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ABSTRACT

Background. The expression of solute carrier (SLC) 7

family genes is reportedly associated with several malig-

nancies. Here, we focused on SLC7A9 and investigated its

expression, function, and clinical significance in esopha-

geal squamous cell carcinoma (ESCC).

Methods. SLC7A9 transcription levels were evaluated in

13 ESCC cell lines, and polymerase chain reaction (PCR)

array analysis was conducted to detect coordinately

expressed genes with SLC7A9. SLC7A9 contributions to

proliferation, invasion, and migration were evaluated in

ESCC cells subjected to siRNA-mediated gene knockdown

and pCMV6-entry plasmid-mediated overexpression.

SLC7A9 expression was detected in 189 ESCC tissues by

quantitative reverse-transcription (qRT)-PCR and corre-

lated with clinicopathological parameters.

Results. The expression levels of SLC7A9 varied widely

in ESCC cell lines and correlated with FGFBP1 expres-

sion. Knockdown of SLC7A9 significantly suppressed the

proliferation, invasion, and migration of the ESCC cell

lines. Moreover, overexpression of SLC7A9 enhanced cell

proliferation and migration. In analyses of clinical speci-

mens, SLC7A9 mRNA was overexpressed in the ESCC

tissues compared with the adjacent normal esophageal

tissues. High mRNA expression was significantly associ-

ated with high levels of squamous cell carcinoma-related

antigen and carcinoembryonic antigen, advanced disease

stage, and lymph node metastasis. High SLC7A9 expres-

sion was also significantly associated with poor disease-

specific and disease-free survival, and lymph node recur-

rence after radical surgery, but not with the other

recurrence patterns. On multivariate analysis, high SLC7A9

expression was an independent predictor of lymph node

recurrence.

Conclusions. SLC7A9 influences the malignant behavior

of ESCC cells. Tumor SLC7A9 expression may serve as a

novel biomarker for predicting lymph node metastasis and

recurrence in ESCC patients.

Esophageal cancer is the eighth most common cancer

and the sixth leading cause of cancer-related mortality

globally.1 Esophageal cancer is histopathologically divided

into two main subtypes: adenocarcinoma and esophageal

squamous cell carcinoma (ESCC), and the latter is the

more common subtype in Asia and developing countries

compared with the Western countries.2 Despite current

improvements in multimodal therapeutic strategies for

ESCC, the disease is generally associated with a poor

outcome due to its high metastatic potential. In particular,

lymphatic metastasis is observed in a relatively early phase

of tumor progression because of its well-developed con-

nection to the lymphatic system. The lymph node (LN)

metastasis rate is reported as 10–20% even in pT1

ESCC.3–5 In addition, the 5-year overall survival rate is\
40%, even for ESCC patients undergoing radical
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treatment,6 and LN recurrence is the main cause of treat-

ment failure after radical surgery.7 Although there is no

available biomarker specific for metastatic patterns in

ESCC, it can be helpful for better clinical outcomes to

precisely predict the risk of LN metastasis or recurrence

after radical treatment.

Recently, the solute carrier (SLC) 7 gene family has

been focused on as oncogenes in a variety of cancers. The

SLC7 gene family, comprising 14 genes, encodes amino

acid transporters, which are essential for the maintenance

of amino acid nutrition and survival of tumor cells.8 The

expression pattern of SLC7 family genes depends on the

type of cancer, and several genes of this family have been

reported to function as oncogenes in a variety of cancers.9

For example, SLC7A3 is overexpressed and associated with

a poor prognosis in papillary thyroid cancer, SLC7A5 in

gastric, pancreatic, and prostatic cancers,10–12 and

SLC7A11 in gliomas.13,14 However, the expression and

oncogenic function of SLC7 family genes in ESCC are

unknown.

In the present study, we aimed to identify a novel

oncogene for ESCC among the SLC7 gene family. By

analyzing a large set of ESCC patient data from The

Cancer Genome Atlas (TCGA) database,15 we selected

SLC7A9 as a candidate gene and investigated its expres-

sion, function, and clinical significance in ESCC. We

evaluated the biological function of SLC7A9 in a panel of

human ESCC cell lines subjected to small interfering RNA

(siRNA)-mediated SLC7A9 knockdown and pCMV6-entry

plasmid-mediated SLC7A9 overexpression. In addition, we

measured SLC7A9 expression level in clinical samples and

its relationship to clinicopathological characteristics.

METHODS

Ethics

Our study conformed to the ethical guidelines of the

World Medical Association Declaration of Helsinki–Ethi-

cal Principles for Medical Research Involving Human

Subjects and has been approved by the institutional review

board (approval no. 2014–0044) at Nagoya University,

Japan. We obtained written informed consent for the use of

clinical samples and data from all patients, as required by

the institutional review board.

TCGA Dataset

To select a candidate gene from the SLC7 family of

genes, we analyzed a dataset of 96 ESCC patients from the

TCGA database.15 We analyzed the mRNA expression

levels of accessible 13 SLC7 family genes, except

SLC7A12, in ESCC and normal esophageal tissues.

Cell Lines

A panel of 13 human ESCC cell lines was obtained as

follows: NUEC2 and WSSC were established at Nagoya

University.16 TE1, TE2, TE3, TT, and TTn were obtained

from the American Type Culture Collection (Manassas,

VA, USA); KYSE1170, KYSE1260, KYSE1440,

KYSE510, KYSE590, and KYSE890 were obtained from

the Japanese Collection of Research Bio Resources Cell

Bank (Osaka, Japan). All the cell lines were cultured in

Roswell Park Memorial Institute (RPMI)-1640 medium

(Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal

bovine serum at 37 �C and 5% CO2.

Patients and Clinical Samples

For mRNA expression analysis by quantitative reverse-

transcription polymerase chain reaction (qRT-PCR), eso-

phageal tissues (primary ESCC and adjacent noncancerous

mucosa) were collected from 189 patients who underwent

radical esophagectomy at Nagoya University Hospital

between 2001 and 2016. Tissue samples were directly

frozen and stored at -80 �C upon resection. Specimens

were confirmed to be ESCC by histological classification

based on the eighth edition of the Union for International

Cancer Control (UICC) staging system for esophageal

cancer.17 Of the 118 patients with stage II or III ESCC, 98

underwent fluorouracil combined with platinum-based

neoadjuvant chemotherapy (NAC), according to standard

recommendations since 2006. This cohort does not contain

patients who received preoperative radiation therapy.

qRT-PCR Analysis and PCR Array Analysis

Expression levels of SLC7A9 mRNA in 13 ESCC cell

lines and tissue samples from the 189-patient cohort were

analyzed by qRT-PCR as described previously18 with the

specific primers listed in Supplementary Table 1. We used

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

mRNA as an internal standard to calculate the relative

SLC7A9 mRNA level in each sample.

To identify genes coordinately expressed with SLC7A9

in ESCC cell lines, we conducted PCR array analysis with

the Human Epithelial to Mesenchymal Transition (EMT)

RT2 Profiler PCR Array (Qiagen, Hilden, Germany). This

array includes 84 ‘‘key’’ genes encoding proteins with the

following functions: extracellular matrix protein, tran-

scription factors, and proteins involved in EMT, growth,

proliferation, migration, cytoskeleton, morphogenesis, cell

differentiation, and signaling pathways.19,20
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siRNA-Mediated Knockdown of SLC7A9

To evaluate the biological function of SLC7A9, we

performed siRNA-mediated SLC7A9 knockdown experi-

ment. KYSE590 cells were plated at 1 9 105 cells/mL in

24-well plates, incubated overnight, and then transiently

transfected with 20 nM siRNA specific for SLC7A9 or a

control siRNA (Supplementary Table 1) with LipoTrust

EX Oligo (Hokkaido System Science, Sapporo, Japan).

KYSE890 cells (1 9 105 cells/mL) were also transfected

with siRNAs by an electroporation method using Neon

System (Thermo Fisher Scientific, Waltham, MA, USA).

After transfection, the cells were cultured in RPMI-1640

medium without antibiotics for 48 h before use in func-

tional assays.

Forced Expression of SLC7A9

To further evaluate the biological function of SLC7A9

in ESCC, we also performed the forced expression exper-

iment with the control C-terminal Myc and DDK-tagged,

destination vector (pCMV-entry control) and pCMV6-en-

try SLC7A9 expression vector (RC205055) (OriGene

Technoloqies, Rockville, MD, USA). Each vector was

transfected into 1 9 105 cells/ml of NUEC2 cells with

LipoTrust EX Gene (Hokkaido System Science, Sapporo,

Japan), and cells were incubated for 24 h.

Functional Assays

Cell proliferation was determined using Cell Counting

Kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto,

Japan); migration was measured using a wound-healing

assay (ibidi GmbH, Martinsried, Germany), and invasion

was determined using BioCoat Matrigel invasion chambers

(BD Biosciences, Bedford, MA, USA) as described pre-

viously.21,22 For the migration assay, the wound width in

each well was measured 20 times at 100-mm intervals.

These cell functional assays were performed with

KYSE590 and KYSE890, and NUEC2 cells (see Results

section). Migration was determined with KYSE590 and

NUEC2 cells because the migration speed of KYSE890

was too slow to analyze, and invasion was determined with

KYSE890 cells because KYSE590 and NUEC2 cannot

penetrate the Matrigel layer.23

Clinical Significance of SLC7A9 mRNA Expression

Level

Patients were divided into two groups with the median

SLC7A9 mRNA expression level obtained from all 189

analyzed patients as a cutoff for low (B median) and high

([median) SLC7A9 expression. Correlations between low/

high SLC7A9 mRNA expression, clinicopathological

parameters, and long-term outcomes, including disease-

specific survival (DSS), disease-free survival (DFS), and

recurrence pattern-specific survival, were evaluated.

STATISTICAL ANALYSIS

Data were compared between the two groups using the

Mann–Whitney U test or the v2 test. SLC7A9 mRNA

expression levels were compared between ESCC tissues

and adjacent noncancerous tissues from the 189-patient

cohort using the Wilcoxon signed-rank test. DSS, DFS, and

recurrence pattern-specific survival rates were calculated

by the Kaplan–Meier method and analyzed with a Cox

proportional hazards model. Univariate regression analysis

of prognostic factors was performed with a Cox propor-

tional hazards model, and variables with p \ 0.05 were

included in the final multivariate model. All statistical

analyses were performed with JMP 14 software (SAS

Institute Inc., Cary, NC, USA). p\ 0.05 was considered

statistically significant.

RESULTS

Selection of Candidate Gene from SLC7 Family Genes

To select a candidate gene from the SLC7 family of

genes, we compared the mRNA expression levels of 13

SLC7 family genes between ESCC tissues and normal

esophageal tissues from the TCGA dataset including 96

ESCC patients. As a result, we selected SLC7A9 for the

subsequent analyses because it was the most overexpressed

in ESCC tissues with a significant difference (Table 1;

Supplementary Fig. 1a).

Expression of SLC7A9 and Cancer-Related Genes

in ESCC Cell Lines

Expression of SLC7A9 mRNA in 13 human ESCC cell

lines was analyzed by qRT-PCR. The expression levels

varied widely in the ESCC cell lines, with no significant

differences between cell lines with different degrees of

differentiation (p = 0.584) or between lines derived from

primary tumors and metastases (TTn, TT, KYSE1260, and

KYSE1170) (p = 0.165) (Fig. 1a). PCR array analysis

revealed that FGFBP1 was expressed at a level that was

significantly and inversely correlated with that of SLC7A9

in ESCC cell lines. Interestingly, FGFBP1 also showed the

most negative correlation with SLC7A9 among 20,104

genes in ESCC tissues from the TCGA dataset24,25 (cor-

relation coefficient -0.504, p \ 0.001; Supplementary

Fig. 2).
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Effect of SLC7A9 Knockdown and Forced Expression

on Biological Activities of ESCC Cells

Then, we investigated the transfection efficiency of

siRNA-mediated knockdown of SLC7A9 in the fifth cell

line with the highest SLC7A9 mRNA expression levels

(KYSE1260, KYSE890, KYSE590, TTn, and TE3). qRT-

PCR analysis indicated that knockdown efficiency

of[ 50% was observed in KYSE590 and KYSE890 cells

(Fig. 1b). Therefore, cell functional assays were performed

with KYSE590 and KYSE890 cells expressing control

siRNA or SLC7A9-specific siRNA. Cell proliferation was

significantly decreased in KYSE590 cells as well as

KYSE890 cells by SLC7A9 knockdown from 72 h to 120 h

compared with the controls (Fig. 1c). Moreover, SLC7A9

knockdown significantly decreased the migration of

KYSE590 cells (Fig. 1d), and significantly inhibited the

invasion of KYSE890 cells (Fig. 1e) compared with the

control cells.

Next, we performed forced expression of SLC7A9 in

NUEC2 cells, which had the lowest SLC7A9 mRNA

expression level. SLC7A9 plasmid successfully overex-

pressed SLC7A9 in NUEC2 cells (Supplementary Fig.3a).

Cell proliferation was significantly increased in NUEC2

cells by the forced expression of SLC7A9 from 24 h to 72 h

compared with pCMV-entry control cells (Supplementary

Fig. 3b). In addition, the forced expression of SLC7A9

significantly increased the migration of NUEC2 cells

compared with pCMV-entry control cells (Supplementary

Fig. 3c).

ESCC Patients and SLC7A9 mRNA Expression

in ESCC Tissues

Next, we examined SLC7A9 mRNA expression in pri-

mary ESCC tissues and adjacent normal tissues from 189

ESCC patients. The 189 patients consisted of 147 men and

42 women with a median age of 66 years (range, 44–84

years). The majority of the patients (162, 86%) were

diagnosed with differentiated ESCC, and the rest with

undifferentiated ESCC. Based on the eighth edition of the

UICC classification, 37, 43, 75, and 34 patients were in

pathological stages I, II, III, and IV, respectively. NAC was

administered to 98 patients (52%). The median follow-up

duration was 37.7 months, during which time 85 patients

(45%) experienced recurrence and 66 patients (35%) suc-

cumbed to the disease.

SLC7A9 mRNA levels were higher in ESCC tissues than

in normal adjacent esophageal tissues in 96 ESCC patients

(51%), and SLC7A9 mRNA expression levels were sig-

nificantly higher in ESCC tissues than in corresponding

normal adjacent tissues (p = 0.034; Supplementary

Fig. 1b).

Prognostic Value of SLC7A9 mRNA Level in ESCC

Tissue

The 189 ESCC patients were divided into high/low

SLC7A9 mRNA expression groups using the median value

as the cutoff and correlations between SLC7A9 mRNA

expression levels, and the relationships between expression

and clinicopathological parameters were analyzed

(Table 2). High SLC7A9 mRNA expression in ESCC tis-

sues was significantly associated with tumor location, high

serum levels of carcinoembryonic antigen (CEA) and

squamous cell carcinoma-related antigen (SCC), advanced

disease stage, and LN metastasis. High SLC7A9 expression

was also significantly associated with LN metastasis even

on multivariable analysis (Supplementary Table 2).

Next, we performed survival analyses of SLC7A9

mRNA expression. DSS was significantly lower in patients

TABLE 1 mRNA expression levels of SLC7 family genes in ESCC

patients from TCGA dataset

Symbol ESCC tissue/normal

Log2 p

SLC7A10 2.42849976 0.156

SLC7A9 2.17570735 0.014

SLC7A11 1.6179734 0.137

SLC7A5 1.32149011 \ 0.001

SLC7A7 0.90797086 0.036

SLC7A13 0.8930848 0.992

SLC7A8 0.52718726 0.733

SLC7A6 0.33915031 0.17

SLC7A1 0.19962422 0.197

SLC7A4 -0.2367003 0.317

SLC7A2 -2.1142123 0.002

SLC7A3 -4.1479953 0.025

SLC7A14 -4.5354859 0.002

SLC7 solute carrier family 7, ESCC esophageal squamous cell

carcinoma

cFIG. 1 Expression of SCL7A9 and effects of SLC7A9 knockdown in

ESCC cells. a mRNA levels of SLC7A9 and FGFBP1 in 13 ESCC

cell lines. b siRNA-mediated knockdown efficiency of SLC7A9 in

KYSE590 and KYSE890 cells. c Proliferation of KYSE590 and

KYSE890 cells with and without siRNA-mediated SLC7A9
knockdown. d Wound-healing assay with KYSE590 cells. The

panels on the left show representative images of cells, and the

graph on the right shows the mean migration distance at the indicated

times. e Invasion assay with KYSE890 cells. The panels on the left

show representative images of stained cells (9200 magnification).

The graph on the right shows the mean number of invading cells in

eight randomly selected fields. *p\ 0.05
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with high SLC7A9 expression than in those with low

SLC7A9 expression (5-year DSS rates, 54% and 73%,

respectively, p = 0.004; Fig. 2a). DFS was also signifi-

cantly lower in patients with high SLC7A9 expression than

in those with low SLC7A9 expression (5-year DFS rates,

47% and 63%, respectively, p = 0.012; Fig. 2b). Multi-

variable analyses showed that high SLC7A9 expression was

an independent predictive factor both for DSS and DFS

(Supplementary Tables 3, 4). Interestingly, high SLC7A9

mRNA expression was significantly associated with LN

recurrence (p = 0.010) as well as overall recurrence (p =

0.049), but not with local or hematogenous recurrence

patterns (Fig. 2c). Of 189 patients, 38 patients experienced

LN recurrence, including 19 patients with multiple recur-

rence patterns. The cumulative incidence of LN recurrence

was significantly higher in patients with high SLC7A9

expression compared with those with low expression (p =

0.006, Fig. 2d). Multivariable Cox regression analysis

revealed that high SLC7A9 mRNA expression in ESCC

tissues was an independent predictive factor for LN

TABLE 2 Association between expression level of SLC7A9 mRNA and clinicopathological parameters in 189 patients

Variable High SLC7A9 mRNA in

ESCC tissue (n)

Low SLC7A9 mRNA

in ESCC tissue (n)

p

Age (years) \ 65 43 (46%) 40 (42%) 0.614

C 65 51 (54%) 55 (58%)

Sex Male 71 (76%) 76 (80%) 0.460

Female 23 (24%) 19 (20%)

Smoking history Present 70 (74%) 72 (76%) 0.834

Absent 24 (26%) 23 (24%)

Double cancer Present 20 (21%) 16 (17%) 0.438

Absent 74 (79%) 79 (83%)

Tumor location Ce, Ut, Mt 69 (73%) 48 (51%) 0.001

Lt, Ae 25 (27%) 47 (49%)

Tumor multiplicity Present 11 (12%) 10 (11%) 0.797

Absent 83 (88%) 85 (89%)

Tumor size (mm) \ 50 58 (62%) 52 (55%) 0.332

C 50 36 (38%) 43 (45%)

CEA (ng/ml) B 5 77 (82%) 90 (95%) 0.006

[ 5 17 (18%) 5 (5%)

SCC (IU/ml) B 1.5 53 (56%) 67 (71%) 0.044

[ 1.5 41 (44%) 28 (29%)

pT T1 or T2 39 (41%) 31 (33%) 0.207

T3 or T4 55 (59%) 64 (67%)

Lymph node metastasis Present 69 (73%) 50 (53%) 0.003

Absent 25 (27%) 45 (47%)

Differentiation Differentiated 77 (82%) 85 (89%) 0.138

Undifferentiated 17 (18%) 10 (11%)

Vessel invasion Present 39 (41%) 37 (39%) 0.722

Absent 55 (59%) 58 (61%)

Lymphatic involvement Present 74 (79%) 64 (67%) 0.079

Absent 20 (21%) 31 (33%)

Intraepithelial progress Present 21 (62%) 27 (51%) 0.798

Absent 13 (38%) 26 (49%)

Pathological UICC stage I–II 33 (35%) 47 (49%) 0.046

III–IV 61 (65%) 48 (51%)

Neoadjuvant chemotherapy Present 54 (57%) 44 (46%) 0.126

Absent 40 (43%) 51 (54%)

SLC7A9 solute carrier family 7 member 9, CEA carcinoembryonic antigen, SCC squamous cell carcinoma-related antigen, UICC Union for

International Cancer Control
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recurrence after radical surgery (hazard ratio 2.55, 95%

confidence interval 1.28–5.08, p = 0.007; Table 3).

Prognostic Value of Tumor SLC7A9 mRNA Level

in Patient Subgroups

Next, we performed subgroup analyses stratified by age,

sex, UICC stage, LN metastatic status, tumor differentia-

tion status, and NAC to determine the predictive value of

SLC7A9 mRNA expression for LN recurrence. We found

no significant interactions among any of the subgroups

analyzed (Fig. 3). On the other hand, it is possible that

patients in the LN metastasis group may have stronger

predictive effects of SLC7A9 mRNA expression compared

with those in the LN metastasis absent group.

DISCUSSION

In the present study, we focused on SLC7A9 as a can-

didate oncogene and investigated the expression, function,

and clinical significance of SLC7A9 in ESCC. We showed

that knockdown of SLC7A9 in ESCC cell lines significantly

reduced malignant abilities such as cell proliferation,

migration, and invasion in vitro. We also showed that

overexpression of SLC7A9 enhanced malignant potential in

ESCC cells. On analyses of clinical specimens, we

demonstrated that high SLC7A9 mRNA expression in

ESCC tissue was significantly associated with LN metas-

tasis and recurrence, as well as poor prognosis. These

results implicate SLC7A9 in the malignant potential of

(a) (b)

(c) (d)

1

0.8

0.6

0.4

0.2

0

1

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0.0

0 12 24 36 48 60 0 12 24 36 48 60

0 12 24 36 48 60

60

40

20

0

D
is

ea
se

-s
pe

ci
fic

 su
rv

iv
al

D
is

ea
se

-f
re

e 
su

rv
iv

al

Months Months

Months

Low SLC7A9

Low SLC7A9

Low SLC7A9

Low SLC7A9

High SLC7A9

High SLC7A9

Low SLC7A9

High SLC7A9

High SLC7A9

High SLC7A9

95 89 73 58 46 36

94 76 55 44 32 25 94 57 47 38 30 23

95 73 62 52 44 33

94 57 47 38 30 23

95 73 62 52 44 33

HR: 2.07
95% CI: 1.25-3.42
p = 0.004

HR: 1.76
95% CI: 1.13-2.75
p = 0.012

HR: 2.59
95% CI: 1.31-5.14
p = 0.006

No. at risk No. at risk

Low SLC7A9

Low SLC7A9

High SLC7A9

High SLC7A9

No. at risk

p = 0.049

n.s

n.s

p = 0.010

Ove
ral

l

Hem
ato

ge
no

us

Lym
ph

 no
de

Loc
al

Fr
eq

ue
nc

y 
of

 e
ac

h 
re

cu
rr

en
ce

pa
tte

rn
 (%

)

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 ly
m

ph
no

de
 re

cu
rr

en
ce

FIG. 2 Prognostic value of SLC7A9 mRNA in ESCC tissues. a, b
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ESCC and indicate that tumor SLC7A9 expression could be

a useful biomarker for predicting LN metastasis and

recurrence.

The SLC7A9 gene, a member of the SLC7 gene family,

is located on human chromosome 19p13.11 and encodes a

light subunit of amino acid transporters, playing a role in

the high-affinity and sodium-independent transport of

cystine and cationic amino acids.26 SLC7A9 has been well

studied as a gene responsible for cystinuria,27 but has never

been focused on from the oncological perspective. There-

fore, we first revealed the relationship between SLC7A9

and cancer in ESCC. Our in vitro analyses showed that the

knockdown of SLC7A9 directly attenuated, and the over-

expression of SLC7A9 potentiated, the aggressiveness of

ESCC cell lines, suggesting that SLC7A9 is more likely to

act as a driver gene rather than a passenger gene in ESCC.

Currently, the oncogenic mechanism of SLC7A9 is unfor-

tunately unclear. On the other hand, cystine is essential for

cancer cells to maintain their antioxidant system with

glutathione; thus, the cystine transport system reportedly

plays a malignant role in several cancers.28 Indeed,

SLC7A11, the cystine/glutamate transporter, is upregulated

in various types of cancer and has been recently found to

influence tumor growth, progression, and metastasis.9 In

colorectal cancer, high tumor SLC7A11 expression is

reported to be an independent predictor for LN metastasis

and disease recurrence.29 SLC7A9 may also act as a tumor

promoter via abnormal uptake of cystine. In addition, our

study showed that FGFBP1 was expressed in concert with

the expression of SLC7A9 both from PCR array analysis

with ESCC cell lines and TCGA’s genome dataset.

FGFBP1 is an important molecule in EMT and is report-

edly downregulated during EMT.30,31 Although the

pathway involved with SLC7A9 and FGFBP1 is currently

unknown, FGFBP1 may play a key role in the oncogenic

mechanism of SLC7A9 and promote metastatic ability via

EMT.

In the present study, we showed the potential of SLC7A9

as a prognostic biomarker for ESCC. What was particularly

unique was that high tumor SLC7A9 expression was highly

associated with LN metastasis and recurrence, but not with

other metastatic patterns. Even in the modern era with the

development of radiological diagnosability, radiological

N-staging accuracy for ESCC is less than 80%.32,33 In a

clinical setting, underestimation of N-staging could lead to

skipping of NAC or reductive extent of LN dissection,

which sometimes worsens the prognosis.34 Thus, the

development of surrogate markers to predict the likelihood

of LN metastasis is desired, and SLC7A9 could be a can-

didate biomarker. High tumor SLC7A9 expression in

biopsy samples might be indicative of strong consideration

for NAC and extended LN dissection, even when clinically

TABLE 3 Prognostic factors for lymph node recurrence

Univariate Multivariate

Hazard ratio 95% CI p-Value Hazard ratio 95% CI p-Value

Age (C 65 years) 1.12 0.59–2.13 0.732

Sex (male) 0.87 0.42–1.78 0.696

Smoking 1.03 0.49–2.17 0.940

Tumor location (lower) 0.66 0.33–1.34 0.251

Double cancer 0.79 0.33–1.88 0.589

Tumor multiplicity 0.97 0.34–2.73 0.950

Tumor size (C 50 mm) 1.13 0.59–2.13 0.717

CEA ([ 5 ng/ml) 0.97 0.35–2.74 0.959

SCC ([ 1.5 IU/ml) 1.01 0.51–1.97 0.989

Tumor depth (pT3–4) 0.98 0.96–1.88 0.960

Lymph node metastasis 2.05 0.99–4.22 0.053

pN categories (pN2–3) 2.46 1.19–5.07 0.015 2.08 0.92–4.68 0.078

Tumor differentiation (undifferentiated) 1.21 0.51–2.91 0.662

Lymphatic involvement 2.69 1.12–6.46 0.026 1.21 0.41–3.61 0.733

Vascular invasion 2.08 1.10–3.93 0.025 1.46 0.65–3.26 0.361

Intraepithelial progress 1.87 0.71–4.93 0.204

Neoadjuvant chemotherapy 0.99 0.53–1.88 0.985

Extent of lymphadenectomy (three-field) 1.54 0.75–3.17 0.240

High SLC7A9 expression 2.59 1.31–5.14 0.006 2.57 1.19–5.56 0.017

CI confidence interval, CEA carcinoembryonic antigen, SCC squamous cell carcinoma-related antigen, SLC7A9 solute carrier family 7 member 9
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diagnosed as early-stage ESCC. In addition, patients with

high SLC7A9 levels in surgical specimens might be

expected to benefit from frequent follow-ups to enable

early detection of postoperative recurrence, particularly LN

recurrence. Although LN recurrence of ESCC after radical

surgery infers a poor prognosis, a recent study indicated

that salvage chemoradiotherapy for postoperative LN

recurrence is more effective for patients with a single LN

or a single regional recurrence than those with multiple

LNs or multiple regional recurrences.35 Therefore, early

detection of LN recurrence with this biomarker could

expand the possibilities for additional treatment and pro-

long survival after recurrence. Previous studies have

reported a few possible biomarkers for LN metastasis of

ESCC, such as MUC1,36 VEGF-C,37 and TNFAIP8;38

however, these biomarkers, including SLC7A9, do not have

sufficient detectability. Therefore, further examination

focusing on combining SLC7A9 and other biomarkers

would be informative, as this can enhance the performance

of SLC7A9 as a biomarker.39 Also, the prognostic power of

SLC7A9 for LN recurrence was not much different from

those of known risk factors, such as pN category and

lymphatic involvement. On the other hand, the subgroup

analysis showed that the prognostic power of SLC7A9 may

be stronger in patients with LN metastasis than those

without LN metastasis. Therefore, the risk stratification

with SLC7A9 expression and known risk factors may be

useful to determine the treatment policy.

In addition to its potential as a biomarker, our results of

knockdown assays suggest that SLC7A9 might be a

promising target molecule for chemotherapy for ESCC.

Indeed, SLC7A11, the cystine transporter mentioned above,

has been focused on as a therapeutic target, and the efficacy

of SLC7A11-targeted therapy has been validated in various

cancers.40,41 Considering that NAC did not affect the

prognostic value of SLC7A9 in our subgroup analysis, the

expression control of SLC7A9 could show an antitumor

effect in a manner different from existing chemothera-

peutic regimens. Therefore, SLC7A9-targeted therapy in

combination with conventional chemotherapy might con-

tribute to the improvement of oncological outcomes for

ESCC.

This study has several limitations. First, we did not

investigate the metabolic profile of the antioxidant system

or signaling pathways of ESCC cells, which would have

shed light on the molecular mechanisms explaining the

malignant activity of SLC7A9 shown in our in vitro

experiment. Second, our clinical analyses were retrospec-

tively examined. Third, we used the median expression

level as a cutoff for the stratification of patients into high/

Subgroup

No. of events/total

SLC7A9 HR (95% CI) p p for
interaction

high low

Overall

Age

Sex

UICC stage

LN metastasis

Tumor
Differentiation

Neoadjuvant
chemotherapy

Present
Absent

Absent
Present

Differentiated
Undifferentiated

26/94 12/95

12/43
14/51

4/40
8/55

17/71
9/23

11/76
1/19

7/33 5/47
19/61 7/48

4/25
22/69

6/45
6/50

21/77
5/17

11/85
1/10

13/54
13/40

6/44
6/51

< 65 year
≥ 65 year

Male
Female

I, II
III, IV

0.1 1 10 100

Favours
high SLC7A9

Favours
low SLC7A9

0.006

0.037
0.067 0.621

0.098
0.031 0.151

0.242
0.021 0.649

0.811
0.008

0.180

0.012
0.336 0.871

0.153
0.016 0.500

2.59 (1.31-5.14)

3.34 (1.07-10.4)
2.25 (0.94-5.37)

1.89 (0.89-4.05)
9.80 (1.24-77.5)

1.98 (0.63-6.25)
2.79 (1.17-6.64)

1.17 (0.33-4.14)
3.39 (1.37-8.37)

2.56 (1.26-5.32)
2.87 (0.34-24.6)

2.02 (0.77-5.33)
3.29 (1.25-8.68)

FIG. 3 Subgroup analysis of the predictive value of SLC7A9 mRNA expression for lymph node recurrence after radical surgery. Forest plot of

the association between the factors and lymph node recurrence in 189 patients after radical surgery. HR hazard ratio, CI confidence interval
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low SLC7A9 expression groups. An optimal cutoff value

needs to be calculated from larger-scale studies for clinical

application. In addition, we could not examine fully the

prognostic value of tumor overexpression of SLC7A9

compared with adjacent normal tissues. Moreover, normal

adjacent tissues themselves can have some genetic abnor-

mality, and the expression analysis and comparison of

SLC7A9 with esophageal tissue samples of non-ESCC

patients is desired for further study.

In conclusion, our results show that SLC7A9 is related to

the malignant potential in ESCC and suggest that tumor

SLC7A9 expression may serve as a novel prognostic mar-

ker for LN metastasis and recurrence in ESCC patients.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1245/s10434-
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