 and rs2000999 [G/G] or
rs35283911 [G/G]

2.0 (0.79-5.1) 3.9 (1.0-14.5)

aUnadjusted conditional logistic regression analysis for univariate genetic predictors in models A, B, and C. bEach
conditional logistic regression model (A, B, and C) was adjusted for age at primary cancer diagnosis, sex,
anthracycline dose, and chest radiation.

CNV ¼ copy number variant; HP ¼ haptoglobin; SNV ¼ single-nucleotide variant.
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variables did not show a statistically significant
association.

DISCUSSION

We show that childhood cancer survivors with
anthracycline-related cardiomyopathy have signifi-
cantly higher levels of whole blood HP gene
expression compared with survivors without cardio-
myopathy. Those with HP RNA counts >70 have
6-fold higher adjusted odds of developing cardiomy-
opathy. Cancer survivors with cardiomyopathy have
higher HP2 cumulative transcript levels compared
with control subjects. Finally, patients with the HP1-2
or HP2-2 genotype and rs35283911 [G/G] and
rs2000999 [G/G] genotypes are more likely to have
higher HP gene expression and 3.9 times greater odds
of developing cardiomyopathy, compared with those
with HP1 allele or rs35283911 [delG].

Cell-free hemoglobin (HB) promotes accumulation
of hydroxyl radicals and reactive oxygen species.23

HP is a mammalian plasma protein that binds to free
HB to form the HP-HB complex that is phagocytosed
by monocyte-macrophages by binding to receptor
CD163,24-26 thereby preventing oxidative damage
from free heme iron.27 The HP locus is polymorphic in
humans. The homozygous allelic deletion for HP
(HPdel) is also known to occur, albeit at a very low
frequency.28 An intragenic duplication of exons 3 and
4 of the ancestral HP gene produced HP2,29 yielding 3
genotypes: HP1-1, HP1-2, and HP2-2.19 HP1 and HP2
differ in their ability to clear HB and differ function-
ally in their ability to protect from HB-induced
oxidative stress.30 HP1 carriers have a higher HP
plasma protein concentration compared with HP2
carriers.21,24,27,31-33 HP1-1 linear polymer has the
highest affinity for cell-free HB and thereby superior
antioxidant capacity compared with HP2-2-ring
polymer,33-36 by inducing a rapid clearance of HB
from circulation, indicating that the potential for
tissue damage is highest for individuals with the HP2-
2 genotype and lowest for those with the HP1-1 ge-
notype. Furthermore, CD163-mediated endocytosis
into the macrophages is altered in patients with the
HP2-2 genotype.

Preclinical models support this observation. The
amount of myocardial injury after radiation was Hp
genotype dependent in mice containing the Hp2 allele
(generated by introducing the human HP2 allele, as
the HP2 allele does not exist in mice).37 Although the
Hp2 mice demonstrated increased production of
several lipid peroxidation products in the myocar-
dium after radiation, the Hp1 mice demonstrated
increased production of the anti-inflammatory and
antioxidant cytokine interleukin-10. Pharmacologic
administration of an antioxidant reduced myocardial
infarct size in this model. In childhood cancer survi-
vors, the association between anthracycline exposure
and cardiomyopathy is potentiated by chest radiation.
In the present study, 47.5% of survivors with cardio-
myopathy had received chest radiation compared
with 20% of survivors without. Unfortunately, we
could not evaluate the sole effect of radiation to the
heart, as all patients were anthracycline exposed.
HP CNVs (HP1-1, HP1-2, and HP2-2) have been identi-
fied as prognostic biomarkers of vascular disease,
myocardial infarction, hypertension, heart failure,
and angiogenesis in nononcology populations.38 Free
HB causes vascular injury as it intercalates into cell
membranes. Once inside the cell, heme is broken
down to release redox-active iron, which oxidizes low-
density lipoproteins, promoting foam cell formation
and vascular endothelial cell apoptosis and exacer-
bating plaque instability, resulting in plaque rupture.
Following intraplaque hemorrhage, large amounts of
cell-free HB accumulate within the atheroma because
of impaired clearance by the HP-CD163 scavenging
system. HP binds free HB, thus preventing this
cascade of events. The potential for plaque instability
is accentuated in patients with the HP2-2 genotype.39-
41 The presence of the HP2-2 genotype and low plasma
levels of HP (<1.4 g/L) were associated with detri-
mental outcomes following acute myocardial infarc-
tion.42 Increased intraplaque iron deposition in
patients with the HP2-2 genotype may be responsible
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for increased oxidative stress and instability of the
carotid plaque.41

These observations in the nononcology popula-
tion align with our observations that cancer survi-
vors with cardiomyopathy have higher HP2
cumulative transcript levels compared with control
subjects. There is evidence to suggest that iron
plays a role in anthracycline-related cardiomyopa-
thy.43 Heme iron catalyzes lipid peroxidation,
which is a hallmark of ferroptosis.44 Iron-dependent
ferroptosis has been shown to have a role in
anthracycline-induced cardiomyopathy.45 Inhibition
of ferroptosis by ferrostatin-1 significantly
reduces cardiomyopathy risk. The cardioprotective
properties of dexrazoxane, a compound that che-
lates iron, supports this hypothesis.46 We propose
that the alteration of iron homeostasis by anthra-
cyclines and the associated heart damage due to
iron accumulation43,47,48 are further exacerbated
by ineffective clearance of HB because of the pres-
ence of the HP2 allele (Central Illustration), thus
predisposing the patient to anthracycline-induced
cardiomyopathy.

Determining whether dysregulated gene expres-
sion is the direct result of the outcome (cardiomy-
opathy) or plays a role in the pathogenesis can be
difficult. SNVs such as rs35283911, rs2000999, and
NM_001126102.1:c.190 þ 1G>C are associated with HP
gene expression.20 rs35283911 is a single-base-pair
deletion (delG, intron variant in TXNL4B) up-
stream of HP, occurs in the background of HP2, and
influences HP RNA and protein levels.21 rs2000999
(intron variant in TXNL4B and HPR) is downstream
of the HP gene, and its effect is likely mediated via
linkage disequilibrium with rs35283911.22 Up to 45%
of the variance in serum HP is explained by
rs2000999.22 In our study of childhood cancer sur-
vivors, we found that the major allele (G) for both
rs35283911 and rs2000999 was associated with
higher HP expression. A previous study showed that
rs2000999 and HP CNVs influence HP levels inde-
pendently.49 Our findings are consistent with these
observation; patients with the HP1-2 or HP2-2 ge-
notype and with the rs35283911 [G/G] and
rs2000999 [G/G] genotypes have higher HP gene
expression and 3.9 times greater odds of developing
cardiomyopathy. The association between the SNVs
or CNVs and HP gene expression and cardiomyop-
athy provides us with evidence to state that initial
exposure to anthracyclines triggers heart damage
because of iron accumulation and that this is com-
pounded by ineffective clearance of cell-free HB
because of the presence of the HP2 allele, thus
predisposing the patient to anthracycline-induced
cardiomyopathy.

STUDY LIMITATIONS. Ideally, gene expression
should be measured in the affected tissue (ie, cardiac
tissue). HP binds to cell-free HB and prevents iron-
mediated formation of free reactive oxygen species
that cause myocardial injury and vascular damage.
Thus, the ideal experiment would be to examine the
extent of iron overload and ferroptosis in the
myocardium from patients with high HP expression.
However such experiments were not logistically
feasible. Finally, radiation dose to the heart was not
available to us; instead, we relied on receipt of radi-
ation to the chest (with the heart in the field) as a yes-
or-no variable.

The present study is the first to identify an asso-
ciation between HP RNA expression in peripheral
blood in the context of genetic determinants of HP
expression and the subsequent risk for anthracycline-
related cardiomyopathy in childhood cancer survi-
vors. Because of the structure of HP1 and HP2 CNVs, it
is difficult to identify them using classic genomewide
association studies, presenting the need to conduct
studies such as ours to identify novel variants using
differential gene expression analysis. It is important
to note that the HP CNV was genotyped using a gold-
standard PCR approach and not determined by ge-
notype imputation. The biologic plausibility of the
association between HP and anthracycline-related
cardiomyopathy, as well as the previous demonstra-
tion of the association between HP and car-
diometabolic traits that potentiate the risk for
cardiomyopathy provide credence to this association
in childhood cancer survivors with anthracycline-
related cardiomyopathy.

CONCLUSIONS

The present study demonstrates that HP gene
expression in blood is associated with
anthracycline-related cardiomyopathy in childhood
cancer survivors and that key genetic determinants
contribute to HP expression and the risk for
anthracycline-related cardiomyopathy. These find-
ings provide evidence for the role of genetic vari-
ants associated with HP RNA levels in
anthracycline-related cardiac dysfunction as well
as a possible mechanistic explanation of the role of
oxidative damage due to anthracycline exposure.
Upon validation of these observations in an inde-
pendent population, these findings could result in a
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The figure shows differences in the clearance of hemoglobin (HB) by HP1 and HP2 carriers. On the left is the efficient clearance of HB by CD163 scavenger receptor in

HP1-1 carriers, whereas HB:HP2-2 is not effectively cleared by CD163 receptor because of lower levels of CD163 and inefficient endocytosis. The inefficient clearance

of HB-HP2-2 leads to increased iron and lipid peroxidation that when compounded by iron overload from anthracycline exposure renders the HP2 allele carriers more

susceptible to ferroptosis and cardiomyopathy. HP ¼ haptoglobin; ROS ¼ reactive oxygen species.

J A C C : C A R D I O O N C O L O G Y , V O L . 5 , N O . 3 , 2 0 2 3 Singh et al
J U N E 2 0 2 3 : 3 9 2 – 4 0 1 mRNA Sequencing for Anthracycline-Related Cardiomyopathy

399



PERSPECTIVES

COMPETENCY IN PATIENT CARE AND

PROCEDURAL SKILLS: HP gene expression in pe-

ripheral blood is associated with anthracycline-related

cardiomyopathy in childhood cancer survivors, and

key genetic determinants contribute to HP expression

and the risk for cardiomyopathy.

TRANSLATIONAL OUTLOOK: These findings pro-

vide a possible mechanistic explanation of the role of

oxidative damage due to anthracycline exposure and

iron-dependent ferroptosis in anthracycline-related

cardiomyopathy. The ability to demonstrate these

findings using peripheral blood could result in a

blood-based screening test with limited invasiveness

and high acceptance.
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blood-based screening test with limited invasive-
ness and high acceptance. Furthermore, patients
carrying the HP2-2 genotype could derive more
benefit from dexrazoxane, given that it binds free
iron and/or removes iron from the doxorubicin-iron
complex, thereby preventing oxygen free radical
formation.
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