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Purpose

Interindividual variability in the dose-dependent association between anthracyclines and cardiomyopathy
suggests that genetic susceptibility could play a role. The current study uses an agnostic approach to
identify genetic variants that could modify cardiomyopathy risk.

Methods

A genome-wide association study was conducted in childhood cancer survivors with and without
cardiomyopathy (cases and controls, respectively). Single-nucleotide polymorphisms (SNPs) that
surpassed a prespecified threshold for statistical significance were independently replicated. The
possible mechanistic significance of validated SNP(s) was sought by using healthy heart samples.

Results

No SNP was marginally associated with cardiomyopathy. However, SNP rs1786814 on the CELF4
gene passed the significance cutoff for gene-environment interaction (FPge = 1.14 X 107%). Multi-
variable analyses adjusted for age at cancer diagnosis, sex, anthracycline dose, and chest radiation
revealed that, among patients with the A allele, cardiomyopathy was infrequent and not dose related.
However, among those exposed to greater than 300 mg/m? of anthracyclines, the rs1786814 GG
genotype conferred a 10.2-fold (95% Cl, 3.8- to 27.3-fold; P < .001) increased risk of cardiomyopathy
compared with those who had GA/AA genotypes and anthracycline exposure of 300 mg/m? or less.
This gene-environment interaction was successfully replicated in an independent set of anthracycline-
related cardiomyopathy. CUG-BP and ETR-3-like factor proteins control developmentally regulated
splicing of TNNTZ2, the gene that encodes for cardiac troponin T (cTnT), a biomarker of myocardial
injury. Coexistence of more than one cTnT variant results in a temporally split myofilament response to
calcium, which causes decreased contractility. Analysis of TNNTZ2 splicing variants in healthy human
hearts suggested an association between the rs1786814 GG genotype and coexistence of more than
one TNNTZ splicing variant (90.5% GG v 41.7% GA/AA; P = .005).

Conclusion

We report a modifying effect of a polymorphism of CELF4 (rs1786814) on the dose-dependent
association between anthracyclines and cardiomyopathy, which possibly occurs through a pathway
that involves the expression of abnormally spliced TNNTZ2 variants.
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association between anthracycline exposure and

cardiomyopathy risk’ suggests that genetic variants
possibly modify this association. Previous efforts

Anthracyclines are a highly effective class of che-
motherapeutic agents that play a critical role in
the first-line treatment of childhood cancer. How-
ever, the strong dose-dependent association with
cardiomyopathy"* limits therapeutic potential.
Interindividual variability in the dose-dependent

led by our team and other investigators have used
a candidate gene approach to understand the
molecular pathogenesis of anthracycline-related
cardiotoxicity, and these efforts have resulted in
biologically plausible leads."*® However, there is a
paucity of studies that attempt a comprehensive
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agnostic approach with independent replication or functional val-
idation in a robust sample of childhood cancer survivors and with a
specific emphasis on the gene-environment (anthracycline dose)
interaction. We addressed this gap by performing a genome-wide
association study (GWAS) to identify novel single-nucleotide
polymorphisms (SNPs) that potentially modified the dose-
dependent risk of anthracycline-related cardiomyopathy. SNPs that
surpassed a prespecified threshold for statistical significance in the
discovery stage were validated in the replication stage by using an
independent set of patients who had cardiomyopathy. The possible
mechanistic significance of validated SNP(s) was evaluated with
healthy heart samples.

Study Design and Population

Discovery set. Study participants were drawn from a Children’s
Oncology Group study (COG-ALTE03N1; NCT00082745) that used a
matched case-control design to understand the pathogenesis of cardiomyopathy
in childhood cancer survivors. COG member institutions (Data Supple-
ment) enrolled patients after approval was obtained from local institutional
review boards. Written informed consent or assent was obtained from
patients, parents, or legal guardians. Cases and controls were identified
from individuals diagnosed with cancer at age 21 years or younger. Cases
consisted of childhood cancer patients who developed cardiomyopathy
and who were alive at study participation. For each case, one to four
patients who had no signs or symptoms of cardiomyopathy were randomly
selected as controls from the same COG childhood cancer survivor cohort
and were matched on primary cancer diagnosis, year of diagnosis (within
5 years), and race/ethnicity. The selected controls also needed to have a
longer duration of cardiomyopathy-free follow-up compared with time
from cancer diagnosis to cardiomyopathy for the corresponding case. The
discovery set included 430 childhood cancer survivors (162 cases, 268
controls). All participants provided a biologic specimen (blood [89%] or
buccal cells/saliva [11%]) for DNA.

Replication set. An independent set of 54 childhood cancer survivors
with cardiomyopathy (enrolled in COG-ALTE03N1 after completion of the
discovery stage) comprised the replication set.

Phenotype Assessment

Anthracycline-exposed participants had normal cardiac function
before anthracycline exposure. Cases fulfilled the American Heart Asso-
ciation criteria for cardiac compromise’ by presentation with signs and/or
symptoms (dyspnea, orthopnea, fatigue, edema, hepatomegaly, and/or
rales) or, in the absence of signs and/or symptoms, with echocardiographic
features of left ventricular dysfunction (ejection fraction [EF] 40% or less
and/or fractional shortening [SF] 28% or less; Data Supplement).

Therapeutic Exposures

Lifetime anthracycline exposure was calculated by multiplying the
cumulative dose (mg/m?) of individual anthracyclines received by a factor
that reflects the cardiotoxic potential of the drug'® and then by summing
the results. Radiation to the chest with heart in the field was captured as a
yes/no variable.

Genotyping and Quality Control

Discovery set. Genomic DNA was isolated from peripheral blood
(QIAamp kits; Qiagen, Hilden, Germany), buccal cells (Puregene kits;
Qiagen), or saliva (Oragene kits, Ottowa, Ontario, Canada). Genotyping
was performed on the Illumina HumanOmniExpress-12 v1.0 DNA
analysis bead-chip (Illumina, San Diego, CA) at the Medical Genetics
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Institute of Cedars-Sinai. Quality control (QC) tests for genotype data were
performed with PLINK."" We did not identify any individuals on the basis
of discordant sex, sample contamination, or low genotyping (missing
fraction > 0.025). We filtered 60 individuals on the basis of results of the
heterozygosity test (inbreeding coefficient | F | was > 0.1'%) and two
individuals on the basis of the results of the relatedness test (identity by
descent value > 0.1875). The multidimensional scaling method'" was used
to cluster individuals in the discovery set into non-Hispanic whites and
other. To control for potential population stratification, 37 individuals
were filtered, which retained 331 non-Hispanic whites (112 patients as
cases, 219 patients as controls) in the discovery stage.

Both the overall genomic control inflation factor (A = 1.04) and the
quantile-quantile plot (Data Supplement) for genome-wide marginal
effect tests did not suggest any large-scale systematic bias as a result of
population stratification. The genotype data included 709,358 autosomal
SNPs. We removed 2,999 SNPs that failed the missing data test (missing
fraction > 0.05) and 119,316 SNPs that had a minor allele frequency
(MAF) of less than 0.05. We also checked the Hardy-Weinberg
equilibrium and excluded 3,295 SNPs that had P values less than
.0001. The final data set included 583,748 autosomal SNPs (82.3%)
for each of the 331 individuals and had a total genotyping call rate
of 99.8%.

Replication set. Genomic DNA was isolated from peripheral blood
(QIAamp kits; Qiagen), buccal cells (Puregene kits) or saliva (Oragene Kkits).
Significant SNP(s) identified in discovery were genotyped in the replication
set by using Sequenom iPLEX SNP chemistry on a MassArray system.

Functional Analysis

Healthy heart samples (n = 33) were procured from the National
Disease Research Interchange and the Cooperative Human Tissue Net-
work. The State University of New York at Buffalo’s Institutional Review
Board approved this research. Presence of SNP(s) of interest in cardiac
DNA was investigated with TagMan genotyping assays per the manu-
facturer’s guidelines (Applied Biosystems, Carlsbad, CA). Splicing isoforms
were amplified by nested polymerase chain reaction (PCR). Identities of
PCR products were verified by DNA sequencing (Data Supplement).

Statistical Analyses

Analyses were conducted using R (http://www.r-project.org/), SAS
software (SAS Institute, Cary, NC), and PLINK (http://pngu.mgh.harvard.
edu/~purcell/plink/).

Discovery stage.
Marginal effect. Conditional logistic regression techniques (model 1) were
used for each SNP (n = 583,748) that passed QC, MAF, and Hardy-Weinberg
equilibrium filters. Age at diagnosis of primary cancer, sex, chest radiation,
and anthracycline dose were included in the analysis on the basis of previous
evidence about the association of these variables with cardiomyopathy.'?

logit (p) = matched_set + agedx + gender + RT + anthracycline + SNP
(model 1)

In model 1, p is the probability of cardiomyopathy conditional on matched
set; SNP is the genotype for each SNP in additive coding; anthracycline is
the cumulative anthracycline dose in mg/m” (continuous variable); RT is
chest radiation (yes/no); agedx is the age at diagnosis of primary cancer
(continuous variable); gender is sex of participants (male/female).
Gene-environment interaction. We used a two-step procedure'*'” to
maximize our ability to detect a role for gene-environment (anthracycline
dose) interaction in the development of anthracycline-related cardiomy-
opathy. Step 1 involved retention of suggestive SNPs that had modest main
effects. Step 2 involved testing the SNPs retained in step 1 for their roles in
modification of the association between anthracycline dose and car-
diomyopathy risk (ie, gene-environment interactions). Independence
between the tests in the two steps has been proven.'®

In Step 1, conditional logistic regression techniques (using model 1) were
used for each SNP, and 1,000 suggestive SNPs (corresponding to P <.004)
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were retained for step 2 (Data Supplement). In step 2, gene-environment
interaction analysis was conducted with conditional logistic regression
techniques (model 2) for all retained SNPs. The variable legend for model 2
is the same as that of model 1.

logit (p) = matched_set + agedx + gender + RT + anthracycline + SNP +

SNP* anthracycline
(model 2)

After taking into consideration linkage disequilibrium (LD) among the
1,000 retained SNPs, 643 independent tests (variance inflation factor = 2)
were estimated by the repeated sliding-window procedure.'’ This
allowed a P value less than 7.77 X 107> (0.05/643) to serve as the
threshold for the whole-genome significance test after accounting for
multiple testing.

Replication stage. We used a case-only design to verify significant
gene-environment interactions identified in the discovery stage. Cumu-
lative anthracycline exposure was dichotomized as low-to-moderate-
dose (= 300 mg/mz) and high-dose (> 300 mg/mz) on the basis if
previous observations"'® of elevated cardiomyopathy risk with a dose
greater than 300 mg/m>. We treated the binary variable of anthracycline
exposure as a dependent variable and used logistic regression techniques
to conduct a gene-environment interaction analysis (model 3).

logit ( p_anth_exp) = agedx + gender + RT + race/ethnicity + SNP
(model 3)

In model 3, p_anth_exp is the probability of being in the high-dose
anthracycline group; anth_exp is dichotomized anthracycline exposure
(0: = 300 mg/m? 1: > 300 mg/m?). The rest of the variable legend for
model 3 is the same as that of model 1.

Table 1. Characteristics of Study Population in the Discovery and Replication Set
Discovery Set Replication Set
No. (%) of Non-Hispanic Whites No. (%) of Cases
Non-Hispanic All Races/ Ethnicities
Variable Cases (n = 112) Controls (n = 219) P* Whites (n = 21) (n = 54)
Race/ethnicity T
Non-Hispanic white 112 (100) 219 (100) Matched 21 (100) 21 (38.9)
Hispanic 0 (0) 0 (0) 0(0) 12 (22.2)
Other 0 (0 0 (0) 0(0) 21 (38.9)
Age at primary cancer diagnosis, years
Mean (SD) 8.4 (5.7) 8.3 (5.8) .75 7.5 (4.8) 7.7 (5.0)
Median (range) 7.5 (0-20) 7.9 (0-21) 5.6 (1.05-17.27) 7.7 (0.02-20.6)
Age at study participation, years
Mean (SD) 19.0 (9.5) 21.9 (9.1) < .001 19.3 (7.8) 18.0 (8.5)
Median (range) 18.3 (0.4-41.8) 20.5 (4.2-50.1) 17.7 (3.9-35.6) 16.6 (1.1-40.4)
Female sex 66 (58.9) 113 (51.6) 24 12 (57.1) 24 (44.4)
Primary diagnosist
HL/NHL 28 (25.0) 49 (22.4) Matched 2 (9.6) 10 (18.5)
Sarcoma 35 (31.2) 61 (27.9) 5 (23.8) 17 (31.5)
ALL/AML 27 (24) 67 (30.6) 10 (47.6) 18 (33.2)
Other 22 (19.6) 42 (19.1) 4 (19.0) 9 (16.7)
Year of primary cancer diagnosist
= 1990 46 (41) 71 (32.4) Matched 7 (33.3) 18 (33.3)
1991-2000 47 (42) 101 (46.1) 8 (38.1) 21 (38.9)
2001-2008 19 (17) 47 (21.5) 6 (28.6) 15 (27.8)
Median (range) length of follow-up, years 9.4 (0.1-35.1) 12.9 (1.4-41) < .001 8.1 (0.8-30.6) 4.1 (0.1-30.6)
Cumulative anthracycline exposure, mg/m?*
Median (range) 319 (0-760) 180 (0-825) < .001 350 (0-668) 301 (0-668)
> 300 59 (562.7) 76 (34.7) 14 (67) 27 (50.3)
Received chest radiation8 25 (22.3) 27 (12.4) .03 11 (52) 19 (35)
Median (range) age at cardiomyopathy 18.3 (0.4-41.7) NA 15.3 (3.9-34.5) 14.5 (1.1-34.6)
diagnosis, years
Median ejection fraction, % 44 (13-68)]| 65 (47-84) — 37 (32-65)# 41 (20-60)#
Median fractional shortening, % 24 (5-33)% 37 (28-47)° 18.5 (14-41) 21 (10-41)
CELF4 genotype
GG 78 (69.6) 123 (56.2) .02 17 (81) 41 (75.9)
GA 32 (28.6) 83 (37.9) 4(19) 13 (24.1)
AA 2(1.8) 13 (5.9) 0(0) 0(0)
Abbreviations: ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; HL, Hodgkin lymphoma; NA, not applicable; NHL, non-Hodgkin lymphoma; SD,
standard deviation.
* P values were obtained from conditional logistic regression or generalized linear model, taking into consideration matched set.
tMatching variables. Because of variation in the number of controls per case, the percentage of controls and cases in each category of a specific matching variable may
not be identical.
F#Missing anthracycline dose for one control.
8n = 15 patients with no exposure to anthracyclines received radiation (n = 5 cases, n = 10 controls).
n = 89.
u]n =79.
#n = 9.
an = 93.
bn =111,
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Discovery Stage

Demographic/Clinical Characteristics. The median ages at pri-
mary cancer diagnosis for patients in the cases and controls were 7.5
and 7.9 years, respectively (Table 1). Cases received a higher cumu-
lative anthracycline exposure (median dose, 319 mg/m” v 180 mg/m?;
P <.001) and were more likely to have received chest radiation (22.3%
v 12.4%; P = .03). The median time for the case group between cancer
diagnosis and cardiomyopathy was 9.4 years; controls were followed
for a significantly longer period (median, 12.9 years; P < .001).

Cases met the criteria for cardiomyopathy (median EE, 44%
[range, 13% to 68%]; median SE, 24% [range, 5% to 33%]; Data
Supplement). Controls had no symptoms or signs of cardiac com-
promise at study participation. Of the 219 controls, 137 had normal
echocardiographic features (median EF, 65%; median SF, 37%); the
remaining 82 controls did not have echocardiograms. Thirty-one of
the 82 controls without echocardiograms did not receive cardiotoxic
drugs, whereas the remaining 51 received cardiotoxic agents
(anthracyclines alone, n = 38; radiation alone, n = 7; both, n = 6).
Exclusion of the 51 anthracycline- and/or radiation-exposed controls
without echocardiograms from the analysis did not alter the results
(Data Supplement); we opted to include them in the analysis.

Risk of cardiomyopathy. Multivariable conditional logistic
regression analysis, adjusted for age at diagnosis of primary cancer
and sex, revealed that patients exposed to high-dose anthracyclines
(>300 mg/mz) were 5.1 times (95% CI, 2.4 to 10.9 times; P <.001)
more likely to develop cardiomyopathy than those exposed to
300 mg/m? or less. Exposure to chest radiation was associated with a
3.2-fold increased risk of cardiomyopathy (95% CI, 1.3- to 7.7-fold;
P = .01) compared with no radiation. No SNP was marginally
associated with cardiomyopathy at the genome-wide level.

Gene-environment interaction analysis. One SNP (rs1786814;
MAF in cases = 0.18, MAF in controls = 0.25) in the gene CUGBP

Elav-like family member 4 (CELF4) on chromosome 18 exceeded
the multiple-comparison—corrected threshold (7.77 X 107°) for a
significant SNP-by-anthracycline interaction in the two-step
method (P = 1.14 X 1077 Fig 1).

The association between SNP rs1786814 and cardiomyopathy
risk is shown in Table 2 and Table 3. After adjustment for age at
primary cancer diagnosis, sex, chest radiation, and anthracycline dose,
the GG genotype was associated with an increased risk of car-
diomyopathy compared with the GA/AA genotype (odds ratio [OR],
2.26;95% CI, 1.2 to 4.0; P = .006). Furthermore, patients who had the
GG genotype who received high-dose anthracyclines (> 300 mg/m?)
were at a 10.16-fold increased risk of cardiomyopathy (95% CI, 3.8- to
27.3-fold; P < .001) compared with those who had the GA/AA
genotype and low-to-moderate dose exposure (= 300 mg/m?®). The
modifying effect of the rs1786814 genotype on the dose-dependent
association between anthracycline and cardiomyopathy risk is also
shown in Figure 2. Among individuals with GA or AA genotypes,
cardiomyopathy risk did not increase with increased anthracycline
exposure. However, among individuals with GG genotype,
cardiomyopathy risk increased dramatically for those exposed
to greater than 300 mg/m” of anthracyclines.

Replication stage

Demographic and clinical characteristics. The median age at
primary cancer diagnosis of the 54 patients who had cardiomyopathy
was 7.7 years; 39% of the patients were non-Hispanic whites
(Table 1). The median cumulative anthracycline exposure was
301 mg/mz; the median EF was 41%, and the median SF was 21%.

Gene-environment interaction. Compared with cases who had
GA/AA genotype, the odds of cases who had the GG genotype
being in the greater-than—300-mg/m? versus the 300-mg/m?* —or-less
anthracycline group were 5.09 times higher (95% CI, 1.0 to 25.2
times; P = .046) for the entire replication set (Table 2 and Table 3). In
addition, the odds of cases who had the GG genotype being in the

-logqg(Pvalue)
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Plotted SNPs (IO R T g AR T 1 O O e TRV H A1
77 rs1786814 2| 100
6 0.8 . )
06 Fig 1. P values of gene-by-environment
0.4 - 80 interactions for the gene CELF4 region. Gene
5 * 0.2 CELF4 and adjacent genes in the region are

shown in the lower panel, and the unbroken
blue line indicates the recombination rate
within the region. Each filled circle represents
the P value of a gene-by-environment inter-
action for one single-nucleotide polymorphism
(SNP) in the non-Hispanic whites discovery
set. SNPs in the region were colored according
to their degrees of correlation () with
rs1786814, which was estimated internally by
LocusZoom®® on the basis of Utah residents of
Northern and Western European ancestry
(EUR) haplotypes of 1,000 genomes.
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Table 2. Main and Modifying Effect of CELF4 rs1786814 Genotypes on Dose-Dependent Risk of Anthracycline-Related Cardiomyopathy in the Discovery Set
No. (%) in Discovery Set
Controls
CELF4 rs1786814 genotype status Cases (n = 112) (n =219) Odds Ratio (95% ClI) P
Main effect*
AA ) 13 (6) 1.0 —
GA 32 (28) 83 (38) 3.18 (0.5 to 18.9) 2
GG 78 (70) 123 (56) 6.73 (1.1 to 41.1) .04
AA and GA 34 (30) 96 (44) 1.00 —
GG 78 (70) 123 (56) 2.26 (1.2 t0 4.0) .006
CELF4 gene—environment (anthracycline) interaction effectt
Cumulative anthracycline exposure and genotype status
= 300 mg/m? and GA/AA 19 (17) 52 (24) 1.0 —
= 300 mg/m? and GG 34 (30) 90 (41) 1.03 (0.5 t0 2.2) 9
> 300 mg/m? and GA/AA 15 (14) 43 (20) 1.75 (0.6 to 5.0) 3
> 300 mg/m? and GG 44 (39) 33 (15) 10.16 (3.8 to 27.3) < .001
*Qdds ratios were obtained from conditional logistic regression that adjusted for age at diagnosis, sex, chest radiation, anthracycline exposure (continuous).
tOdds ratios were obtained from conditional logistic regression that adjusted for age at diagnosis, sex, and chest radiation.

high-dose anthracycline category were also elevated for non-Hispanic
whites (OR, 14.59; P = .07) and for non-Hispanic whites and His-
panics together (OR, 13.74; P =.04).

Imputation Analysis

SNP rs1786814 is located in the intronic region of CELF4
on chromosome 18 (chr18: 35077028), and it appears to be in a
region of low LD; LD between rs1786814 and other SNPs on
CELF4 was not strong (Fig 1). We imputed the entire chro-
mosome 18 using 1,000 genome SNPs in 566 EUR (Utah res-
idents of Northern and Western European ancestry) —phased
haplotypes as a reference (Data Supplement).*’ No significant
gene-environment interaction was identified in the analysis on
the basis of imputed SNPs and r* greater than 0.3.

rs1786814 Genotype Status and Cardiac Expression of
TNNT2 Splicing Variants

The CELF family of RNA-binding proteins is implicated in the
alternative splicing of the TNNT2 gene during development.***
TNNT?2 encodes for troponin T, which is located on the thin fila-
ment of striated muscles and which regulates muscle contraction in
response to alterations in intracellular calcium ion (Ca*") con-
centration.'” Coexistence of the embryonic and adult TNNT2
variants results in a temporally split myofilament response to
increasing intracellular Ca** concentrations, which causes decreased
ventricular pumping efficiency.”**' We investigated whether the
CELF4 151786814 genotype status is associated with expression of

TNNT2 variants in myocardial tissue. The following genotype
distribution for the CELF4 SNP 151786814 was found in 33 samples
of cardiac DNA: GG (63.6%), GA (24.2%), and AA (12.2%). The
embryonic splicing variant of TNNT2 was found in 24 of the 33
heart samples and was more likely to coexist with the adult TNNT2
splicing variant in hearts homozygous for the high-risk rs1786814
genotype (GG: 19 (90.5%) of 21 samples; GA/AA: 5 (41.7%) of 12
samples; P = .005, Fisher’s exact test; Data Supplement).

Replication of Previous Findings

We have previously reported the dose-modifying impact of CBR3'
and HAS3’ on anthracycline-related cardiomyopathy risk. In the
current study (84% overlap with a previous study'), we demonstrate
that the CBR3:GG genotype is associated with an 8.8-fold increased
cardiomyopathy risk compared with CBR3:GA/AA genotypes (P =.03)
in individuals exposed to low-to-moderate doses of anthracyclines. By
using the ITMAT/Broad CARe (IBC; Illumina) cardiovascular SNP
array that profiles SNPs in 2,100 genes considered relevant for car-
diovascular disease in the general population, we reported that,
among those exposed to high-dose anthracyclines, the AA genotype for
SNP 152232228 in the HAS3 gene conferred an 8.9-fold increased
cardiomyopathy risk compared with the GG genotype.” We examined
the 13,219 overlapped SNPs between the IBC array and the GWAS
array for all 331 patients in the discovery set of the current study
population. HAS3 rs2232228 was not retained in the top 1,000
SNPs (P = .6). However, the gene-by-environment effect was
significant (P <.001). Additionally, among the 199 individuals who

Table 3. Main and Modifying Effect of CELF4 rs1786814 Genotypes on Dose-Dependent Risk of Anthracycline-Related Cardiomyopathy in the Replication Set

No. (%) of Patients by
Cumulative Anthracycline
Exposure (mg/m

?)

CELF4 rs1786814 genotype status for all patients in the Odds Ratio*
replication set = 300 > 300 (95% CI) P
GA and AA 9 (33) 4 (15) 1.0 —
GG 18 (67) 23 (85) 5.09 (1.03 to 25.23) .046

radiation.

*Qdds ratios were obtained from logistic regression that adjusted for age at diagnosis, primary cancer diagnosis, year of diagnosis, follow-up time, sex, and chest
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Fig 2. Risk of cardiomyopathy by anthracycline dose and genotype status (AA,
GA, GG). Odds ratios (ORs) were calculated based on model 2, which treated
anthracycline dose as a continuous variable (reference group: AA genotype with no
anthracycline exposure).

had complete genotype data on IBC and GWAS SNPs (n =
605,441), neither CELF4 SNP 151786814 (P = .006; Ppqin = .01)
nor HAS3 SNP 152232228 (Pg. = .002; Ppqin = .49) passed the
significance threshold, likely because of the small sample size.

We used a genome-wide approach to study the modifying effect
of genetic variants on the dose-dependent association between
anthracycline exposure and cardiomyopathy risk. Among
individuals with the GA or AA genotype for SNP rs1786814 on the
CELF4 gene, cardiomyopathy risk was not elevated, irrespective of

cumulative anthracycline exposure. However, among non-
Hispanic white individuals who had the GG genotype, exposure
to greater than 300 mg/m” of anthracyclines conferred a 10.2-fold
increased risk of cardiomyopathy compared with those who had
the GA/AA genotype and who were exposed to 300 mg/m” or less
of anthracyclines. The successful replication of findings in a
demographically diverse population speaks to the robustness of the
findings in this study. Furthermore, we imputed the entire
chromosome 18 and found no additional gene-environment
interactions that approached significance. These data implicate
the CELF4 SNP (rs1786814) in the development of anthracycline-
related cardiomyopathy.

The CELF protein family belongs to a group of splicing
regulators that controls developmentally regulated, tissue-specific
splicing events.”' Analysis of the CELF4 sequence with Netgene2
software (http://www.cbs.dtu.dk/services/NetGeneZ/)24 showed a
potential splice donor site for the G allele of rs1786814 (confidence,
55%); the A allele caused the loss of donor splice site. Furthermore,
cardiac expression of truncated forms of CELF4 in mice repress the
alternative splicing activity of CELF proteins, which results in
extensive cardiac fibrosis and cardiac dysfunction.”’ One of the
classic targets of CELF family members is TNNT2, the gene
encoding for cardiac troponin T (cTnT).*>*° ¢cTnT has an essential
role in Ca®" signaling in cardiac muscle and is an established
biochemical marker of myocardial injury*’; serum cTnT levels are
increased after anthracycline treatment.”® During development,
splicing of TNNT2 leads to the inclusion of alternative exon 5,
which results in the insertion of 10 additional amino acids into the
protein.”” mRNA expression of the TNNT2 splicing variants that
carry exon 5 clearly predominates in embryonic hearts but is barely
detectable in adult hearts. However, continued expression of
embryonic TNNT?2 variant in the adult cardiac muscle could cause
coexistence of two or more TNNT2 variants, which could result in
a temporally split myofilament response to increasing Ca®* con-
centrations and could cause decreased myocardial contractility and
ventricular pumping efficiency.’®" In fact, coexistence of two or
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more TNNT2 splicing variants is found in dilated cardiomyop-
athy.”® In the current study, we found that heart samples
homozygous for the high-risk CELF4 rs1786814 G allele are more
likely to coexpress the embryonic and adult TNNT2 variants and,
thus, to possibly enhance cardiotoxicity risk in patients homo-
zygous for the G allele after exposure to high-dose anthracyclines.
We provide evidence that SNP rs1786814 in the CELF4 gene
alters the risk of anthracycline-related cardiomyopathy among
patients exposed to high-dose anthracyclines. For individuals of
European descent, the frequency of the SNP rs1786814 G allele is 0.81.
The genotype distribution in individuals of European descent is GG
(0.66), GA (0.29), and AA (0.04). Thus, with respect to findings from
the current study, 66% of childhood cancer survivors are at increased
risk for anthracycline-related cardiomyopathy when exposed to high-
dose anthracyclines. However, equally as important, 34% of childhood
cancer survivors are spared, irrespective of anthracycline dose.
Although this study includes one of the largest populations of
clinically validated cardiomyopathy occurrences among childhood
cancer survivors, the relatively modest sample size (compared with
typical GWASs that focuses on chronic diseases) could have
precluded detection of additional genetic associations because of
insufficient power. A sample size of 331 patients, as in the current
study (with 30% in the case group), achieves 80% power at a .004
significance level for minimally detectable odds ratios that range
from 2.5 to 4.3 for MAFs that range from 5% to 50% (Data
Supplement).”” Furthermore, failure of previously reported genetic
variants (HAS3 1s2232228 and CBR3 V244M) to exceed the
multiple-comparison—corrected threshold (7.77 X 107°) for a
significant SNP-by-anthracycline interaction in the two-step
method used in the current study was probably a reflection of
the sample size. However, when we examined these candidate SNPs
individually, we were able to replicate the findings in the current
study. In a typical GWAS, gene-by-environment interactions are
investigated by testing the interaction between each SNP and
exposure individually, and the findings are adjusted for multiple

comparisons.'”****> Although the two-step method enhances stat-
istical power,'* it does so at the expense of losing some of the
susceptibility SNPs in the first step (such as HAS3 rs2232228 and
CBR3 V244M). This suggests that both the candidate gene approach
(which queries a biologically plausible association) and the agnostic
genome-wide association approach may have merit. This limitation
notwithstanding, findings from the current study as well as previous
studies can be integrated to form a unifying model for under-
standing the pathogenesis of anthracycline-related cardiomyopathy
(Fig 3) and for developing a prediction model that would allow
identification of patients at highest risk of anthracycline-related
cardiomyopathy, so targeted interventions can be instituted.
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