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Long non-coding RNAs (lncRNAs), such as SNHG6, have been identified as crucial regulators in the 
progression of various cancers, including esophageal squamous cell carcinoma (ESCC). Although 
the role of SNHG6 in ESCC is not completely understood, our findings demonstrated that SNHG6 
expression is upregulated in ESCC tissues compared to adjacent normal tissues. Furthermore, elevated 
levels of SNHG6 are significantly correlated with higher TNM stage and poorer clinical prognosis in 
ESCC patients. Functionally, both in vivo and in vitro experiments have shown that knocking down 
SNHG6 inhibits proliferation, invasion, and metastasis. Luciferase reporter assays and Ago2-RIP assay 
confirm that SNHG6 functions as a competing endogenous RNA (ceRNA) by sponging miR-26b-5p 
to modulate ITGB1 expression in ESCC. Given that ITGB1 is instrumental in EMT and metastasis, we 
assessed the expression of EMT-related proteins. The findings suggest that miR-26b-5p and reduced 
ITGB1 expression can reverse the EMT induced by lncRNA SHNG6, as demonstrated through rescue 
analysis. Overall, this study aims to elucidate the molecular mechanisms through which SNHG6 
promotes EMT and metastasis in ESCC, providing a novel theoretical foundation for understanding 
ESCC progression and identifying new targets for improving outcomes in metastatic ESCC.
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Esophageal squamous carcinoma (ESCC) is a malignancy with an increasingly high prevalence and is a leading 
cause of cancer-related deaths worldwide1. Despite significant advances in oncological treatments, including 
combined multi-disciplinary management, the prognosis for ESCC remains poor with a 5-year overall survival 
rate of about 15%2. Distant metastasis constitutes the primary obstacle to improving therapeutic outcomes. 
Therefore, developing more effective strategies through a better understanding of the molecular mechanisms 
underlying metastasis is crucial.

Long non-coding RNAs (lncRNAs) are identified as a class of RNA molecules exceeding 200 nucleotides 
in length with limited protein-coding capacity3. Numerous studies have demonstrated that lncRNAs are 
involved in wide array of biological functions, including cell migration, cellular phenotypic transformation, 
drug resistance, and disease pathogenesis4–6. Recent research has identified many lncRNAs acting as oncogenes 
or tumor suppressor genes in ESCC. For instance, lncRNA-DGCR5 acts as a potential oncogene in ESCC, 
significantly enhancing ESCC cell progression by inhibits TTP’s anti-inflammatory activity7. Additionally, Cui 
Y. et al. showed that m6A-mediated epigenetic modification of LncRNA contributes to the tumorigenesis in 
ESCC and LINC00022, specific target of m6A, serves as a potential biomarker for this malignancy8. LncRNAs 
participate in nearly every regulatory step of gene expression, including chromatin remodeling, transcriptional 
control, splicing regulation, mRNA stability, mRNA translation, microRNA processing, DNA damage, and drug 
resistance9–14. Recently, lncRNAs have been recognized for their role in miRNA binding site sponging, leading 
to the concept of competing endogenous RNA (ceRNA)15. Specifically, many lncRNAs have been shown to 
indirectly regulate gene expression by functioning as ceRNA in the progression of ESCC.
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SnoRNA host gene 6 (SHNG6), a recently identified lncRNA, acts as a contributor in various cancers and as 
a tumorigenic oncogene in ESCC16. Notably, the role of SNHG6 in the progression of colorectal cancer (CRC) 
has been confirmed by recent studies. SNHG6 exhibits oncogenic effects by acting as a ceRNA to sequester 
various miRNAs. For example, SNHG6 enhances proliferation, invasion and migration in breast cancer cells by 
modulating miR-543-3p/LAMC1 axis17. However, the molecular mechanisms by which SNHG6 contributes to 
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metastasis, particularly EMT, warrant further exploration. In this study, we elucidate the biological function and 
molecular mechanism of SNHG6 in ESCC. SNHG6 is significantly upregulated in ESCC tissues and is associated 
with poor prognosis. Functional assays demonstrate EMT and the progression of ESCC cells both in vitro and 
in vivo. Furthermore, mechanistic studies reveal that SNHG6 acts as a ceRNA to modulate the expression and 
activity of ITGB1 by competitively binding with miR-26b-5p. In conclusion, SNHG6 is an oncogenic regulator 
of ESCC EMT and progression, representing a potential biomarker and therapeutic target.

Results
Upregulation of SNHG6 is related to poor prognosis in ESCC  To explore the potential role of SNHG6 in 
ESCC, we initially examined its expression status in ESCA tissues using the TCGA and starBase databases, re-
vealing a marked elevation in SNHG6 levels in ESCA tissues (Fig. 1A). Further analysis utilizing the UALCAN 
database demonstrated that SNHG6 expression was significantly higher in patients with advanced clinical stages, 
lymph node metastasis, and poorer tumor grades (Fig. 1B-E). Meanwhile, it was discovered that SNHG6 was 
aberrantly highly expressed in ESCC tissues (Fig. 1F). Kaplan-Meier analysis indicated that high SNHG6 expres-
sion levels were associated with lower survival rates in ESCC patients (Fig. 1G).
To corroborate these findings, RT-qPCR was conducted on 108 pairs of ESCC tissues and adjacent non-cancerous 
tissues, confirming significantly elevated SNHG6 expression in the ESCC samples (Fig. 1H). The 108 human 
ESCC samples were subsequently categorized into two groups based on the median relative SNHG expression 
ratio: a high SNHG6 group (n = 54) and a low SNHG6 group (n = 54). SNHG6 expression was significantly 
correlated with TNM stage, lymph node metastasis, and tumor differentiation (Table 1). Additionally, we 
confirmed that higher SNHG6 expression levels were associated with worse outcomes (Fig. 1I). Subsequently, 
we conducted a Cox proportional hazards analysis and identified that both SNHG6 expression and TNM stage 
serve as independent prognostic factors for overall survival in patients with ESCC (Fig. 1J). Collectively, these 
results suggest that SNHG6 is aberrantly upregulated in ESCC and correlates with advanced TNM stage and 
poor prognosis, supporting an oncogenic role for SNHG6 in ESCC.

Knockdown SNHG6 inhibited ESCC cells proliferation, migration and invasion   To elucidate the biological 
function of SNHG6 in ESCC cells, we measured its expression level across various ESCC cell lines (TE1, YES-2, 
Eca9706 and KYSE150) using qRT-PCR. SNHG6 was consistently expressed in these cell lines compared to the 
normal esophageal epithelial cell line HEEC (Fig. 2A). Notably, TE1 and Eca9706 exhibited the highest SNHG6 
expression levels, prompting us to conduct RNAi experiments in these two cell lines. We initially transfected 
si-SNHG6 into the ESCC cells to assess its biological roles. Relative to the negative control siRNA group, si-SN-

Figure 1.  SNHG6 is upregulated in esophageal squamous carcinoma tissues and is associated with poor 
prognosis. A The starBbase database result showed that SNHG6 expression was significantly upregulated 
in ESCA tissues compared with normal tissues. B-F The UALCAN database results showed that SNHG6 
expression was significantly upregulated in different ESCA clinical stages, lymph mode metastasis status, tumor 
grades, and molecular subtypes. G The OS curves of ESCC patients were generated by Kaplan-Meier analysis 
from TCGA database. Elevated SNHG6 expression was correlated to a poor prognosis in patients. H SNHG6 
expression validated by qRT-PCR in an independent cohort of 108 pairs of esophageal squamous carcinoma 
tissues and matched adjacent normal tissues. I The OS curves of ESCC patients were generated by Kaplan-
Meier analysis. J Cox proportional hazards analysis to explore the factors influencing prognosis in patients 
with ESCC. *P < 0.05.

◂

Total (n) High expression of SNHG6 (n/%) Low expression of SHNG6 (n/%) P

Gender 0.441

Male 52 28 (53.85) 24 (46.15)

Female 56 26 (46.43) 30 (53.57)

Age 0.673

≤60 76 39 (51.32) 37 (48.68)

＞60 32 15 (46.88) 17 (53.12)

TNM stage 0.038

I+II 74 32 (43.24) 42 (56.76)

III 34 22 (64.71) 12 (35.29)

Invasion range 0.014

T1+T2 72 30 (41.67) 42 (58.33)

T3+T4 36 24 (66.67) 12 (33.33)

Lymph node metastasis 0.003

Negative 45 15 (33.33) 30 (66.67)

Positive 63 39 (61.90) 24 (38.10)

Table 1.  Association of SNHG6 expression with clinical parameters of ESCC patients. Note: *P<0.05.
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HG6-1 and si-SNHG6-2 significantly reduced SNHG6 expression, while si-SNHG6-3 achieved a moderate re-
duction (Fig. 2B and C). Consequently, si-SNHG6-1 and si-SNHG6-2 were selected for subsequent experiments.

Intriguingly, knockdown of SNHG6 significantly suppresses cell proliferation in both TE1 and Eca9706 cells, 
as demonstrated by colony formation assays (Fig. 2D-E). To assess the impact of SNHG6 on the migration and 
invasive capabilities of ESCC cells, wound healing and Transwell assays were conducted using Eca9706 and 
TE1 cells lines. In TE1 cells, the migration index was significantly reduced by si-SNHG6-1 and si-SNHG6-2 
compared to the si-NC group (Fig. 2F). Similarly, in Eca9706 cells, these variants also substantially decreased the 
migration index relative to the si-NC group (Fig. 2G). Concurrently, si-SNHG6-1 and si-SNHG6-2 markedly 
reduced the invasion cell count in TE1 cells compared to the si-NC group (Fig. 2H). For Eca9706 cells, these 
variants also significantly decreased the migration index compared to the si-NC group (Fig. 2H). Overall, the 
data indicate that SNHG6 knockdown effectively inhibits both migration and invasion of ESCC cells in vitro.

Knockdown SNHG6 suppressed EMT of ESCC cells  Furthermore, the expression levels of EMT-related pro-
teins (E-cadherin, N-cadherin, Snail, and Twist) were assessed using a western blotting assay. The results in-
dicated that SNHG6 knockdown reduced the expression of N-cadherin, Snail, and Twist, while it increased 
the expression of E-cadherin expression in TE1 and Eca9706 cells at the protein level (Fig. 2I). These findings 
suggest that SNHG6 knockdown impedes the EMT process.

Knockdown SNHG6 inhibited the progression of ESCC cells via regulating miR-26b-5p  Mounting research 
suggests that lncRNAs can functions by interacting with RNA-binding proteins or acting as a ceRNA for mi-
croRNAs (miRNAs). To elucidate the specific molecular mechanisms through which SNHG6 enhances ESCC 

Figure 2.  SNHG6 promotes ESCC cell proliferation and metastasis in vitro. A qRT-PCR analysis of SNHG6 
expression in ESCC cells. B-C Relative expression of SNHG6 in ESCC cells transfected with SNHG6 siRNA 
(si-SNHG6-1, si-SNHG6-2 or si-SNHG6-3) and scrambled siRNA. D-E Proliferation of ESCC cells transfected 
with SNHG6 siRNA or scrambled siRNA as determined by colony formation assay. F-H Migration and 
invasion ability of TE1 and Eca9706 cells transfected with SNHG6 siRNA and scrambled siRNA as determined 
by wound healing and Transwell assays. I Expression of E-cadherin, N-cadherin, Snail and Twist in ESCC cells 
transfected with SNHG6 siRNA and scrambled siRNA. *P < 0.05.
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cell metastasis and progression, we initially investigated its localization in ESCC cells using fluorescence in situ 
hybridization (FISH) assay. The result revealed that SNHG6 predominantly localizes to the cytoplasm in TE1 
cells (Fig. 3A), indicating that SNHG6 might regulate target protein expression at the posttranscriptional level.

Together, these findings suggest that SNHG6 may act as a ceRNA for miRNAs. Therefore, we utilized the 
bioinformatics databases webserver starBase (https://starbase.sysu.edu.cn/) to predict potential interactions 
between miRNAs and SNHG6. The data indicated that SNHG6 contains numerous miRNA binding sites. 
Subsequently, we analyzed the enrichment pathways of the ceRNA regulatory network of SNHG6 through 
starBase and found that the SNHG6-ceRNA regulatory network was mainly enriched in Focal adhesion, ECM-
receptor interaction, and cell adhesion molecules. We identified miR-26b-5p, which is closely related to the 
above pathways, for further study (Fig. 3B-C). Then, we detected the subcellular location of miR-26b-5p in 
TE1 cells by performing FISH assay. The results showed that miR-26b-5p and SNHG6 were co-localized in 
the cytoplasm in TE1 cells (Fig. 3A). Then, we conducted Ago2-RIP and qRT-PCR assays to validate whether 
SNHG6 and miR-26b-5p occupied the same RNA-induced silencing complex (RISC). The outcomes revealed 
that the expressions of SNHG6 and miR-26b-5p were significantly elevated in Ago2 pellets compared with those 
in IgG pellets (Fig. 3D), suggesting that SNHG6 might function as a ceRNA to sponge miR-26b-5p and form a 
RISC in ESCC cells. Furthermore, the results of the luciferase reporter assay demonstrated that the miR-26b-5p 
mimics decreased the luciferase activity of SNHG6 in TE1 and Eca9706 cells transfected with SNHG6-WT or 
SNHG6-Mut (Fig. 3E).

Furthermore, we examined the expression status of miR-26b-5p in ESCC tissues and observed attenuation in 
its expression (Fig. 3F). To further substantiate the relationship between miR-26b-5p and SNHG6, we assessed 
their expression in ESCC cells. The results indicated a relative attenuation of miR-26b-5p across all ESCC 
cells compared to HEEC cells (Fig. 3G). Subsequently, we evaluated miR-26b-5p expression in ESCC cell lines 
following SNHG6 silencing, revealing a marked increase in miR-26b-5p expression (Fig. 3H). Collectively, these 
findings suggest that SNHG6 may act as a ceRNA to regulate miR-26b-5p, potentially influencing the expression 
of its target mRNA.

ITGB1 is a target gene of miR-26b-5p  To investigate the role of miR-26b-5p in ESCC cells, we transfected 
miR-26b-5p mimic into ESCC cells and conducted colony formation assay. The findings demonstrated that ex-
pression of miR-26b-5p significantly inhibited cell proliferation and colony formation in these cells (Fig. 4A-C). 
Moreover, migration and invasion were also reduced in ESCC cells with high expression of miR-26b-5p (Fig. 
4C-D).

To evaluate the ceRNA network involving SNHG6, miR-26b-5p, and their targets in ESCC, starBase (https://
starbase.sysu.edu.cn/) was utilized to predict potential miR-26b-5p target genes using default settings. The 
prediction suggested ITGB1 as a target of miR-26b-5p in ESCC, revealing one hypothetical miR-26b-5p 
binding site within the ITGB1 3’-untranslated region (UTR) (Fig. 4E). To confirm our target, we conducted 
a luciferase reporter assay using the wild-type 3’-UTR sequence of ITGB1, incorporating the predicted miR-
26b-5p binding sites (ITGB1-Wt), and mutant constructs with alterations in these sites (Mut). These plasmids 
were co-transfected into TE1 cells with either miR-26b-5p mimic or a negative control. The results indicated 
that the miR-26b-5p mimic specifically reduced luciferase activity driven by ITGB1-Wt, with no effect observed 
for the negative control mimic or ITGB1-Mut (Fig. 4F). Further analysis to determine if ITGB1 is regulated 
by miR-26b-5p in ESCC cells involved measuring ITGB1 mRNA and protein levels following miR-26b-5p 
knockdown or overexpression. Notably, ITGB1 mRNA levels were significantly reduced in TE1 and Eca9706 
cells overexpressing miR-26b-5p (Fig. 4G).

Furthermore, to confirm the clinical significance of ITGB1 in ESCC, our study detected the expression level 
of ITGB1 in ESCC tissues and found that the expression level of ITGB1 was significantly higher in ESCC tissues 
than in adjacent tissues (Fig. 4H). Furthermore, we performed a Cox proportional hazards analysis and identified 
that ITGB1 serves as an independent prognostic factor for overall survival in patients with ESCC (Fig. 1J). Next, 
to clarify the relationship between the expression levels of SNHG6, miR-26b-5p, and ITGB1 in ESCC tissues, we 
conducted a correlation analysis. The results showed that ITGB1 was positively correlated with SNHG6, while 
negatively correlated with miR-26b-5p (Supplemental Fig. 1A-B). In conclusion, these findings demonstrate that 
miR-26b-5p directly targets the 3′ UTR of ITGB1 mRNA, regulating ITGB1 expression in ESCC cells.

SNHG6 facilitates ESCC cell EMT, metastasis and progression by sponging miR-26b-5p to regulate ITGB1 
functions  To determine whether miR-26b-5p/ITGB1 is involved in the function of SNHG6 in ESCC cells, we 
co-transfected sh-SNHG6 (Supplemental Fig. 1C) with a miR-26b-5p inhibitor into Eca9706 cells. As depicted 
in Fig. 5A and B, the sh-SNHG6-mediated suppression of proliferation and metastasis was partially reversed 
by co-transfection with the miR-26b-5p inhibitor. Concurrently, the expression levels of EMT-related proteins 
(N-cadherin, Snail, Twist and E-cadherin) were partially restored upon co-transfection with the miR-26b-5p 
inhibitor, as shown in Fig. 5C. This suggests that SNHG6 promotes cell EMT and metastasis, at least partly, by 
inhibiting miR-26b-5p function.

ITGB1 is targeted by miR-26b-5p, prompting us to explore whether SNHG6 could regulate the ITGB1 expression 
by competitively binding miR-26b-5p. As depicted in Fig. 5C, SNHG6 knockdown significantly reduced ITGB1 
protein levels in Eca9706 cells. To assess the interplay between miR-26b-5p, SNHG6, and ITGB1, we examined 
ITGB1 expression in cells co-transfected with sh-SNHG6 and an miR-26b-5p inhibitor. Consistent with or 
hypothesis, ITGB1 expression was substantially restored in the co-transfected cells, as shown in Fig. 5C.
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Figure 3.  SNHG6 interacts with miR-26b-5p in ESCC cells. A SNHG6 and miR-26b-5p localization was 
detected by FISH assay. B KEGG enrichment analysis of the ceRNA network of SNHG6. C The binding site of 
SNHG6 and miR-26b-5p. D RIP experiments were performed in TE1 and Eca9706 cells and the coprecipitated 
RNA was used to quantify SNHG6 and miR-26b-5p expression using qRT-PCR. E Luciferase reporter assay 
showed that miR-26b-5p binds to SNHG6. The luciferase reporter plasmid containing wildtype (Wt) or mutant 
(Mut) SNHG6 was cotransfected into TE1 and Eca9706 cells with miR-26b-5p mimics or miR-NC mimics. 
F Relative miR-26b-5p expression validated in an independent cohort of 108 pairs of esophageal squamous 
carcinoma tissues and matched adjacent normal tissues. G qRT-PCR analysis of SNHG6 expression in ESCC 
cells. H miR-26b-5p expression by qPCR in TE1 and Eca9706 cells transfected with control siRNA or si-
SNHG6. U6 was used as an internal control gene for the quantification of miRNA expression. *P < 0.05.
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Additionally, we explored the function of the SNHG6/miR-26b-5p/ITGB1 axis in vivo. Eca9706 cells, either 
with reduced SNHG6 or as a negative control, were subcutaneously injected into the back flank of nude mice. 
The results indicated that the tumor size and weight of the xenograft tumors were significantly lower in the sh-
SNHG6 group compared to the negative control group (Fig. 5D-E). A notably lower expression of SNHG6 and 
higher expression of miR-26b-5p were observed in the SNHG6 knockdown group relative to the negative control 
group (Fig. 5F-G). We also examined the expression of EMT-related markers. The IHC analysis demonstrated 
that the knockdown of SNHG6 led to a decrease in the expression levels of Snail and Twist in tumor tissues, 
concurrently enhancing the expression of E-cadherin (Fig. 5H). These findings suggest the presence of the 
SNHG6/miR-26b-5p/ITGB1 axis in ESCC. In summary, the SNHG6/miR-26b-5p/ITGB1 axis plays a crucial 
role in the EMT, metastasis, and progression of ESCC.

Discussion
Esophageal cancer ranks among the most prevalent malignant tumors of the digestive tract in China, accounting 
for approximately 50% of the global incidence of this disease18. Despite advances in comprehensive cancer 
treatment modalities, the 5-year overall survival rate for patients with ESCC remains unsatisfactory. The 

Figure 4.  ITGB1 is a target of miR-26b-5p in ESCC. A miR-26b-5p expression in ESCC cells transfected with 
control miRNA or miR-26b-5p mimics was quantified by qRT-PCR. B The inhibitory effect of miR-26b-5p 
mimic on cell proliferation was evaluated using a colony formation assay. C-D Migration and invasion ability 
of ESCC cells transfected with control miRNA or miR-26b-5p mimics. E-F Luciferase activity assay in TE1 and 
Eca9706 cells transfected with plasmid containing ITGB1 3’UTR (wildtype, Wt or mutant, Mut) and miR-26b-
5p or control miRNA. G qRT-PCR analysis of ITGB1 expression in the TE1 and Eca9706 cells transfected with 
control miRNA or miR-26b-5p mimics. H Relative ITGB1 expression validated in an independent cohort of 
108 pairs of esophageal squamous carcinoma tissues and matched adjacent normal tissues. *P < 0.05.
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activation of EMT is a significant marker of ESCC, associated with poor patient outcomes19. Emerging research 
has underscored the pivotal role of lncRNAs in malignancies20–24. Various studies have demonstrated that 
lncRNA are critically involved in aspects such as transcriptional control, cell differentiation, cell cycle regulation, 
epigenetics, and developmental processes25,26. Recent evidence suggests that regulatory feedback loops between 
miRNAs and lncRNAs play substantial roles in the prognosis of malignant tumors27,28. For instance, SNHG8 
negatively influences miR-542-3p, impacting NSCLC progression through the regulation of downstream targets 
like CCND1 and CDK629. Although the human genome encodes numerous lncRNAs, only a limited number 
have been experimentally characterized and functionally annotated in ESCC.

In this study, we validated the expression status and function of SNHG6 in ESCC tissues. Previous research 
by Liang et al. suggested that SNHG6 act as a ceRNA to regulate E2F7 expression by sponging miR-26a-5p 
in lung cancer30. Moreover, work by Cao et al. proposed that SNHG6 might observe a similar ceRNA role in 
promoting the progression of hepatocellular carcinoma31. Additionally, research by Zhang et al. indicated that 
SNHG6 could enhance malignancy in ESCC cells16. To further investigate SNHG6’s role in ESCC, we analyzed 
its expression in ESCC tissues using data from the TCGA database, which confirmed significant overexpression 
of SNHG6. Subsequent analyses confirmed that SNHG6 was up-regulated in ESCC tissues compared to adjacent 
normal tissues (Fig. 1A-F, H). Notably, a higher expression of SNHG6 correlates with shorter survival in patients 
with ESCC (Fig. 1G, I-J), suggesting that SNHG6 is a potential independent prognostic factor for ESCC. Both 
in vitro and in vivo experiments indicated that SNHG6 exert a substantial oncogenic effect by promoting 
ESCC cell growth, migration, invasion, and EMT. There is growing evidence of a broad interaction network 
involving ceRNAs, where the subcellular localization of lncRNAs affects their function. In our study, SNHG6 
was predominantly localized to the cytoplasm and associated with Ago2 in ESCC cells, supporting its role as an 
endogenous miRNA sponge (Fig. 3C-E). Bioinformatics analysis alongside luciferase reporter assays identified 
miR-26b-5p, recognized as a tumor suppressor in several cancers including breast, CRC and gastric cancer32–34. 
Following SNHG6 knockdown, miR-26b-5p expression increased in ESCC cells, consistent with our hypotheses 

Figure 5.  SNHG6 facilitates ESCC cell EMT, metastasis and progression by sponging miR-26b-5p to regulate 
ITGB1 functions. A The effects of SNHG6 knockdown on proliferation ability of Eca9706 cells, assayed with 
clone formation experiment. B The effects of SNHG6 knockdown on migration and invasion ability of Eca9706 
cells, assayed with Transwell experiment. C The effects of SNHG6 knockdown on E-cadherin, N-cadherin, 
Snail and Twist expression, assayed with western blotting experiment. miR-26b-5p mimic or inhibitor was used 
for realizing the indirect effect of SNHG6 on ITGB1. Corresponding miR-NC mimic or inhibitor was used as 
control. D-E Tumor volume and weight of mouse xenografts subcutaneously injected with Eca9706 cells with 
stable SNHG6 knockdown. The tumor growth curve was measured every 3 days. Nude mice were euthanized 3 
weeks following treatment. F-H The effect of SNHG6 knockdown on miR-26b-5p, Snail, Twist, E-cadherin and 
ITGB1 expression via qRT-PCR and IHC in vivo. *P < 0.05.
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(Fig. 3H). In conclusion, these findings solidity SNHG6’s role as a ceRNA that interacts with miR-26b-5p in 
ESCC cells.

The role of miR-26b-5p in ESCC has been relatively underexplored. In this study, we propose that overexpression 
of miR-26b-5p in ESCC cell line inhibits cell proliferation and metastasis (Fig. 4A-D). Our findings reveal the 
interaction between SNHG6 and miR-26b-5p in ESCC tumorigenesis, with SNHG6 partly exerting its oncogenic 
effects by sponging miR-26b-5p in these cells (Fig. 5A-C). Initially, we employed bioinformatics analysis to 
predict miR-26b-5p targets, which we subsequently validated through a luciferase assay. We identified ITGB1 
as the primary target, and its overexpression can induce EMT in cancer cells, contributing to the malignant 
progression in various epithelial tumors35,36. Furthermore, ITGB1 mRNA status were modulated by miR-26b-
5p in cell lines (Fig. 4G). The RT-qPCR results from our study indicated that high ITGB1 expression in ESCC 
tissues (Fig. 4H) positively associated with SNHG6 (Supplemental Fig. 1A) and inversely correlated with miR-
26b-5p (Supplemental Fig. 1B). Given its prevalence in ESCC tissues and its role in regulating cell migration 
and EMT, we hypothesized that SNHG6 could regulate ITGB1 expression by competitively sponging miR-26b-
5p, thus promoting ESCC cell invasion and EMT. To evaluate SNHG6’s role in the lncRNA-miRNA-mRNA 
model, we conducted correlation experiments that demonstrated a decrease in ITGB1 mRNA and protein levels 
following SNHG6 knockdown, a decrease that miR-26b-5p mimics could rescue (Fig. 5C). Functional assays 
confirmed these results. These findings suggest that SNHG6 regulates ITGB1 expression by sponging miR-26b-
5p and impacts the biological behavior of ESCC cells by modulating EMT-related markers. Specifically, SNHG6 
knockdown increased epithelial marker protein E-cadherin expression, while reducing interstitial protein 
expressions of N-cadherin, Snail, and Twist, thereby significantly inhibiting EMT through the miR-26b-5p/
ITGB1 axis (Fig. 5C).

To the best of our knowledge, this study is the first to validate the impact of SNHG6 on EMT and its associated 
mechanisms in ESCC. SNHG6 was found to be highly expressed in ESCC, and its overexpression correlated 
with a poor prognosis in patients. The knockdown of SNHG6 significantly inhibited the malignant biological 
behaviors, including EMT, in ESCC cells. Moreover, suppression of SNHG6 negated the inhibitory effect could 
be reversed by a miR-26b-5p mimic. Our findings suggest that SNHG6 may act as a ceRNA, indirectly regulating 
ITGB1 by interacting with miR-26b-5p. We have thoroughly explored the mechanism of the SNHG6/miR-26b-
5p/ITGB1 axis in ESCC, providing new theoretical insights into ESCC metastasis and identifying a novel target 
for improving outcomes in metastatic ESCC.

Materials and methods
Patients and specimens  This study was approved by the Medical Ethics Committee of the Fourth Affiliated 
Hospital of Hebei Medical University (2022KS043), conformed to the Declaration of Helsinki. Informed consent 
was available for each patient. Tissue specimens from ESCC and adjacent non-cancerous tissues were collected 
from 108 patients who underwent surgical procedures at the Fourth Hospital of Hebei Medical University (Shi-
jiazhuang, China) between February 2018 and September 2019. These patients had not received any anti-tumor 
treatments, such as radiation therapy, chemotherapy or immunotherapy prior to surgery. ESCC and adjacent 
non-cancerous tissue samples were immediately processed post-surgery, frozen within 30 min and stored at 
-80 °C for RNA extraction. The study was approved by the Ethics Committee of Hebei Medical University and 
informed consent was obtained from all patients before surgery.

Cell culture  The ESCC cell lines (TE1, Yes-2, Eca9706, KYSE150) and normal esophageal epithelial cells 
(HEEC) were maintained at the Research Center of the Fourth Hospital of Hebei Medical University. All cell 
lines were cultured in RPMI1640 medium supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin 
(100 µg/ml), and incubated at 37℃ in a humidified atmosphere with 5% CO2.

Cell transfection  Hsa-miR-26b-5p mimic, negative control mimic, miR-26b-5p inhibitor and negative con-
trol inhibitor were procured from Applied Biological Materials (GenePharma, Shanghai, China). The sequence 
of has-miR-26b-5p mimics: ​U​U​C​A​A​G​U​A​A​U​U​C​A​G​G​A​U​A​G​G​U​C​U​A​U​C​C​U​G​A​A​U​U​A​C​U​U​G​A​A​U​U. The 
sequence of has-miR-26b-5p inhibitor: ​A​C​C​U​A​U​C​C​U​G​A​A​U​U​A​C​U​U​G​A​A. The siRNA sequences targeting 
SNHG6 included si-SNHG6-1, 5’-​G​A​A​G​G​U​G​U​A​U​G​A​A​A​G​U​C​A​U​T​T-3’; si-SNHG6-2, 5’-​G​C​G​G​C​A​U​G​U​A​
U​U​G​A​G CAUATT-3’ and si-SNHG6-3, 5’-​G​U​U​A​C​C​U​C​A​A​G​U​G​U​G​G​C​A​U​T​T-3’. The negative control se-
quence was si-NC, 5’-​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T-3’. The shRNA sequences targeting SNHG6 (vector: 
pHBLV-U6-MCS-CMV-ZsGreen-PGK-PURO) included sh-SNHG6-1, 5’-​G​C​G​G​C​A​U​G​U​A​U​U​G​A​G​C​A​U​A​T​T-
3’; sh-SNHG6-2, 5’-​G​A​A​G​G​U​G​U​A​U​G​A​A​A​G​U​C​A​U​T​T-3’ and sh-SNHG6-3, 5’-GUUA ​C​C​U​C​A​A​G​U​G​U​G​G​
C​A​U​T​T-3’. The negative control sequence was sh-NC, 5’-​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T-3’. Transfections 
were conducted using the Lipofectamine 3000 kit (Invitrogen), adhering to the manufacturer’s instructions.

RNA isolation and real-time quantitative reverse transcription  Total RNA was isolated from tissues and cells 
using Trizol reagent (Invitrogen, CA, USA) following the manufacturer’s instructions and was reverse-tran-
scribed into cDNA using TaqMan MultiScribe Reverse Transcriptase (Applied Biosystems, Foster City, CA, 
USA). Real-time quantitative polymerase chain reaction (qRT-PCR) was conducted using the SYBR kit as per 
the manufacturer’s guidelines. The primer sequences for SNHG6 and GAPDH are provided in Supplement Table 
1. Expression levels of miR-26b-5p, SNHG6, and ITGB1 mRNA were determined using the 2−ΔΔCt method and 
normalized to U6 and GAPDH mRNA, respectively. All assays were performed in triplicate.

Cell Proliferation assay  Cell clone formation assays assess the proliferative capacity of ESCC cell lines. The 
transfected cells were seeded into 6-well plates at a density of 1 × 103 cells. After 2 to 3 weeks of routine culturing, 
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fixation was conducted. Colonies consisting of more than 50 cells were counted under a microscope, and the 
colony formation rate was subsequently calculated. This experiment was conducted in triplicate.

Wound healing assay  Wound healing was utilized to assess the migratory capacity of ESCC cell lines. The 
forementioned cells were cultured in a 6-well plate, with the cell density adjusted to 5 × 105. Upon reaching 80% 
confluence, a sterile micropipette tip was used to create a scratch wound on each plate. The medium was sub-
sequently replaced with a serum-free alternative, and phase-contrast images of the same scratch location were 
captured using an inverted microscope at 0, 12, and 24 h. This experiment was replicated three times.

Transwell assay  The invasive capacity of ESCC cell lines was assessed using the Transwell assay. Initially, 50 µl 
of Matrigel was layered onto the upper Transwell chamber. Subsequently, 5 × 104 cells were seeded in 200 µl of 
RPMI1640 medium devoid of fetal bovine serum in the upper chamber, while 500 µl of RPMI 1640 medium 
with 10% fetal calf serum was added to the lower chamber. Following a 24-hour incubation period, cells on the 
lower urface of the chamber were fixed, stained, and quantified using an inverted microscope. This procedure 
was replicated three times.

RNA immunoprecipitation (RIP) assay  RIP was conducted using a Magna RIP RNA-Binding Protein Im-
munoprecipitation Kit (Millipore, Billerica, MA, USA) according to the manufacturer’s instructions, with mi-
nor modifications. Specifically, an antibody against Ago2 (Abcam, Cambridge, MA, USA) was employed. The 
co-precipitated RNAs were captured with magnetic beads and analyzed via qRT-PCR. Concurrently, total RNAs 
(input controls) and the antibody isotype control rabbit IgG were utilized to confirm that the signals detected 
originated specifically from RNAs binding to protein Ago2.

Dual luciferase reporter assay  PmirGLO-SNHG6-wt or pmirGLO-SNHG6-mut was co-transfected with miR-
26b-5p mimics or miR-NC into HEK293 cells via lipofectamine-mediated gene transfer. The relative luciferase 
activity was normalized to renilla luciferase activity 48 h post-transfection.

Tumorigenesis in nude mice  The care provided adhered to the National Research Council Guide for the Care 
and Use of Laboratory Animals and received approval from the Institutional Animal Care and Use Committee 
(IACUC) of Hebei Medical University, Shijiazhuang, China. The study is reported in accordance with ARRIVE 
guidelines. BALB/c nude mice aged 4–6 weeks were utilized for in vivo tumor growth assays. A total 5.0 × 106 
tumor cells, transfected with sh-SNHG6 or sh-NC, were collected using trypsin solution, suspended in 100 µl 
of PBS, and subcutaneously injected into alone flank of each mouse. Tumor size was measured once a week 
using vernier calipers as (length × width2)/2. In this study, no animals were subjected to anesthesia. Mice were 
euthanized by cervical dislocation at endpoint, which was either signs of tumor growth (e.g., hunched back, 
weight loss, head tilt, etc.) or five weeks after transplantation. Subsequently, the primary tumors were extracted, 
weighed, and processed for further histological analysis.

Immunohistochemistry (IHC) assay  IHC was conducted and analyzed following previously established pro-
tocols7. The primary antibodies utilized were as follows: anti-Snail, anti-Twist, anti-ITGB1, and anti-E-cadherin. 
Staining evaluation was performed using the IHC Profiler in ImageJ. Staining scores of 0 and 1 + were classified 
as negative expression, while scores of 2 + and 3 + were classified as positive expression.

Western blot assay  Western blot analysis was utilized to assess protein expression levels in ESCC cell lines. Cells 
were cultured for 48 h, following which proteins were extracted and quantified using BCA method. Subsequent-
ly, 30 µg of total protein from each sample was subjected to 10% SDS-PAGE and transferred onto a PVDF mem-
brane. The membrane was blocked with 5% skim milk at room temperature and the incubated with primary 
antibodies against ITGB1 (1:1000), E-cadherin (1:1000), N-cadherin (1:1000), Snail (1:500), and Twist (1:500), 
followed by incubation with goat anti-rabbit and goat anti-mouse secondary antibodies. The membranes were 
analyzed using Quantity One 4.6 software with GAPDH serving as the internal control. The relative expression 
of the protein was quantified based on the gray value ratio of each protein band.

Statistical analysis  Statistical analyses were conducted using SPSS Statistics software, version 25.0 (SPSS, Chica-
go, IL, USA). All measurement data were presented as mean ± SD. Correlations between SNHG6 expression and 
clinical characteristics were evaluated by using the Kendall rank test. Student t-test was used for analyzing the 
measurement data. Survival analyses were performed using the log-rank test in conjunction with Kaplan-Meier 
analysis and the Cox proportional hazards model. Pearson correlation was used to analyze the associations be-
tween SNHG6, miR-26b-5p and ITGB1 in ESCC tissue specimens. A P value < 0.05 was considered statistically 
significant.

Data availability
The data used to support the findings of this study are available from the corresponding author request.
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