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Trastuzumab (herceptin) is an effective drug for human epidermal growth factor receptor type 2 
(HER2)-positive cancer. However, cardiotoxicity remains a serious complication. In our previous genome-
wide association study (GWAS), we identified potential associations for five single nucleotide polymorphisms 
(SNPs) with trastuzumab-induced cardiotoxicity in a Japanese population. To validate this association, 
here we performed replication studies using Japanese and Singaporean case-control cohorts (Japan: 6 cases 
and 206 controls; Singapore: 22 cases and 178 controls). Although none of the SNPs showed a statistically 
significant association with trastuzumab-induced cardiotoxicity, we show that three (rs8032978, rs7406710 
and rs9316695) and four (rs8032978, rs7406710, rs28415722 and rs11932853) SNPs had an effect in the same 
direction in the Japanese and the Singaporean cohort, respectively, as that in our previous study. Combining 
the previous study with the current replication studies, we find a strong association for two SNPs, rs8032978 
and rs7406710, with trastuzumab-induced cardiotoxicity (Pcombined = 4.92 × 10−5 and 5.50 × 10−5, respectively). 
These data suggest that rs8032978 and rs7406710 could be predictive markers of trastuzumab-induced car-
diotoxicity in Japanese and Singaporean populations, and support their potential use in clinical risk assess-
ment. These findings offer a first step toward the development of clinically available markers for the potential 
risk of trastuzumab-induced cardiotoxicity as well as an improved understanding of the pathogenesis of this 
complication.
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INTRODUCTION

Trastuzumab (Herceptin), a molecular targeted drug, pre-
vents tumor growth by inhibiting human epidermal growth 
factor receptor type 2 (HER2) signaling and induces antibody-
dependent cellular cytotoxicity (ADCC) by selectively bind-
ing to the extracellular domain of HER2.1–3) Trastuzumab is 
therefore used in the treatment of patients with HER2-positive 
breast or gastric cancer.4,5) Moreover, since November 2021, 
trastuzumab is now available for the treatment of salivary 
gland cancer in Japan.6) Although trastuzumab is an effec-
tive drug for HER2-positive cancer, cardiotoxicity remains a 
serious complication,7,8) with some patients needing to sus-
pend their treatment temporarily or indefinitely.9) However, 
whereas anthracycline-induced cardiotoxicity is irreversible 
and dose-dependent, trastuzumab-induced cardiotoxicity is 
typically reversible and dose-independent following the ces-
sation of the therapy, suggesting that genetic factors are likely 
to be involved in trastuzumab-induced cardiotoxicity.10–12) Al-
though the precise mechanism by which trastuzumab induces 

cardiotoxicity is still unclear, it is recommended that patients 
planning to receive the drug monitor their cardiac function 
via left ventricular ejection fraction (LVEF) evaluation both at 
baseline (before treatment) and during treatment.8,13)

Germline polymorphisms associated with trastuzumab-
induced cardiotoxicity have been reported; however, these 
results have not yet been sufficiently validated.14–16) Through 
genome-wide association study (GWAS), we previously identi-
fied five single nucleotide polymorphisms (SNPs) as possible 
genetic susceptibility factors for the risk of trastuzumab-in-
duced cardiotoxicity among Japanese patients.17) To build on 
this, here we investigated whether these associations could 
be further validated in another Japanese population and in a 
Singaporean population.

PATIENTS AND METHODS

Patients  For the Japanese replication cohort, we selected 
212 patients (6 cases and 206 controls) treated with trastuzum-
ab from the samples registered in the National Cancer Center 
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(NCC) Biobank (https://www.ncc.go.jp/jp/biobank/) from 
July 2016 to July 2019 (except the samples used in our previ-
ous GWAS).17) For the Singaporean cohort, 200 patients with 
breast cancer (22 cases and 178 controls) treated with trastu-
zumab were collected at the Tan Tock Seng Hospital (TTSH) 
from September 2007 to September 2019. We used Singaporean 
patient data to investigate the reproducibility of our previous 
GWAS data because Singapore is multiethnic Asian society 
(Chinese, Malay, Indian, and others). The clinical characteris-
tics of these patients are summarized in Table 1. In this study, 
“cases” were defined as those who developed trastuzumab-
induced cardiotoxicity during trastuzumab treatment, whereas 
“controls” were those who showed no trastuzumab-induced 
cardiotoxicity, as previously reported by Nakano et al.17) We 
defined trastuzumab-induced cardiotoxicity as left ventricu-
lar ejection fraction (LVEF) < 45% or LVEF <50% with an 
absolute decrease of 10% from baseline according to the cri-
teria in HERceptin Adjuvant (HERA) trial.18,19) Transthoracic 
echocardiography was performed for an assessment of LVEF 
at baseline and during follow-up (every 1.2–28.5 months, me-
dian; 2.8 months). All participants provided written informed 
consent. This study was approved by the Institutional Review 
Board of the NCC (Tokyo, Japan) and TTSH (Jalan Tan Tock 
Seng, Singapore).

SNP Genotyping  A total of five SNPs identified in 
our previous study17) were chosen for the replication stud-
ies: rs9316695 at chr13q14.3, rs28415722 and rs8032978 

at chr15q26.3, rs7406710 at chr17q25.3, and rs11932853 at 
chr4q25. These SNPs were genotyped using TaqMan Geno-
typing Assays (Thermo Fisher Scientific, MA, U.S.A.) accord-
ing to the manufacturer’s instructions.

Statistical Analysis  Differences in the distribution of age, 
gender, primary cancer site, pretreatment with anthracycline, 
and hormone status were evaluated by Fisher’s exact test or 
Mann–Whitney U test (Table 1). According to the previous 
study,17) a case-control association analysis using Fisher’s 
exact test was applied to an allelic frequency model for 
rs9316695, rs11932853 and rs8032978, or a recessive-inheri-
tance model for rs28415722 and rs7406710. The odds ratios 
(ORs) and confidence intervals (CIs) were calculated using a 
non-risk allele or a non-risk genotype as a reference. Signifi-
cance levels after Bonferroni correction were p = 1.00 × 10−2 
[0.05/5] in the replication studies. In the combined analysis, 
the genotype counts from the replication studies were added 
to the count from our previous study.17) All statistical analyses 
were carried out using R statistical environment v4.0.3, or the 
BellCurve for Excel v3.21 (Social Survey Research Informa-
tion Co., Ltd., Tokyo, Japan).

RESULTS

Patient Characteristics  We previously identified five 
SNPs as possibly associated with trastuzumab-induced cardio-
toxicity in a Japanese cohort. To validate these associations, 

Table 1. Patient Demographics and Clinical Characteristics

Characteristic

Replication 1  
(Japanese: N = 212)

P

Replication 2  
(Singaporean: N = 200)

P

Total  
(N = 412)

PNumber of patients (%) Number of patients (%) Number of patients (%)

Case (N = 6) Control (N = 206) Case (N = 22) Control (N = 178) Case (N = 28) Control (N = 384)

Age (years) 0.33 0.73 0.64
Median 53.5 58 59 62 57.5 57.5
Range 39–73 27–86 38–70 27–80 38–73 27–86

Gender 0.60 1.00 0.25
Female 6 (100) 175 (85.0) 22 (100) 178 (100) 28 (100) 353 (91.9)
Male 0 (0) 31 (15.0) 0 (0) 0 (0) 0 (0) 31 (8.1)

Primary cancer site 0.02 1.00 0.01
Breast 5 (83.3) 165 (80.1) 22 (100) 178 (100) 27 (96.4) 343 (89.3)
Gastric 0 (0) 41 (19.9) 0 (0) 0 (0) 0 (0) 41 (10.7)
Pancreas 1 (16.7) 0 (0) 0 (0) 0 (0) 1 (3.6) 0 (0)

Pretreatment with 
anthracycline

0.09 0.07 0.56

Yes 1 (16.7) 118 (57.3) 16 (72.7) 90 (50.6) 17 (60.7) 208 (54.2)
No 5 (83.3) 88 (42.7) 6 (27.3) 88 (49.4) 11 (39.3) 176 (45.8)

Her-2 1.00 0.30 0.25
Negative 0 (0) 0 (0) 0 (0) 1 (0.5) 0 (0) 1 (0.3)
Positive 6 (100) 205 (99.5) 21 (95.5) 176 (98.9) 27 (96.4) 381 (99.2)
Equivocal 0 (0) 1 (0.5) 1 (4.5) 1 (0.5) 1 (3.6) 2 (0.5)

ER status  
(Breast cancer)

1.00 1.00 0.67

Negative 1 (20.0) 36 (21.8) 8 (36.4) 65 (36.5) 9 (33.3) 101 (29.4)
Positive 4 (80.0) 129 (78.2) 14 (72.7) 113 (63.5) 18 (66.7) 242 (70.6)

PR status  
(Breast cancer)

1.00 0.18 0.43

Negative 1 (20.0) 49 (29.7) 8 (36.4) 94 (52.8) 9 (33.3) 143 (41.7)
Positive 4 (80.0) 116 (70.3) 14 (72.7) 84 (47.2) 18 (66.7) 200 (58.3)

ER, estrogen receptor; PR, progesterone receptor.
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we performed two replication studies using another Japanese 
patient cohort and a Singaporean patient cohort. In replication 
1 (the Japanese cohort), we selected 6 cases and 206 controls 
whereas, in replication 2 (the Singaporean cohort), we selected 
22 cases and 178 controls. Cases were classified as those pa-
tients who demonstrated signs of trastuzumab-induced cardio-
toxicity, whereas control patients did not. Table 1 shows the 
characteristics of these 412 patients. There were no statisti-
cally significant differences in terms of age, gender, pretreat-
ment with anthracycline, or hormone status (Her-2, estrogen 
receptor (ER) and progesterone receptor (PR)) between the 
case and control groups; only primary cancer site was signifi-
cantly different (Table 1).

Association between Five SNPs and Trastuzumab-
Induced Cardiotoxicity  We genotyped the samples for five 
SNPs and conducted a case-control association analysis using 
the Japanese cohort (replication 1) and the Singaporean cohort 
(replication 2). As shown in Supplementary Table S1, we did 
not observe large differences in the SNP allelic frequencies 
between this and previous studies, aside from rs9316695 and 
rs8032978. Overall, none of the SNPs showed a significant 
association. However, three SNPs (rs8032978, rs7406710 and 
rs93116695) in replication 1 had an effect in the same direc-
tion as that in our previous study; the uncorrected p-values 
for rs8032978, rs7406710, and rs93116695 were 0.39, 0.41, 
and 0.99, respectively. In replication 2, four SNPs (rs8032978, 
rs7406710, rs28415722 and rs11932853) showed an effect in 
the same direction as that in our previous study (uncorrected 

p value range = 0.34–1.00); however, again, there was no sig-
nificant association. The effects were limited: the difference 
in risk allele frequency (RAF) for rs28415722 and rs11932853 
were limited in the case and control groups. Finally, we 
sought to combine the replication study data with that of our 
previous study in a combined analysis. For the five SNPs, we 
found two SNPs, rs8032978 and rs7406710, to have a much 
stronger association with trastuzumab-induced cardiotoxicity, 
as shown in Table 2 (Pcombined = 4.92 × 10−5, OR = 3.49, and 
Pcombined = 5.50 × 10−5, OR = 3.47, respectively).

DISCUSSION

We previously reported five SNPs as potential predictive 
markers of the risk of trastuzumab-induced cardiotoxicity 
within a Japanese population.17) However, no replication stud-
ies have been conducted to date. To establish the reproduc-
ibility of our primary results, in this study we undertook rep-
lication studies using an additional Japanese population and a 
Singaporean population.

No significant association was observed for any of the five 
SNPs with trastuzumab-induced cardiotoxicity in these inde-
pendent cohorts. The differences in allelic frequencies between 
this and previous studies might be responsible for the replica-
tion failure. Furthermore, these cohorts might be underpow-
ered to detect statistically significant associations of the two 
SNPs (rs8032978 and rs7406710) with trastuzumab-induced 
cardiotoxicity, or other common variants not identified in our 

Table 2. Summary of Association Results for Five SNPs

Chromosom-
al region Positiona) SNP Gene Allele 

[1/2]b)
Risk 
allele Stage

Case Control

p-Value Odds ratio  
(95% CI)Genotype

RAF
Genotype

RAF
11 12 22 11 12 22

13q14.3 54615773 rs9316695 No gene C/A A Our previous 
studyc)

10 11 4 0.38 352 98 6 0.12 6.00E − 06 4.46 (2.30–8.47)

Replication 1 4 2 0 0.17 148 53 5 0.15 1.00E + 00 1.11 (0.24–5.18)
Replication 2 13 8 1 0.23 78 82 17 0.33 2.29E − 01 0.60 (0.26–1.30)

Combined 27 21 5 0.29 578 233 28 0.17 3.70E − 03 1.99 (1.28–3.08)
15q26.3 98609746 rs28415722 No gene G/A A Our previous 

studyc)
7 5 13 0.62 177 204 75 0.39 8.88E − 05 5.48 (2.21–13.69)

Replication 1 0 6 0 0.50 86 92 28 0.36 1.00E + 00 0.00
Replication 2 9 8 5 0.41 68 75 34 0.40 7.76E − 01 1.24 (0.33–3.82)

Combined 16 19 18 0.52 331 371 137 0.38 2.34E − 03 2.64 (1.45–4.79)
17q25.3 79505624 rs7406710 No gene C/T C Our previous 

studyc)
21 3 1 0.90 201 212 43 0.67 1.07E − 04 6.64 (2.19–27.01)

Replication 1 4 2 0 0.83 88 91 27 0.65 4.07E − 01 2.68 (0.48–14.97)
Replication 2 15 7 0 0.84 106 62 10 0.77 4.95E − 01 1.45 (0.53–4.43)

Combined 40 12 1 0.87 395 365 80 0.69 5.50E − 05 3.47 (1.83–6.58)
4q25 112024388 rs11932853 No gene T/C T Our previous 

studyc)
11 11 3 0.66 58 228 170 0.38 1.42E − 04 3.20 (1.70–6.23)

Replication 1 1 2 3 0.33 29 99 78 0.38 1.00E + 00 0.81 (0.24–2.74)
Replication 2 4 13 5 0.48 40 87 51 0.47 1.00E + 00 1.03 (0.52–2.03)

Combined 16 26 11 0.55 127 414 299 0.40 2.98E − 03 1.83 (1.23–2.72)
15q26.3 101799790 rs8032978 No gene A/G G Our previous 

studyc)
17 7 1 0.18 424 31 1 0.04 1.60E − 04 5.83 (2.30–13.51)

Replication 1 5 1 0 0.08 190 16 0 0.04 3.92E − 01 2.25 (0.27–18.51)
Replication 2 16 4 2 0.18 143 24 10 0.12 3.40E − 01 1.56 (0.59–3.71)

Combined 38 12 3 0.17 757 71 11 0.06 4.92E − 05 3.49 (2.01–6.03)

RAF, risk allele frequency; CI, confidence interval. a) Based on GRCh37 genome assembly. b) Reference allele (GRCh37) was defined as allele 1. c) Nakano et al., A 
Genome-Wide Association Study Identifies Five Novel Genetic Markers for Trastuzumab-Induced Cardiotoxicity in Japanese Population. Biol Pharm Bull. 42: 2045–2053.
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previous GWAS due to small sample size that might strongly 
influence cardiotoxicity. However, in both cohorts, rs7406710 
and rs8032978 had an effect in the same direction as that 
found in the previous study. Moreover, when we used a com-
bined analysis, the associations were stronger than those in the 
previous study. We performed a scoring analysis for two SNPs 
(rs8032978 and rs7406710) using a strategy similar to that de-
scribed in our previous study.17) We found that the incidence 
of trastuzumab-induced cardiotoxicity among patients with 
a risk score ≥2 was higher (9.1%) than that for patients with 
score ≤1 (4.2%) (p = 5.11 × 10−2, OR = 2.31, Supplementary 
Table S2). Therefore, these two SNPs might be useful predic-
tive markers for trastuzumab-induced cardiotoxicity not only 
in Japanese but also in a Singaporean population.

At present, there are but a few reports regarding the func-
tion of these SNPs. Selenoprotein S (SELENOS), small nuclear 
ribonucleoprotein polypeptide A' (SNRPA1), and proprotein 
convertase subtilisin/kexin type 6 (PCSK6) are located on 
chromosome 15q26.3, where rs8032978 is localized. The find-
ings from genome-wide linkage analyses indicate that these 
genes are associated with congenital heart defects.20) Oth-
ers have shown the mRNA and protein expression levels of 
PCSK6 to be upregulated in hypoxic cardiomyocytes, with 
an increase in serum PCSK6 levels also confirmed in patients 
with acute myocardial infarction.21) In a mouse model, PCSK6 
overexpression results in impaired left ventricular function 
through enhanced collagen production and cardiac fibrosis.21) 
These lines of evidence support our findings of the potential 
association between rs8032978 and trastuzumab-induced car-
diotoxicity.

According to the Genotype-Tissue Expression (GTEx) 
database, rs7406710 is associated with the expression of fas-
cin actin-bundling protein 2, retinal (FSCN2) in the thyroid 
(p = 1.2 × 10−15).22) FSCN2 is a member of the fascin protein 
family and is a disease gene linked with autosomal dominant 
retinitis pigmentosa.23–25) However, any functional associa-
tion between FSCN2 and trastuzumab-induced cardiotoxicity 
remains unclear. Further investigations will be needed to con-
firm the role of rs7406710 in trastuzumab-induced cardiotoxic-
ity.

This study had several strengths and limitations. The main 
strength of our study is that this is the first replication study 
to seek to identify associations for the five SNPs identified 
by us previously17) with trastuzumab-induced cardiotoxicity. 
Although no significantly associated SNP with trastuzumab-
induced cardiotoxicity was found, rs7406710 and rs8032978 
showed strong associations and may be useful predictive 
markers for trastuzumab-induced cardiotoxicity in Japanese 
and Singaporean populations. The main limitation is that the 
sample size is likely to be too small to have sufficient power 
to detect a statistically significant association between SNPs 
and trastuzumab-induced cardiotoxicity. Hence, our results 
will need to be confirmed by a prospective study with a larger 
sample size.

In conclusion, our replication studies using Japanese and 
Singaporean cohorts supports the potential association of two 
SNPs with trastuzumab-induced cardiotoxicity. These findings 
may help to contribute to our understanding of the mechanism 
of trastuzumab-induced cardiotoxicity and lead to better prog-
nosis and QOL for patients with HER2-positive cancer.
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