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Abstract

The relationship between the SLC31A1 (protein: copper transporter 1) rs10981694 A > C and ATP7B (protein: P-type
adenosine triphosphatase 7B) rs9535828 A > G polymorphisms on the overall survival and disease-free survival of 104
Japanese patients with esophageal squamous cell carcinoma (ESCC) receiving neoadjuvant chemoradiotherapy (CRT) was
investigated. Chemotherapy consisted of protracted infusion of 5-fluoracil (800 mg/m?/day) on days 1-5 and cisplatin or
nedaplatin (80 mg/m*/day) on day 1. The median (range) follow-up was 47 (6—127) months. The 5-year overall and disease-
free survival rates were 71.2% and 60.6%, respectively. The 5-year overall survival rate was significantly higher in patients
with the SLC31A1 rs10981694 C allele compared with the rs10981694 A/A genotype (91.7% vs. 65.0%, P=0.018). The
5-year disease-free survival rate was significantly higher in patients with the SLC31A1 rs10981694 C allele compared
with the rs10981694 A/A genotype (79.2% vs. 55.0%, P=0.043). In addition, univariate and multivariate analyses showed
the SLC31A1 rs10981694 A > C polymorphism to be a significant prognostic factor affecting 5-year overall survival after
neoadjuvant CRT. However, the overall and disease-free survival rates after surgery did not differ significantly among the
ATP7B 159535828 genotypes. In conclusion, only the SLC31A1 rs10981694 A/A genotype was an independent predictor of
a poorer 5-year overall survival. Therefore, in neoadjuvant CRT for ESCC patients, the effect of platinum was affected by
the SLC31A1 rs10981694 A > C polymorphism. The presence of this polymorphism should be considered when devising
neoadjuvant CRT regimens or treatment strategies for ESCC.
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Introduction

Although esophageal squamous cell carcinoma (ESCC)
has a high malignant potential and poor prognosis [1, 2], it
often responds well to chemotherapy and/or radiotherapy
[3, 4]. Chemoradiotherapy (CRT) is now a standard treat-
ment for ESCC [3, 4]; however, the clinical outcomes after
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neoadjuvant CRT differ among patients with ESCC. There-
fore, biomarkers predicting the responsiveness of personal-
ized CRT regimens for ESCC are necessary.
Platinum-based chemotherapy is widely used for many
cancer types such as lung, bladder, head, and neck cancers
[5-7]. In ESCC, combination therapy consisting of cisplatin,
as a platinum-based anticancer drug, and 5-fluoracil (5-FU)
is used as the key regimen to treat various stages of this
disease in Japan [8—10]. Platinum-based anticancer drugs
act by binding to DNA with intra- or inter-strand crosslinks,
and the platinum—DNA adducts lead to DNA lesions, activa-
tion of multiple pathways, and ultimately cell apoptosis [11,
12]. However, the clinical outcomes of patients receiving
platinum-based anticancer drugs are affected by the devel-
opment of resistance to these drugs. The mechanisms of
platinum resistance are thought to include decreased mem-
brane transport of the drugs, detoxification in the cytoplasm,
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inactivation of DNA repair pathways, increased DNA repair,
and induction of apoptosis due to DNA damage [11, 12].

Platinum-based anticancer drugs are taken up by cancer
cells via copper transporter (CTR) 1 (gene: SLC31AT) and
are excreted from cancer cells via copper-transporting P-type
adenosine triphosphatase 7B (ATP7B) [13—15]. The expres-
sion levels of CTR1 and ATP7B have been reported to affect
platinum resistance in patients with non-small cell lung
cancer or ovarian carcinoma treated with platinum-based
anticancer drugs [16, 17]. However, it is not clear how the
drug transporters CTR1 and ATP7B contribute to platinum
tolerance, among the various mechanisms of platinum resist-
ance [11, 12], or their clinical effects on platinum resistance
in patients with ESCC.

Several single nucleotide polymorphisms (SNPs) have
been identified in SLC31AI and ATP7B [18-20]. These
SNPs may explain the inter-individual differences in the
response to, and toxicity of, CRT. The SLC31A1 rs10981694
A>C and ATP7B 19535828 A > G polymorphisms have
been reported to affect platinum resistance or the occurrence
of adverse events in lung and ovarian cancer patients treated
with platinum-based anticancer drugs [18-20]; however, no
such evidence is available in ESCC patients.

The aim of the present study was to determine whether
the survival of 104 patients with ESCC receiving neoadju-
vant CRT was affected by the SLC31A1 rs10981694 A>C
or ATP7B rs9535828 A > G polymorphism.

Methods
Protocol

This study was approved by the Ethics Committee of Akita
University Graduate School of Medicine (nos. 419 and
600). The study participants were 104 Japanese patients
treated with neoadjuvant CRT for ESCC at Akita Univer-
sity Hospital between 2008 and 2018. For all patients, the
clinical cancer stage and treatment strategy were defined
at an esophageal cancer conference attended by physicians,
radiologists, surgeons, and pharmacists. In addition, the
disease was classified according to the UICC International
Union Against Cancer tumor/node/metastasis Classification
of Malignant Tumors (7th edition). Chemotherapy consisted
of protracted infusion of 5-FU (800 mg/m?/day) on days
1-5 and cisplatin or nedaplatin (80 mg/m?/day) on day 1.
This protocol was repeated once or twice every 3—5 weeks.
Radiotherapy involved high-energy 10 MV X-rays delivered
in 1.8-2 Gy daily fractions for a total of 40-41.2 Gy. All
patients received a three-dimensional radiation treatment
plan.

The gross tumor volume of the primary tumor and meta-
static lymph nodes was determined. The primary tumor was
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contained within the craniocaudal length of the primary
tumors ranged from 3 to 5 cm. The clinical target volume
was determined by setting a margin of approximately 1 cm
around the gross tumor volume, and it included mediasti-
nal lymph nodes. The following histopathological criteria
were used to determine the efficacy of neoadjuvant CRT
[21, 22]: grade O (ineffective), no recognizable cytological
or histological therapeutic effect; grade 1 (slightly effective),
apparently viable cancer cells (including cells with eosino-
philic cytoplasm with vacuolation and swollen nuclei) mak-
ing up one-third or more of the tumor tissue but with some
evidence of degeneration of cancer tissue or cells; grade 2
(moderately effective), viable cancer cells making up less
than one-third of the tumor tissue with severe degeneration
or necrosis of other cancer cells; and grade 3 (markedly
effective), no viable cancer cells evident.

Disease-free survival was defined as the period from the
start of neoadjuvant CRT to the date of the last visit without
recurrence. Overall survival was defined as the period from
the start of neoadjuvant CRT to death from any cause or the
last visit.

Genotyping

For SNP analysis, 1 mL peripheral blood samples were
obtained and stored at —80 °C. DNA was extracted from
the peripheral blood samples using the QIAamp Blood Kit
(Qiagen, Hilden, Germany) and stored at —80 °C until analy-
sis. The SLC31A1 rs10981694 A>C and ATP7B rs9535828
A > G genotypes were identified using PCR—restriction frag-
ment length polymorphism [18-20]. The PCR mixture con-
tained 5 pL 10 ng/pL genomic DNA, 25 pL 2x HotStarTaq
Master Mix, 2.5 pL each primer (10 pM), and 15 pL. RNase-
free water in a final volume of 50 pL. The PCR conditions
were 95 °C for 15 min, 35 cycles of 95 °C for 30 s, 52 °C
for 30 s, and 72 °C for 30 s, followed by 72 °C for 5 min.
The genotype frequency of SLC3/AI rs10981694 A>C
was 76.92% for A/A (n=280), 22.12% for A/C (n=23), and
0.96% for C/C (n=1). Therefore, patients with the SLC31A1
rs10981694 A/C and C/C genotypes were analyzed as a sin-
gle group.

Statistical analyses

The distribution of the continuous variables was evaluated
for normality using the Shapiro—Wilk test. The values of
the patient characteristics are presented as medians (range).
The Kruskal-Wallis test or Mann—Whitney U test was used
to compare the continuous variables between groups. Differ-
ences in patient characteristics and genotype frequency were
determined using the Pearson x* test or Fisher’s exact test.
Survival curves for overall survival and disease-free survival
were analyzed using the Kaplan—Meier method. The Cox



Medical Oncology (2021) 38:6

Page3of7 6

proportional hazard regression model was used to perform
univariate and multivariate analyses. In the multivariate
model, age, sex, lymph node metastasis, histopathological
criteria, and the SLC31A1 rs10981694 A > C polymorphism
were included as explanatory variables. For each patient, the
genotypes of the transporters were replaced with dummy
variables (in two groups, 1 and 0; in three groups, 1 and 0, 0
and 0, and 0 and 1). A two-sided P value less than 0.05 was
considered statistically significant. Statistical analyses were
performed using SPSS 26.0 for Windows (SPSS IBM Japan
Inc., Tokyo, Japan).

Results

The patient population included 87 males and 17 females.
The median (range) age of the patients was 63.5 (43-77)
years. Cisplatin plus 5-FU therapy and nedaplatin plus 5-FU
therapy were received by 31 and 73 patients, respectively.
According to the histopathological criteria, the effect of neo-
adjuvant CRT was judged to be grade 1 in 34 (32%) patients,
grade 2 in 38 (37%), and grade 3 in 32 (31%). The charac-
teristics of the patients did not differ between the SLC31A1
rs10981694 A/A genotype and C allele or among the ATP7B
rs9535828 A/A, A/G, and G/G genotypes (Table 1). In addi-
tion, there was no significant difference in the histopatho-
logical grade, defining the effectiveness of CRT, according
to the genotype of each polymorphism (Table 1).

The median (range) follow-up was 47 (6—127) months.
The 5-year overall survival and 5-year disease-free survival
rates were 71.2% and 60.6%, respectively. Comparison of
the overall survival and disease-free survival rates according
to the SLC31A1 rs10981694 A > C and ATP7B rs9535828
A > G polymorphisms are shown in Fig. 1. The 5-year
overall survival rates of the patients with the SLC3/A1
rs10981694 A/A genotype and C allele were 65.0% (95% Cl
44.7-52.1) and 91.7% (95% C1 52.8-61.6), respectively, and
this difference was significant (P=0.018) (Fig. 1a). On the
other hand, the 5-year overall survival rates of the patients
with the ATP7B rs9535828 A/A, A/G, and G/G genotypes
were 77.8% (95% C1 46.9-58.2), 68.6% (95% C1 45.1-54.1),
and 69.2% (95% Cl 43.4-56.2), respectively, but the differ-
ences were not significant (P=0.681) (Fig. 1b).

The 5-year disease-free survival rates of the patients with
the SLC31A1 rs10981694 A/A genotype and C allele were
55.0% (95% Cl1 35.3—45.5) and 79.2% (95% Cl 44.0-58.2),
respectively, and this difference was significant (P =0.043)
(Fig. 1c). The 5-year disease-free survival rates of the
patients with the ATP7B rs9535828 A/A, A/G, and G/G
genotypes were 55.6% (95% Cl 36.6-51.7), 64.7% (95% Cl
37.0-49.7), and 57.7% (95% C131.5-49.4), respectively, but
the differences were not significant (P =0.858) (Fig. 1d).

The results of univariate analyses of 5-year overall sur-
vival after neoadjuvant CRT, which included age (>64 vs.
<64 years), sex, depth of invasion (T3 vs. T1+T2), lymph
node metastasis (N1+N2 vs. NO), histopathological crite-
ria (grade 243 vs. grade 1), SLC31A1 rs10981694 A>C
(A/A vs. A/IC+C/C genotype), and ATP7B rs9535828 A>G
(A/A vs. A/IG+G/G genotype and A/A+ A/G vs. G/G geno-
type), are shown in Table 2. The only factor found to be sig-
nificantly related to survival was the SLC3/A1 rs10981694
A > C polymorphism (P =0.033) (Table 2). The results of
the multivariate analysis using the Cox proportional haz-
ard regression model are shown in Table 3. The SLC31AI
rs10981694 A > C polymorphism remained an independent
factor influencing the 5-year overall survival after neoad-
juvant CRT, and the age, sex, lymph node metastasis and
histopathological criteria had no effect on the association
between the SLC31A1 rs10981694 A > C polymorphism and
5-year overall survival rate (Table 3).

Discussion

To the best of our knowledge, this is the first report of an
effect of the SLC31A1 rs10981694 A > C polymorphism on
overall survival and disease-free survival in patients with
ESCC undergoing neoadjuvant CRT (cisplatin plus 5-FU or
nedaplatin plus 5-FU therapy). The SLC31A1 rs10981694
A > C polymorphism was not associated with the histopatho-
logical criteria used to determine the effect of neoadjuvant
CRT; however, the 5-year overall and disease-free survival
rates were approximately 20% higher in patients with the
SLC31A1 rs10981694 C allele than in those with the A/A
genotype. In addition, the SLC3/A1 rs10981694 A/A geno-
type was identified as a risk factor for a poorer 5-year overall
survival rate after neoadjuvant CRT. We do not have suf-
ficient information to fully explain this phenomenon. The
histopathological grade was evaluated in the tissues resected
after neoadjuvant CRT. Therefore, similar to the survival
rates, the histopathological grade was also considered to be
related to the SLC31A1 rs10981694 A > C polymorphism,
because patients with the SLC31/A1 rs10981694 C allele had
a high rate of intracellular platinum drug translocation. In
the present study, patients with the SLC3/A1 rs10981694 C
allele tended to have high histopathologic criteria of grade
2 + 3 compared with A/A genotype, but the difference was
not significant. Therefore, we considered the sensitivity
for platinum-based anticancer drugs and clinical outcomes
separately. In the present study, the clinical outcomes after
neoadjuvant CRT were better in patients with the SLC31A1
rs10981694 C allele.

Xu et al. reported no significant difference in the response
rate or overall survival rate after cisplatin-based chemother-
apy in lung cancer patients with the SLC3/A1 rs10981694

@ Springer



6 Page4dof7

Medical Oncology (2021) 38:6

Table 1 Characteristics of patient groups with the each SLC31A1rs10981694A > C or ATP7B rs9535828A > G genotype

SLC31A1rs10981694A>C ATP7B 1s9535828A > G
A/A A/C+C/C P value A/A A/IG G/G P value
No. of patients 80 24 27 51 26
Age (year) 63.0 (43-74) 63.0 (47-77) 0.757 65.0 (49-77) 63.0 (45-74) 61.1 (43-72) 0.125
Sex 0.346 0.938
Male 68 19 23 42 22
Female 12 5 4 9 4
Site of primary tumor 0.596 0.760
U 21 4 7 13 5
M 36 13 14 24 11
Lt 23 7 6 14 10
Depth of invasion 0.304 0.335
T1 1 1
T2 7 0 0 6 1
T3 71 23 26 44 24
Lymph node metastasis 0.410 0.683
NO 7 4 4 4 3
N1 47 11 15 31 12
N2 26 9 8 16 11
Distant metastasis 0.443 0.362
MO 70 22 23 44 25
Mllym 10 2 4 7 1
Stage 0.313 0.670
A 7 4 4 4
1IB 10 1 1 7
1A 29 9 11 19
111B 24 7 7 13 11
Ic 0 1 0 1 0
v 10 2 4 7
Chemotherapeutic regimen 0.667 0.741
Cisplatin +5-fluorouracil 23 8 7 17 7
Nedaplatin +5-fluorouracil 57 16 20 34 19
Histopathologic effect of CRT 0.360 0.956
Grade 1 28 6 9 16 9
Grade 2+ Grade 3 52 18 18 35 17

Continuous variables are presented as medians (range)

U: upper third of the thorax, M: middle third of the thorax, Lt: lower third of the thorax

CRT: chemoradiotherapy

A/A genotype compared with the C allele, whereas carry-
ing the SLC31A1 rs10981694 C allele was associated with
severe cisplatin-induced ototoxicity [18]. In that report, the
major reason for the cisplatin-induced ototoxicity seemed to
be cellular accumulation of the platinum-based anticancer
drug, as patients with the SLC3/A1 rs10981694 C allele had
higher levels of intracellular cisplatin. In contrast, Li et al.
reported that 12 patients with epithelial ovarian cancer with
the SLC31A1 rs10981694 C allele treated with carboplatin
had a significantly higher rate of carboplatin resistance,
defined as recurrence within 6 months after chemotherapy
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[19]; however, in that report, this phenomenon was not
observed in 94 patients with epithelial ovarian cancer receiv-
ing cisplatin therapy [19]. Therefore, further studies evaluat-
ing the effect of this polymorphism on survival in patients
with epithelial ovarian cancer may be necessary.

Li et al. reported a higher rate of response (complete or
partial response) to platinum-based chemotherapy in lung
cancer patients with the ATP7B rs9535828 A allele com-
pared with the G/G genotype [20]. In that report, the ATP7B
rs9535828 A > G polymorphism showed an ability to pre-
dict the clinical outcome after platinum-based chemotherapy
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Table 2 Univariate Cox

. . HR 95% Cl1 P value

proportional hazard regression

analyses of factors associated Age >64 vs. <64 years 1.297 0.630-2.672 0.480

with the S-year overall survival =g Male vs. female 28073 0.561-1406.012  0.095
Depth of invasion T3 vs. T1+T2 3.806 0.518-27.961 0.189
Lymph node metastasis N1+N2vs. NO 1.223 0.582-2.572 0.595
Histopathological criteria Grade 243 vs. grade 1 1.869 0.905-3.859 0.091
SLC31A1 1510981694 A>C A/A vs. AIC+C/C 4.767 1.135-20.020 0.033*
ATP7B 159535828 A>G A/A vs. AIG+G/G 0.672 0.275-1.645 0.385
ATP7B rs9535828 A>G A/A+A/G vs. G/IG 0.894 0.398-2.007 0.785

HR, hazard ratio; CI, confidence interval

*Statistically significant

in lung cancer patients. However, in the present study, the
ATP7B 1s9535828 A > G polymorphism affected neither sur-
vival nor the histopathological criteria used to determine
a treatment effect after neoadjuvant platinum-based CRT
in ESCC patients. The clinical outcomes after neoadju-
vant platinum-based chemotherapy in ESCC patients in the

present study were different from those after platinum-based
chemotherapy in lung cancer patients in the study by Li et al.
[20]. Thus, differences in patient background characteris-
tics, cancer type, and assessment methods may be attributed
to the different results among clinical studies, but further
studies are necessary. Both in vivo and in vitro studies have
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Table 3 Multivariate
Cox proportional hazard

regression analysis of the
association between the
SLC31A1 1510981694 A>C
polymorphism and the 5-year
overall survival
histopathological criteria

Variables HR 95% CI P value
Crude (SLC31A1 rs10981694 A>C) 4.767 1.135 - 20.020 0.033*
Adjusted for age and sex 4.401 1.047 - 18.500 0.043*
Adjusted for age, sex, and lymph node metastasis 4.616 1.096 - 19.440 0.037*
Adjusted for age, sex, lymph node metastasis, and 4.416 1.049 - 18.597 0.043*

HR, hazard ratio; CI, confidence interval

*Statistically significant

shown CTRI1 to be essential for platinum translocation into
cells [23, 24]. Moreover, Yu et al. reported lower CTR1
protein expression in a cisplatin-resistant human ESCC cell
line compared with the parental cell line [25]. Thus, the
SLC31A1 1510981694 A > C polymorphism may be a more
appropriate biomarker of the efficacy of platinum-based anti-
cancer drugs compared with the ATP7B rs9535828 A>G
polymorphism. Different genotypes may be related to differ-
ent levels of drug accumulation in tumor tissues, contribut-
ing to different responses to platinum chemotherapy.

Our current results should be interpreted within the
context of the study limitations. Specifically, neoadjuvant
chemotherapy or CRT is a standard treatment for stage II/I11
ESCC in Japan. Therefore, the influence of adjuvant therapy
on the results of this study is not clear. Hence, additional
studies of ESCC patients who have not received neoadju-
vant CRT may be necessary. However, in the univariate and
multivariate analyses of the present study, only the SLC3/A1
rs10981694 A/A genotype was an independent factor associ-
ated with a poorer 5-year overall survival rate after neoad-
juvant CRT. Therefore, CTR1, which contributes to intra-
cellular translocation, may play a greater role in platinum
resistance in ESCC patients than ATP7B, which contributes
to extracellular clearance.

Conclusion

In conclusion, the 5-year overall and disease-free survival
rates after neoadjuvant CRT were significantly higher in
patients with the SLC31A1 rs10981694 C allele than in those
with the SLC31A1 rs10981694 A/A genotype. In addition,
only the SLC31A1 rs10981694 A/A genotype was an inde-
pendent factor associated with poorer 5-year overall sur-
vival after neoadjuvant CRT. Therefore, patients with the
SLC31A1 1510981694 A/A genotype might require a differ-
ent treatment strategy, such as a change in the chemother-
apy regimen (for example, combination with radiotherapy
or addition of docetaxel to cisplatin and 5-FU combination
therapy [26-28]). However, further studies on the influence
of the SLC31A1 rs10981694 A > C polymorphism on clini-
cal outcomes after docetaxel, cisplatin, and 5-FU therapy
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are necessary. The biomarkers found in this study might be
useful for personalization of ESCC treatment. Further pro-
spective studies of the effect of the SLC31A7 rs10981694
A > C polymorphism on platinum resistance are warranted.
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