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Abstract
Long non-coding RNA (lncRNA) is associated with a large number of tumor cellular 
functions together with chemotherapy resistance in a variety of tumors. LINC00963 was 
identified to regulate the malignant progression of various cancers. However, whether 
LINC00963 affects drug resistence in esophageal squamous cell carcinoma (ESCC) and 
the relevant molecular mechanisms have never been reported. This study aims to investi-
gate the effect of LINC00963 on cisplatin resistance in ESCC. After detecting the level of 
LINC00963 in human esophageal squamous epithelial cells (HET-1 A), ESCC cells (TE-1) 
and cisplatin resistant cells of ESCC (TE-1/DDP), TE-1/DDP cell line and nude mouse 
model that interfered with LINC00963 expression were established. Then, the interac-
tion among LINC00963, miR-10a, and SKA1 was clarified by double luciferase and RNA 
immunoprecipitation (RIP) assays. Meanwhile, the biological behavior changes of TE-1/
DDP cells with miR-10a overexpression or SKA1 silencing were observed by CCK-8, flow 
cytometry, scratch, Transwell, and colony formation tests. Finally, the biological function 
of the LINC00963/SKA1 axis was elucidated by rescue experiments. LINC00963 was 
upregulated in TE-1 and TE-1/DDP cell lines. LINC00963 knockdown inhibited SKA1 
expression of both cells and impaired tumorigenicity. Moreover, LINC00963 has a target 
relationship with miR-10a, and SKA1 is a target gene of miR-10a. MiR-10a overexpression 
or SKA1 silencing decreased the biological activity of TE-1/DDP cells and the expression 
of SKA1. Furthermore, SKA1 overexpression reverses the promoting effect of LINC00963 
on cisplatin resistance of ESCC. LINC00963 regulates TE-1/DDP cells bioactivity and 
mediates cisplatin resistance through interacting with miR-10a and upregulating SKA1 
expression.
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Introduction

Esophagus is a long tubular organ that runs through the neck, thoracic cavity, and 
abdominal cavity, with the main role of assisting the food mass into the stomach. The 
cause of esophageal squamous cell carcinoma (ESCC) is usually associated with factors 
such as inattention to diet, mycotoxin infection, long-term smoking, and drinking [1, 
2]. Chemoradiotherapy that preserves the function of esophageal vessels is also a good 
treatment option [3]. In a previous study, our team found that the current status of ESCC 
treatment is not promising [4]. Chemotherapy is the most important clinical treatment 
for intermediate to advanced ESCC, and cisplatin-based multidrug combination therapy 
is the most common chemotherapy regimen [5]. However, acquired resistance has inevi-
tably become the major obstacle to the clinical management of ESCC and is closely 
associated with a poorer prognosis [6].

LncRNA is a functional unit that does not encode protein nucleotides [7]. The phos-
phorylation modification and localization of proteins are methodically carried out under 
the influence of lncRNA. Multiple studies confirm that lncRNA is associated with a 
large number of tumor cellular functions and together with chemotherapy resistance 
in a variety of tumors [8–10]. Several oncogenic lncRNAs, including LINC00022, 
LINC00680, and LOC146880, and anti-oncogenic lncRNAs, including GATA2-AS1, 
IRF1-AS, and RPL34-AS1,, were identified in ESCC [11–16]. LINC00963 has an 
essential role in the malignant progression of many cancers [17–19]. In patients with 
lung cancer, LINC00963 was negatively associated with prognosis and had the poten-
tial to be a therapeutic target [20]. LINC00963 functioned as an oncogene by sponging 
miR-608 in acute myeloid leukemia [21]. In our research, the level of LINC00963 in 
human esophageal squamous epithelial cells (HET-1 A), ESCC cells (TE-1), and cispl-
atin resistant cells of ESCC (TE-1/DDP) were pre-analyzed. The findings showed that 
LINC00963 was increased in TE-1 and TE-1/DDP cell lines. Our preliminary result 
and the finding that LINC00963 was associated with cisplatin resistance and oxaliplatin 
resistance [22], suggesting that LINC00963 may be involved in the resistance of ESCC 
to cisplatin.

Spindle and kinetochore-associated protein 1 (SKA1) is crucial for stabilizing the 
microtubule attachment of the mitotic spindle during mitosis [23]. It has been confirmed 
that SKA1 has oncogene characteristics and is closely associated with patient prognosis 
such as tumor recurrence and metastasis and shorter survival [24]. Moreover, multiple lit-
eratures have demonstrated that SKA1 serves as an oncogene in various cancers, includ-
ing gastric, lung, hepatocellular, and renal cancers [25–28]. Similarly, our previous study 
has identified SKA1 positively expressed in ESCC and as a potential therapeutic target for 
ESCC [27]. In consideration of the importance of SKA1, whether SKA1 was regulated by 
non-coding RNAs holding the scientists’ attention. Several miRNAs and lncRNAs were 
reported to target SKA1 in cancers. For instance, miR-10a mediated SKA1 to exert anti-
tumor function in hepatocellular carcinoma [29]. SKA1 was targeted by miR-1182, and 
miR-1182/SKA1 was regulated by LINC00339 in hepatocellular carcinoma [30]. And in 
renal cell carcinoma patients, miR-455 and miR-10a were identified to regulate SKA1 [23, 
28, 31]. Besides, lncRNA ZFAS1 promoted cell biological behavior of clear cell renal cell 
carcinoma via miR-10a/SKA1 [28]. Of note, our pre-experiments revealed that the level 
of SKA1 was decreased in the TE-1/DDP cell line that interfered with LINC00963. How-
ever, how LINC00963 regulates SKA1 expression, in other words, whether the regulation 
is working through sponging a miRNA, needs further investigation.
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Therefore, the aim of our research was to investigate whether LINC00963 affects ESCC 
cisplatin resistance by targeting SKA1 and to explore its possible molecular mechanisms.

Materials and Methods

Cell Lines

Human esophageal squamous epithelial cells (HET-1 A) and ESCC cells (TE-1) were pur-
chased from ATCC. The chemotherapy-resistant cell line of ESCC (TE-1/DDP) was con-
structed with medium-concentration and intermittent cisplatin (DDP, Sigma). Logarithmic 
growth phase TE-1 cells were inoculated in RPMI1640 medium. After treatment with 2 
mmol/L DDP for 48 h, drug-containing medium was abandoned and fresh medium was 
added for further culture. One to two days later, the floating dead cells were cleaned by 
replacing the medium and the DDP concentration was increased. The cells were intermit-
tently induced by repeated fluid exchange and passage with gradually increasing DDP con-
centration until the cells were maintained in the medium containing 35 mmol/L DDP.

Cell Transfection and Groups

LINC00963 interference vector (sh-LINC00963) and control (sh-NC) were used to per-
form the role of LINC00963. miR-10a mimic and mimic-NC or si-SKA1 and si-NC were 
used to perform the effects of miR-10a or SKA1 on TE-1/DDP cells. The rescue experi-
ments were further performed using co-transfection with sh-LINC00963 and pcDNA3.1-
SKA1 in TE-1/DDP cells. All cell transfection procedures were performed with the Lipo-
fectamine™ 3000 transfection (Thermo Fisher Scientific, USA).

Tumor Formation Experiment

Experiments of 4–5 weeks BALB/c nude mice were been reviewed by the Animal Protec-
tion and Use Committee of our hospital. Mice were randomly divided into TE-1 + sh-NC, 
TE-1 + sh-LINC00963, TE-1/DDP + sh-NC, and TE-1/DDP + sh-LINC00963 groups (5 
per group). 2 × 106 cell suspension was inoculated into the right axillary subcutis, and the 
tumor volume was detected for 4 weeks. Finally, the mice were anesthetized and sacrificed 
for tumor weighed.

QRT‑PCR

Total RNA was extracted through TRIZOL Reagent (Kangwei Century Biotechnology 
Co. LTD, Beijing, China) and reversed transcription into cDNA. Real-time PCR was per-
formed by SYBR Green PCR Master Mix (Accurate Biotechnology Co. LTD., Changsha, 
China). The mRNA level of LINC00963, miR-10a, and SKA1 were tested via 2−ΔΔCT with 
actin or U6 as normalizing control. The primer sequences were as follows: LINC00963: 
Forward, 5’-GGT​AAA​TCG​AGG​CCC​AGA​GAT-3’, Reverse: 5’-ACG​TGG​ATG​ACA​GCG​
TGT​GA-3’; miR-10a, : Forward, 5’-GGA​TAC​CCT​GTA​GAT​CCG​AA-3’, Reverse, 5’-CAG​
TGC​GTG​TCG​TGG​AGT​-3’; SKA1: Forward, 5’-CCT​GAA​CCC​GTA​AAG​AAG​CCT-3’, 
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Reverse, 5’-TCA​TGT​ACG​AAG​GAA​CAC​CATTG-3’; U6: Forward, 5’-GCT​CGC​TTC​
GGC​AGC​ACA​-3’, Reverse, 5’-GAA​CGC​TTC​ACG​AAT​TTG​CGTG-3’.

CCK‑8

Cells digested with trypsin and adjusted for concentration were inoculated at 1 × 104/well 
in 96-well plates. After incubation for corresponding time (24 h, 48 h, 72, and 96 h), 10 µL 
CCK-8 (Service Biotechnology Co. LTD., Wuhan, China) was added to each well. Then, 
incubate for another 4 h and measure the absorbance at 460 nm.

Colony Formation

After digested and resuspended to suspension, 1000 cells/well were cultured until clones 
were visible to the naked eye. Then, the clones were fixed, stained, and recorded through a 
digital camera.

Flow Cytometry

After centrifugated and resuspended, 1 × 105 cells suspension was pipetted and incubated 
with Annexin V-PE/7-AAD. After staining incubation and buffer addition, cell apoptosis 
was tested using a flow cytometry (Agilent Technologies, CA, USA).

Cells with approximately 80% confluency were trypsin digested, resuspended, centri-
fuged, and supernatant discarded, and the cell precipitate was washed. Then, cells were 
fixed in pre-chilled 75% ethanol, centrifuged again to remove the fixative, and washed 
the precipitate. Finally, the cells were incubated with 1 ml of D-Hanks containing RNase 
(10 mg/mL) and PI (2 mg/mL), and cell cycle was tested through a flow cytometry (Agilent 
Technologies, CA, USA).

Scratch test

After the cultured cell (~ 1.5 × 105/well) layers reached confluence, the wounded layers are 
scored and washed to remove cell debris. Then, low concentration serum medium of 0.5% 
FBS was added and incubated at 37 °C. The cell migration rate was calculated by fluores-
cence microscope at 24 and 48 h.

Transwell Assay

Serum-free cell suspensions were prepared and adjusted to 2 × 105/mL. Cell suspension 
was added to the upper cavity which was coated with matrigel, and 10% FBS was added 
to the lower cavity. Twenty-four hours later, the invasion cells were fixed, stained, and 
observed through a light microscope at x100 magnification.

Western Blot

Total proteins extracted from the cells were quantified by BCA protein assay kit (Beyotime, 
China). After resolved with SDS-PAGE and transferred to PVDF, proteins were sealed 
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with 5% skim milk and immunodetected with antibodies against SKA1 (1:1000, Abcam, 
Cambridge, UK) and GAPDH (1:5000, Proteintech, California, USA). GAPDH was used 
as an internal control. After incubated with peroxidase conjugate antibody containing 
horseradish and chemiluminescence, protein members were analyzed through Image Lab 
Software (Bio-Rad, Hercules, USA).

Luciferase Reporter Test

TargetScan7 was used to predict the binding sites. Then, wild-type and mutant 3’UTRs of 
LINC00963 with miR-10a or miR-10a with SKA1 were obtained by pGL3/Luciferase vec-
tor. After cloned downstream into luciferase gene, the assay was performed using the dual 
luciferase reporting system (Promega, Madison, USA).

RNA Immunoprecipitation (RIP)

RIP assay was tested by EZMagna RIP kit (Millipore Corporation, Burlington, USA). Cell 
extracts were collected with RIP lysis buffer and incubated with magnetic beads conju-
gated with anti-argonaute 2 (Ago2) or control anti-IgG antibody. The coprecipitated RNA 
was purified and analyzed.

Statistical Methods

GraphPad software was applied for data processing and expressed as mean ± SD. Data 
were studied by t-test between two groups and LSD test following ANOVA between multi-
ple groups. P less than 0.05 was statistically considered significant.

Results

Silencing LINC00963 Inhibits Cisplatin Resistance in ESCC

The level of LINC00963 in different cells was studied by qRT-PCR, and the content of 
LINC00963 in TE-1 cells was increased than that in HET-1A cells (P < 0.05, Fig.  1A). 
LINC00963 level was the highest in TE-1/DDP cells (P < 0.05, Fig. 1A). Next, LINC00963 
was knocked down in TE-1 and TE-1/DDP cell lines. Silencing LINC00963 was found to 
cause a dramatical decrease of SKA1 in TE-1 and TE-1/DDP cells than that in the sh-NC 
group (P < 0.05, respectively, Fig. 1B). Meanwhile, SKA1 level was slightly lower in TE-1/
DDP + sh-LINC00963 cells than that in TE-1 + sh-LINC00963 cells (Fig. 1B). To estimate 
the role of LINC00963 in vivo, BALB/c nude mice xenograft model was established. As 
Fig.  1C showed, overtly reduction in tumor growth was found in TE-1 + sh-LINC00963 
and TE-1/DDP + sh-LINC00963 groups compared to the sh-NC groups (P < 0.05, respec-
tively). And a slight decrease was found in TE-1/DDP + sh-LINC00963 group compared to 
TE-1 + sh-LINC00963 group (Fig. 1C). The findings suggested that silencing LINC00963 
inhibited SKA1 expression and impaired tumorigenicity in ESCC cells, especially in chem-
oresistent ESCC cells.
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The Relationship Between LINC00963, miR‑10a, and SKA1

To explore the mechanism of LINC00963, the downstream target was identified. The lucif-
erase activity of miR-10a was found to be reduced in WT 3’UTR, but not in Mut 3’UTR 
(P < 0.05, Fig. 2A). Meanwhile, LINC00963 and miR-10a were enriched preferentially in 
miRNPs containing Ago2 compared to anti-IgG immunoprecipitation (Fig.  2B). These 
results indicated the direct interaction between LINC00963 and miR-10a. Moreover, the 
role of miR-10a in SKA1 expression was tested. In Fig. 2C and D, miR-10a mimic obvi-
ously alleviated the mRNA and protein expression of SKA1 (P < 0.01). Moreover, miR-10a 
mimic enhanced the level of miR-10a (Fig. 2D). Those findings suggested that miR-10a is 
a target gene of LINC00963 and regulates SKA1.

LINC00963 Regulates Cisplatin Resistance in ESCC Through Targeting miR‑10a

Next, miR-10a was overexpressed in TE-1/DDP cells to assess the role of miR-10a in cell 
biological behaviors. MiR-10a mimic transfection significantly suppressed the growth of 
TE-1/DDP cells (Fig. 3A and B, P < 0.05). Similarly, the abilities of migration and inva-
sion of TE-1/DDP cells were notably reduced after miR-10a overexpression (Fig.  3C 
and D, P < 0.05). In addition, the apoptosis rate was notably increased in miR-10a mimic 
group than that in mimic-NC group (Fig. 3E, P < 0.05). Moreover, miR-10a overexpression 

Fig. 1   Silencing LINC00963 inhibits cisplatin resistance in ESCC. A QRT-PCR was used to detect the 
mRNA expression of LINC00963 in HET-1  A, TE-1, and TE-1/DDP cells. B Western blot was used to 
detect the protein expression of SKA1 in TE-1 and TE-1/DDP cells. C Tumor volume and tumor weight. 
**p < 0.01 vs. sh-NC group
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caused cells to arrest in G1 phase (Fig.  3E and F). All those findings indicated that 
LINC00963 regulates cisplatin resistance in ESCC by targeting miR-10a.

miR‑10a Regulates Cisplatin Resistance in ESCC by Targeting SKA1

Further, the relationship between miR-10a and SKA1 was identified. Figure  4A showed 
that the luciferase activity of SKA1 in WT 3’UTR was decreased, but that of Mut 3’UTR 
was not (P < 0.05), suggesting the direct interaction between SKA1 and miR-10a. Then, si-
SKA1 and si-NC were used to test the role of SKA1 on TE-1/DDP cells. Figure 4B showed 
the successful depletion of SKA1 in TE-1/DDP cells. With the decrease of SKA1, the pro-
liferation and clony formation of TE-1/DDP cells were significantly suppressed (P < 0.05, 
respectively, Fig.  4C and D). Besides, the cell movement was markedly suppressed in 
SKA1 silencing group (P < 0.05, respectively, Fig. 4E and F). Moreover, SKA1 downregu-
lation induced cells to arrest in G1 phase and cell apoptosis (Fig. 4G and H). Those find-
ings suggested that miR-10a regulated cisplatin resistance in ESCC via targeting SKA1.

LINC00963 Promotes Cisplatin Resistance in ESCC by Interacting with miR‑10a 
to Upregulate SKA1

To further clarify the functions of LINC0096, miR-10a, and SKA1 in cisplatin resistance 
in ESCC, the SKA1 in TE-1/DDP cells was overexpression on the basis of LINC00963 
silencing. Compared with control group, growth and movement of TE-1/DDP cells 
was markedly reduced in sh-LINC00963 group (Fig.  5A–D, P < 0.05, respectively). 

Fig. 2   miR-10a is a target gene of LINC00963 and regulates SKA1. A Double luciferase assay. B RIP 
assay. C Western blot assay. D QRT-PCR assay. *p < 0.05, **p < 0.01 vs. mimic-NC group
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However, after cotransfected with sh-LINC00963 and SKA1, growth and movement of 
TE-1/DDP cells were markably enhanced compared to the sh-LINC00963 + OE-NC group 
(Fig. 5A–D, P < 0.05, respectively). Moreover, the ratios of apoptosis and cells arrested in 
G1 phase were significantly enhanced in sh-LINC00963 group compared to control group 
(Fig. 5E and F, P < 0.05, respectively). After SKA1 overexpression, the ratios were obvi-
ously reduced compared to the sh-LINC00963 + OE-NC group (Fig. 5E and F, P < 0.05, 
respectively). These results displayed that overexpression of SKA1 could reverse the effect 
of LINC00963 knockdown on biological behaviors of TE-1/DDP cells. Taken together, 
these results found that LINC00963 regulates TE-1/DDP cells bioactivity and mediates 
cisplatin resistance by interacting with miR-10a to upregulate SKA1 expression.

Discussion

As a member of non-coding RNAs, LINC00963 is a key component of the transcrip-
tome [22]. Mass of studies have demonstrated that LINC00963 exerts a facilitating role 
in the malignant progression of many cancers, including promoting cancer cell growth, 
movement, and suppress apoptosis [17–19]. In patients with hepatocellular carcinoma 
or cervical cancer, LINC00963 upregulation was correlated with dismal prognosis and 
clinical features [22, 32]. Besides, a meta-analysis study reported that LINC00963 
could serve as a biomarker of prognosis and therapeutical target in pan-cancer [33]. 

Fig. 3   LINC00963 regulates cisplatin resistance in ESCC through targeting miR-10a. A CCK-8 assay. B 
Colony formation assay. C Scratch assay. D Transwell assay. E and F  Flow cytometry assay. *p < 0.05, 
**p < 0.01 vs. mimic-NC group
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LINC00963 could combined with EZH2, a histone methyltransferase, to hinder p21 
expression, so as to promote glioma progression [34]. Moreover, LINC00963 overex-
pression could enhance drug resistance in gastric cancer and radioresistance in breast 
cancer [35, 36]. Besides, lncRNAs can combine with miRNAs and participate in cell 
cycle and cell death regulation in many malignancies, thereby affecting malignant bio-
logical behaviors [37]. Literatures have demonstrated that LINC00963 can serve as 
a miRNA sponge for at least 9 miRNAs, including miR-608, miR-625, and miR-506 
[21, 38, 39]. And LINC00963 was reported to suppress colorectal cancer progression 
partly by sponging miR-10a [40]. In line with these aforementioned studies, in the pre-
sent work, we found that LINC00963 expression was increased in TE-1/DDP cells and 
depletion of LINC00963 could significantly inhibit tumor growth in xenograft model. In 
addition, luciferase reporter and RIP assays identified a novel direct target, miR-10a, for 
LINC00963. These findings implied that silencing LINC00963 could inhibited cisplatin 
resistance in ESCC via miR-10a.

Fig. 4   miR-10a regulates cisplatin resistance in ESCC through targeting SKA1. A Double luciferase assay. 
B QRT-PCR assay. C CCK-8 assay. D Colony formation assay. E Scratch assay. F Transwell assay. G and 
H Flow cytometry assay. *p < 0.05, **p < 0.01 vs. si-NC group
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Accumulating evidence has reported the critical role of miRNA-10a in multiple can-
cers. miR-10a could exert positive or negative function in different cancers. For exam-
ple, miR-10a was found to be upregulated and promoted metastasis and cell growth in 
non-small cell lung cancer [41]. Wang et  al. revealed that miR-10a could contribute 
to epithelial-mesenchymal transition and maintaining stem cell stemness in pancreatic 
cancer [42]. And there are other studies about the positive function in cancer develop-
ment. However, various literatures have also demonstrated the opposite role of miR-
10a. Liu et  al. reported that miR-10a-5p was downregulated and hindered the aggres-
sive behaviors of ovarian cancer cells [43]. miR-10a may act as a tumor suppressor in 
colorectal and prostate cancers [44, 45]. In addition, Liu et  al. revealed that miR-10a 
inhibited malignant behaviors and metastasis of ESCC via Tiam1 in vitro and in vivo 
[46]. These investigations suggest that miR-10a exerts diverse roles in different cancers. 
In the present study, miR-10a upregulation obviously suppressed the malignant pheno-
type of TE-1/DDP cells. Because LINC00963 could not only regulate SKA1 expres-
sion but also bind to miR-10a, the relationship between miR-10a and SKA1 was further 
explored. We found that miR-10a directly targeted SKA1. Silencing SKA1 suppressed 
the malignant phenotype of TE-1/DDP cells. Obviously, these findings elucidated that 
LINC00963 exerted its function via miR-10a/SKA1. Further, the following rescue 
experiments were conducted to validate the point. TE-1/DDP cells were co-transfected 
with sh-LINC00963 and pcDNA3.1-SKA1. The results showed that overexpression of 
SKA1 could reverse the effect of LINC00963 knockdown on biological behaviors of 

Fig. 5   LINC00963 promotes cisplatin resistance in ESCC through interacting with miR-10a to upregulate 
SKA1 expression. A CCK-8 assay. B Colony formation assay. C Scratch assay. D Transwell assay. E and 
F  Flow cytometry assay. *p < 0.05, **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. sh-LINC00963 
group; ^p < 0.05, ^^p < 0.01 vs. sh-LINC00963 + OE-NC group
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TE-1/DDP cells. These findings suggested that SKA1 overexpression was essential for 
the cisplatin resistance-promoting effect of LINC00963 in ESCC.

However, there are also some limitations in our work. Only one ESCC cell line (TE-1) 
was used in this study. Besides, a study of Feng et al. manifested that miR-10a-5p was also 
sponged by lncRNA FAM83H-AS1 in ESCC [47], suggesting the complexity of lncRNA-
miR-10a regulatory network. Therefore, further investigations are needed to unveil the 
crosstalk of various lncRNAs regulating miR-10a in ESCC.

Conclusion

In sum, this research found that the knockdown of LINC00963 could inhibit the tumo-
rigenicity of TE-1 and TE-1/DDP cells and the possible mechanism is related to inhibit 
the expression of SKA1 through interacting with miR-10a. These data may have strong 
implications for understanding the process of cisplatin resistance in ESCC and may help to 
explain the mechanism of LINC00963 in ESCC. Our work provides a novel idea for thera-
peutic strategy for chemoresistent ESCC.
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