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Tongue squamous cell carcinoma (TSCC) is closely linked to
head and neck cancers. Here, we sought to explore the role
and mechanism of lncRNAs in the occurrence and progression
of TSCC and cisplatin resistance. The results of next-genera-
tion transcriptomic sequencing revealed that lncRNA-
SNHG26 was differentially expressed and was associated with
TSCC cisplatin resistance. The Cancer Genome Atlas dataset
and tumor tissue analysis revealed that high SHNG26 expres-
sion was associated with the occurrence, progression, and
poor prognosis of TSCC. Evidence from cell and animal exper-
iments showed that SNHG26 expression was positively
correlated with TSCC proliferation, epithelial-mesenchymal
transformation, migration, invasion, and cisplatin resistance.
Furthermore, in TSCC cells, SNHG26 was found to bind
directly to the PGK1 protein, inhibiting its ubiquitination
and activating the Akt/mTOR signaling pathway. These find-
ings suggest that lncRNA-SNHG26 may be a promising target
for inhibiting TSCC progression and improving sensitivity to
cisplatin chemotherapy in TSCC.

INTRODUCTION
Head and neck malignancies are the sixth leading malignancy cases
worldwide.1,2 The vast majority of head and neck malignancies are
tongue squamous cell carcinoma (TSCC).3,4 TSCC treatment has
evolved from simple surgical treatment in the past to comprehensive
sequential treatment approaches, including surgery, radiotherapy,
and chemotherapy.5 Previous evidence shows that the 5-year survival
rate of advanced TSCC patients is less than 50%.6 Scholars have noted
that the poor prognosis of TSCC patients is closely associated with
poor chemotherapy efficacy due to chemotherapy resistance.7,8

Therefore, the present investigation explores the molecular mecha-
nisms related to TSCC chemotherapy resistance and provides a basis
for improving the efficacy of TSCC chemotherapy.

Long non-coding RNAs (lncRNAs) are a class of transcripts with
more than 200 bases and lack protein-coding ability.9 lncRNAs
were regarded as background noise generated during transcription.10

According to recent research, lncRNA plays an important role in the
occurrence and progression of cancer, as well as the process of chemo-
therapy resistance.11,12 lncRNAs, through their effects on DNA,
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mRNA, and proteins, have a potential role in regulating proliferation,
invasion, migration, apoptosis, epithelial-mesenchymal transition,
and other important biological processes of tumor cells.13–19 lncRNAs
are yet to realize real clinical transformation application; however, in
view of the multiple specific expression patterns of lncRNAs in cancer
and the various effects in the field of molecular function, they have
great application potential in cancer diagnosis, prognosis evaluation,
and targeted therapy.20–23

Herein, TSCC chemo-resistant cell line (CAL27/CDDP) and TSCC
cell line (CAL27) were analyzed via next-generation sequencing tech-
nology to reveal the differentially expressed lncRNAs. Because the re-
sults showed that lncRNA-SNHG26 was significantly upregulated in
CAL27/CDDP, it was chosen for further investigation.

Small nucleolar RNA host genes (SNHGs) are a class of lncRNAs
derived from small nucleolar RNAs (snoRNAs).24 In recent years,
SNHGs have become a research hotspot. For example, evidence
shows that SNHGs, including SNHG1, SNHG3, SNHG5, SNHG7,
and SNHG15, have an oncogenic role in cancer through the versatility
of their interactions at the DNA-RNA-protein level.25 These SNHGs
could regulate methylase26 or interact with transcription factors27 in
the nucleus, sponge miRNA,28 directly bind to mRNA,29 or bind to a
protein30 in the cytoplasm. In particular, for SHNG26, a member of
SNHGs class, its function is unknown.

The current study found that SHNG26 expression was significantly
higher in TSCC tissues than in paracancer tissues. In addition, the
expression level of SHNG26 was correlated with the malignancy
degree and poor prognosis in TSCC patients. In vivo and in vitro
experiments revealed that SNHG26 promoted proliferation and
epithelial-mesenchymal transformation (EMT) of TSCC, as well as
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Figure 1. lncRNA expression profile in TSCC cells

(A) Drug sensitivity of CAL27 and CAL27/CDDP cells against CDDP. (B) MA plot showing differential expression of lncRNAs between CAL27 and CAL27/CDDP cells. The

volcano plot was constructed using fold-change values and p values. The green and red points in the plots represent statistically differentially expressed lncRNAs. (C) Cluster

heatmap showing differentially expressed lncRNAs over 2.0-fold change. Red color indicates high expression level, and green color indicates low expression level. (D) The top

10 upregulated lncRNAs and top 10 downregulated lncRNAs. The arrow indicates SNHG26.
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increased TSCC drug resistance. RNA pull-down andmass spectrom-
etry analysis revealed that SNHG26 interacts with PGK1 and inhibits
its ubiquitination, thereby increasing its stability and activating the
Akt/mTOR pathway.

RESULTS
lncRNAs are differentially expressed between CAL27/CDDP and

CAL27

To identify the transcripts involved in cisplatin (CDDP) resistance in
TSCC cells in vitro, next-generation sequencing was employed to
investigate the expression profiles of lncRNAs and mRNAs in
CAL27/CDDP and its parental cell CAL27 (Figure 1A). Scatter and
volcano plots showed differential expression of lncRNAs between
CAL27/CDDP and CAL27 (Figure 1B). A total of 734 upregulated
lncRNAs and 842 downregulated lncRNAs (fold change >2.0 or
<0.5; p value < 0.05) were identified in CAL27/CDDP (Table S1).
The differentially expressed lncRNAs were explored through hierar-
chical clustering analysis (Figure 1C). Figure 1D shows the top 10
upregulated lncRNAs and top 10 downregulated lncRNAs. Subse-
quently, five upregulated lncRNAs, five downregulated lncRNAs,
three upregulated mRNAs, and three downregulated mRNAs were
selected randomly to validate the sequencing results, and their relative
expression in CAL27/CDDP and CAL27 was determined (Figure S1).
Quantitative real-time PCR (qRT-PCR) analysis confirmed the reli-
ability of sequencing results and aberrant expression of a cluster of
lncRNAs in CAL27/CDDP cells.

SNHG26 was selected from the differentially expressed lncRNAs for
subsequent analysis. The Sequencing platform and the UCSC genome
database (http://genome.ucsc.edu/) revealed that SNHG26 is located
on human chromosome 7: 22,895,705–22,896,694, with a genomic
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length of 574 bp. The full-length sequence and predicted secondary
structure of SNHG26 are presented in Figure S2A. According to the
prediction by bioinformatics webservers (Coding Potential Assess-
ment Tool, http://lilab.research.bcm.edu/cpat/), SNHG26 is a non-
coding RNA (Figure S2B).

The subcellular localization of lncRNA was found to be closely
related to its biological function. Using the lncLocator webserver
(www.csbio.sjtu.edu.cn/bioinf/lncLocator), bioinformatics analysis
revealed that SNHG26 is found in the cytoplasm (Figure 2A).
Furthermore, fluorescence in situ hybridization (FISH) analysis of
CAL27 and SCC15 (Figure 2B) and nucleocytoplasmic separation
verified that SNHG26 is mainly located in the cytoplasm
(Figure 2C).

High SNHG26 expression in TSCC tissues is correlated with the

prognosis of TSCC patients

To explore the role of SNHG26 in cancer, cancer patient data were
retrieved from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/). Analysis showed high SNHG26
expression in 15 cancers, including head and neck squamous cell car-
cinoma (HNSC) (Figure 3A). Further in-depth analysis of HNSC re-
vealed significantly higher SNHG26 expression in cancer tissues
compared with that of adjacent normal tissues (Figure 3B). These
findings demonstrate that SNHG26 has an upstanding diagnostic po-
tential for HNSC patients (area under the curve = 0.820) (Figure 3C).
Kaplan-Meier (KM) curve analysis of HNSC patients was performed
based on SNHG26 expression level. The analysis showed that the sur-
vival of patients in the high SNHG26 expression group was higher
compared with that of patients in the low SNHG26 expression group
(Figure 3D). By analyzing the treatment outcome of HNSC patients,
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Figure 2. Subcellular localization of SNHG26

(A) Prediction analysis using lncLocator showed that SNHG26 was mainly localized in the cytoplasm. (B) FISH analysis showed that SNHG26 was mainly localized in the

cytoplasm (�400 magnification). (C) Nucleocytoplasmic separation analysis using qRT-PCR confirmed that SNHG26 was mainly expressed in the cytoplasm.
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we found that patients expressing high SNHG26 levels were highly
correlated with poor prognosis compared with those expressing low
SNHG26 levels (Figure 3E).

The transcript levels of SNHG26 in 42 pairs of TSCC tissues and their
adjacent noncancerous tissues obtained from First Affiliated Hospital
of Nanchang University were assessed by qRT-PCR. The results
showed that the transcript levels of SNHG26 were significantly higher
in TSCC tissues compared with the levels in adjacent noncancerous
tissues (Figure 4A). TSCC patients were divided into high- and
low-SNHG26 groups based on the median relative SNHG26 expres-
sion in TSCC tissues to explore the correlation of the transcript levels
of SNHG26 with the prognosis of TSCC patients. Based on clinical
and pathologic characteristics of patients, the analysis showed that
the expression level of SNHG26 was significantly related to the T stage
and histological grade (Table 1). Further t test analysis revealed that
the expression level of SNHG26 in the T3/T4 group was significantly
higher than that in the T1/T2 group and that the expression level of
SNHG26 in the G2/G3 group was significantly higher than that in the
G1 group (Figure 4B). These findings suggest that SNHG26 is highly
expressed in TSCC cells and that its level of expression is related to
clinical severity and prognosis.

SNHG26 promotes the proliferation, migration, and invasion

abilities of TSCC cells in vitro

The expression levels of SNHG26 in CAL27/CDDP, CAL27, SCC15,
and HGE cells were evaluated by qRT-PCR. The findings showed that
SNHG26 expression was significantly upregulated in CAL27/CDDP
and downregulated in HGE compared with the expression level in
CAL27 and SCC15 cells (Figure 5A). Furthermore, to explore the
role of SNHG26 in TSCC, CAL27 and SCC15 cells were transfected
with siRNAs against SNHG26, and plasmids containing pcDNA3.1-
SNHG26 were transfected into CAL27 and SCC15 cells to upregulate
expression of SNHG26. Knockdown and overexpression efficiency
was validated by qRT-PCR (Figure 5B). SNHG26 knockdown signif-
icantly increased CAL27 and SCC15 cell sensitivity to CDDP, whereas
SNHG26 overexpression increased CAL27 and SCC15 cell IC50
values to CDDP (Figure 5C).

Findings from 5-ethynyl-20-deoxyuridine (EdU) and CCK-8 assays
indicated that SNHG26 knockdown significantly decreased the prolif-
eration capacity of CAL27 and SCC15 cells (Figure 6A), whereas
SNHG26 overexpression promoted their proliferation capacity (Fig-
ure 6B). Flow cytometry analysis demonstrated that SNHG26 knock-
down inhibited cell cycle progression of CAL27 and SCC15 cells
(Figure 6C).

Wound healing assay demonstrated that SNHG26 knockdown signif-
icantly decreased migration ability of CAL27 and SCC15 cells (Fig-
ure 7A), whereas SNHG26 overexpression promoted the migration
ability of CAL27 and SCC15 cells (Figure 7B). Findings from the
transwell assay revealed that SNHG26 f significantly reduced the in-
vasion ability of CAL27 and SCC15 cells, whereas SNHG26 overex-
pression promoted their invasion ability (Figure 7C).
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Figure 3. Bioinformatics analysis of SNHG26 expression using TCGA-HNSC dataset

(A) SNHG26 was highly expressed in 15 cancers including HNSC. (B) Expression level of SNHG26 in HNSC tissues was significantly higher compared with that in adjacent

noncancerous tissues. (C) receiver operating characteristic curve analysis showed SNHG26 had a good diagnostic ability for patients with HNSC. (D) Kaplan-Meier analysis

showed that the survival of patients in SNHG26 high expression group was higher compared with that of patients in the SNHG26 low expression group (high versus low

expression, based on the best cutoff values of SNHG26 expression). (E) Analysis of the treatment outcome of patients with HNSC showed that expression level of SNHG26 in

patients with poor prognosis (progressive or stable disease) was higher compared with that in patients with good prognosis (complete or partial remission). *p < 0.05,

**p < 0.01, ***p < 0.001.
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Western blot (WB) assay results showed that SNHG26 knockdown
decreased expression level of Ki-67, PCNA, Snail, N-cadherin, vimin-
tin, MMP-2, and MMP-9 in CAL27 and SCC15 cells, and increased
expression level of E-cadherin. Contrarily, SNHG26 overexpression
increased the expression level of Ki-67, PCNA, Snail, N-cadherin,
vimintin, MMP-2, and MMP-9, and decreased the expression level
of E-cadherin in CAL27 and SCC15 cells (Figure 8).

SNHG26 directly interactswith PGK1 and upregulates its protein

level by inhibiting PGK1 ubiquitination in TSCC cells in vitro

To investigate the underlying molecular mechanism by which
SNHG26 promotes TSCC cell proliferation, migration, and invasion,
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an RNA pull-down assay was used to identify the protein partners of
SNHG26 in CAL27. Silver staining was used to examine RNA-associ-
ated proteins that were pulled down by biotin-labeled sense- or anti-
sense-SNHG26 (Figure 9A). Mass spectrometry was then used to
analyze the two protein bands. The results revealed that PGK1was ex-
pressed differently in the SNHG26 pull-down group than in the con-
trol group (Table S2). A possible interaction between SNHG26 and
PGK1 was predicted using the catRAPID tool (http://service.
tartaglialab.com/page/catrapid_group) (Figure 9B). PGK1 catalyzes
an important step in glycolysis and is essential in the production of
glycolytic ATP.31 According to recent research, PGK1 is involved in
the occurrence and development of tumors in a variety of ways.32
Figure 4. Expression profile of SNHG26 in TSCC

tissues

(A) SNHG26was significantly upregulated in TSCC tissues

compared with the level in adjacent normal tissues. (B)

Expression level of SNHG26 in T3/T4 group was signifi-

cantly higher compared with that of T1/T2 group, and

expression level of SNHG26 in G2/G3 group was signifi-

cantly higher compared with that in G1 group (TNM

staging was performed using the eighth edition of the

AJCC staging system for oral cancer). *p < 0.05, **p <

0.01, ***p < 0.001.
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Table 1. The association of SNHG26 expression in forty-two TSCC patients

with clinicopathologic characteristics

Characteristic Low expression of SNHG26
High expression of
SNHG26 p value

n 21 21

Age, n (%) 0.758

%50 10 (47.6%) 11 (52.4%)

>50 11 (52.4%) 10 (47.6%)

Gender, n (%) 0.217

Female 9 (42.9%) 13 (61.9%)

Male 12 (57.1%) 8 (38.1%)

T stage, n (%) 0.030*

T1/T2 15 (71.4%) 8 (28.6%)

T3/T4 6 (38.1%) 13 (61.9%)

N stage, n (%) 0.537

N0 11 (52.4%) 9 (42.9%)

N+ 10 (47.6%) 12 (57.1%)

Clinical stage, n (%) 0.533

I/II 10 (47.6%) 8 (38.1%)

III/IV 11 (52.4%) 13 (61.9%)

Histologic grade, n (%) 0.013*

G1 14 (66.7%) 6 (28.6%)

G2/G3 7 (33.3%) 15 (71.4%)

Lymphovascular invasion, n (%) 0.346

No 10 (47.6%) 7 (33.3%)

Yes 11 (52.4%) 14 (66.7%)

*p < 0.05 TNM staging was performed
using the 8th edition of the AJCC staging system for oral cancer.
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The immunoblotting analysis further revealed that SNHG26 inter-
acted with PGK1 directly (Figure 9C). The results of the RNA immu-
noprecipitation (RIP) assay revealed that the antibody to PGK1
captured significantly more SNHG26 than the antibody to IgG in
CAL27 and SCC15 cells (Figure 9D). These suggest that SNHG26 in-
teracts with PGK1 specifically in TSCC cells.

To investigate the effects of SNHG26 on PGK1, SNHG26 expression
levels in TSCC cells were altered, and PGK1mRNA and protein levels
were measured. The results showed that when SNHG26 was silenced
or overexpressed in TSCC cells, mRNA levels of PGK1 did not change
significantly (Figure 10A). PGK1 protein levels, on the other hand,
were reduced in CAL27 and SCC15 cells when SNHG26 was silenced
and increased in CAL27 and SCC15 cells when SNHG26 was overex-
pressed (Figure 10B).

These findings suggest that SNHG26may regulate the synthesis and/or
degradation of PGK1 protein. Thus, CAL27 and SCC15 cells were
treated with the protein synthesis inhibitor CHX, and the results re-
vealed that knocking down SNHG26 significantly reduced the half-
life of PGK1 (Figure 10C). Moreover, the analysis revealed that the
overexpression of SNHG26 in CAL27 and SCC15 had a similar effect
as the addition of MG-132 (a widely used and efficient proteasome in-
hibitor), which increased PGK1 expression (Figure 10D). These find-
ings suggest that SNHG26 inhibits proteasome-dependent degradation
of PGK1 in TSCC cells.

To confirm that the ubiquitin-proteasome pathway was responsible for
SNHG26-mediated PGK1 degradation, a co-immunoprecipitation
(co-IP) assay was used to detect PGK1 ubiquitination. The findings
showed that ubiquitination of PGK1 in CAL27 and SCC15 cells was
significantly increased by SNHG26 knockdown (Figure 10E). These re-
sults show that a direct interaction between SNHG26 and PGK1 pre-
vents ubiquitination and degradation of PGK1 in TSCC cells in vitro.

SNHG26-mediated regulation of Akt/mTOR signaling pathway

through PGK1 influences proliferation and EMT-related protein

expression

Previous research has shown that PGK1 can regulate the expression of
the Akt/mTOR pathway33–35 and that activating the Akt/mTOR
pathway can promote cancer cell proliferation, invasion, and migra-
tion.36 The STRING (https://www.string-db.org/) and TCGA-HNSC
databases were used to investigate the potential regulatory relation-
ship between PGK1 and Akt/mTOR (Figure 11A). Experiments
with knockdown and overexpression of PGK1 showed that it can pro-
mote Akt and mTOR phosphorylation (Figure 11B).

Further investigation showed that SNHG26 promoted Akt andmTOR
phosphorylation (Figure 11C), and that mTOR activators reversed the
effects of SNHG26 knockdown on proliferation and EMT-related
proteins (Figure 11D). Moreover, it was discovered that PGK1 overex-
pression reversed the effects of SNHG26 knockdown on Akt/mTOR,
proliferation, and EMT-related proteins (Figure 11E). These findings
show that SNHG26 activates the Akt/mTOR signaling pathway to in-
fluence proliferation and EMT-related protein expression by interact-
ing with PGK1.

Effects of SNHG26 knockdown or overexpression on tumor

growth in vivo

To investigate the role of SNHG26 on TSCC cells in vivo, CAL27 with
stable transfection with Lv-shRNA-SNHG26, Lv-OV-SNHG26, or
Lv-control were injected subcutaneously into nude mice (n = 15).
The nude mice were given CDDP (2 mg/kg) intraperitoneally once
a week for 4 weeks after tumor cell inoculation. Tumor sizes were
measured every week using micrometer calipers. All nude mice
were killed after 5 weeks from the tumor cell inoculation and the tu-
mors were removed.

To confirmSNHG26 knockdownor overexpression in the Lv-shRNA-
SNHG26 group or Lv-OV-SNHG26 group, qRT-PCR was performed
on mouse tumor tissues (Figure 12A). The tumor growth in the Lv-
control group was significantly faster than that in the Lv-shRNA-
SNHG26 group, but slower than that in the Lv-OV-SNHG26 group
(Figure 12B). Furthermore, immunohistochemistry (IHC) staining
and WB revealed that compared with the Lv-control group, Ki-67,
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Figure 5. Expression levels of SNHG26 in TSCC cells

(A) SNHG26 was significantly upregulated in CAL27/CDDP and downregulated in HGE compared with the expression in CAL27 and SCC15 cells. (B) Knockdown and

overexpression efficiency was validated by qRT-PCR. (C) SNHG26 knockdown significantly increased sensitivity of CAL27 and SCC15 cells to CDDP, whereas SNHG26

overexpression increased IC50 values of CAL27 and SCC15 cells to CDDP. *p < 0.05, **p < 0.01, ***p < 0.001.
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PGK1, N-cadherin, vimentin, and phosphorylated Akt/mTOR were
significantly downregulated in the Lv-shRNA-SNHG26 group, but
significantly upregulated in the Lv-OV-SNHG26 group (Figure 12C).
These findings showed that SNHG26 knockdown inhibited tumorige-
nicity activity of TSCC cells in vivo, while overexpression of SNHG26
enhanced their tumorigenicity activity, which is consistent with the
in vitro findings.

To investigate the relationship between SNHG26 and PGK1, Ki-67, E-
cadherin, and N-cadherin further, IHC staining was performed to
determine the expression levels of PGK1, Ki-67, E-cadherin, and N-
cadherin in the high-SNHG26 (R median value) and low-SNHG26
(< median value) human TSCC tissues (n = 42). The findings revealed
that the tissues with high SNHG26 expression levels had higher levels of
PGK1, Ki-67, and N-cadherin staining, and lower levels of E-cadherin
when compared with tissues with low SNHG26 expression (Figure 13).

DISCUSSION
Several studies have found that lncRNAs play important roles in
tumorigenesis and the development of different cancers. According
to research evidence, lncRNAs influence TSCC proliferation, metas-
360 Molecular Therapy: Oncolytics Vol. 24 March 2022
tasis, apoptosis, and chemotherapy resistance.37–39 In comparison
with other tumors, research on lncRNAs in TSCC is limited. The cur-
rent study aimed to investigate the key lncRNAs associated with drug
resistance in TSCC as well as their functional effects on TSCC and the
specific molecular mechanism.

SNHGs, a gene family derived from snoRNA, and its members,
SNHG1, SNHG5, SNHG7, and SNHG15, have been linked to cancer
development.25 SNHG26 has never been studied before. The current
study found that lncRNA SNHG26 can promote TSCC proliferation,
EMT, and cisplatin resistance.

According to the mechanism, SNHG26 binds to PGK1 in the cyto-
plasm, inhibits ubiquitination of PGK1, and promotes PGK1 stability.
PGK1 is a glycolytic enzyme that plays an important role in meta-
bolism. In addition to regulating glycolytic metabolism, PGK1 is
involved in the initiation of autophagy, DNA replication, and repair
of mammalian nuclear cells.40

Previous research has shown that PGK1 can promote the growth
and progression of a variety of tumors, as well as their tolerance



Figure 6. Relationship between expression level of

SNHG26 and proliferation of TSCC cells

(A and B) EdU (�200 magnification) and CCK-8 assays

showed that knockdown of SNHG26 significantly reduced

proliferation capacity of CAL27 and SCC15 cells, whereas

overexpression of SNHG26 enhanced their proliferation

capacity. (C) Flow cytometry analysis showed that

knockdown of SNHG26 inhibited cell cycle progression of

CAL27 and SCC15. *p < 0.05, **p < 0.01, ***p < 0.001.
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to a variety of chemotherapy drugs.32 Using TCGA-HNSC and
GEO (GSE6631,GSE65858) data, we showed that PGK1 is highly
correlated with the occurrence, progression, and prognosis of
HNSC (Figure 14).

Previous evidence33,35,41 has linked PGK1 to the inactivation of the
Akt/mTOR pathway. The analysis of STRING and TCGA databases
showed that there was experimental evidence for the interaction be-
tween PGK1 and Akt/mTOR, as well as a positive co-expression
relationship (Figure 11A). Our research also confirms this. The
activation of Akt/mTOR pathway by PGK1 comes from the glycol-
ysis process mediated by PGK1. However, the specific interaction
mechanism between PGK1 and Akt/mTOR is lacking in our and
previous studies. This is the defect of this study and the goal of
our future research.

The Akt/mTOR signaling pathway is a well-known signaling
pathway that promotes cancer growth and metastasis.42,43 Previous
Molecular Therapy: Oncolytics Vol. 24 March 2022 361
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Figure 7. Relationship between expression of SNHG26 and metastasis of TSCC cells

(A and B) Wound healing assay (�200 magnification) showed that SNHG26 knockdown significantly reduced migration ability of CAL27 and SCC15 cells, whereas over-

expression of SNHG26 enhanced their migration ability. (C) Transwell assay (�200magnification) showed that knockdown of SNHG26 significantly reduced invasion ability of

CAL27 and SCC15 cells, whereas overexpression of SNHG26 enhanced their invasion ability. *p < 0.05, **p < 0.01, ***p < 0.001.
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studies looked into the role of lncRNA in regulating the Akt/mTOR
signaling pathway via the ceRNA mechanism.44–46 The current
study found that SNHG26 can inhibit ubiquitination of PGK1 and
regulate the Akt/mTOR pathway via the direct action of lncRNA-
protein.

Mounting evidence shows that apoptosis and autophagy are closely
linked to tumor chemotherapy resistance.47–50 Herein, the findings
showed that SNHG26 did not affect apoptosis and autophagy of
TSCC cells. SNHG26 could indirectly increase cisplatin resistance
of tongue cancer by enhancing its proliferative capacity. Recent
studies indicate that the emergence of acquired drug resistance
of tumor cells is accompanied by EMT-like changes.51–54 This is
due to the fact that cancer EMT can enhance cancer cell metas-
tasis, thereby indirectly weakening the effect of chemotherapy
drugs. Furthermore, there may be common signaling molecules
that are shared by the two processes. Snail, Twist, ZEB, and other
important EMT regulators, for example, have been shown in
studies to mediate the development of chemotherapy resistance
in different tumors.54–56 The current study found changes in
362 Molecular Therapy: Oncolytics Vol. 24 March 2022
SNHG26 expression were positively correlated with TSCC prolifer-
ation and EMT, which led to the effect of SNHG26 on TSCC
cisplatin resistance.

Conclusions

In summary, the findings of the current study show that SNHG26 is
an oncogene associated with malignant progression and poor prog-
nosis in TSCC patients and that it promotes TSCC cell growth, metas-
tasis, and cisplatin resistance. Furthermore, the study shows that
SNHG26 promotes TSCC proliferation and EMT by inhibiting
PGK1 ubiquitination and activating the Akt/mTOR pathway. These
findings suggest that SNHG26 can be used as a prognostic indicator
for TSCC patients and has potential utility in targeted diagnosis
and therapy development.

MATERIALS AND METHODS
Cells and human tissues

Human TSCC cell lines CAL27 and SCC15 were obtained from
Shaanxi Provincial Key Laboratory of Craniomaxillofacial Precision
Medicine, Hospital of Stomatology, Xi’an Jiaotong University



Figure 8. Effect of SNHG26 on expression of

proliferation- and EMT-related proteins

(A) SNHG26 knockdown decreased expression levels of

Ki-67, PCNA, Snail, N-cadherin, vimintin, MMP-2, and

MMP-9 in CAL27 and SCC15 cells, and increased

expression level of E-cadherin. (B) Overexpression of

SNHG26 increased expression of Ki-67, PCNA, Snail, N-

cadherin, vimintin, MMP-2, and MMP-9, and decreased

expression of E-cadherin in CAL27 and SCC15 cells. *p <

0.05, **p < 0.01, ***p < 0.001.
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(Xi’an, China). Human TSCC cell line CAL27/CDDP was obtained
from Sun Yat-sen Memorial Hospital (Guangzhou, China).57

TSCC cells were maintained in DMEM high-glucose medium sup-
plemented with 10% fetal blood sampling (FBS), 100 units/mL peni-
cillin, and 100 mg/mL streptomycin. Cells were maintained under a
humidified atmosphere at 37�C with 5% CO2. Forty-two pairs of
TSCC tissues and their corresponding adjacent noncancerous tis-
sues were obtained from TSCC patients who had undergone surgery
at the First Affiliated Hospital of Nanchang University (Nanchang,
China) between September 2019 and June 2021. Patients were diag-
nosed with TSCC based on histopathological examination, and no
pre-operative treatment was administered. All patients provided
written informed consent. The Human Ethics Committee of First
Affiliated Hospital of Nanchang University approved this study
(No. 2020054).

Next-generation RNA sequencing analysis

RNA sequencing was performed by Oebiotech (Shanghai, China).
The mirVana miRNA Isolation Kit was used to extract total RNA.
TruSeq Stranded mRNA LTSample Prep Kit (Illumina, USA) was
used to create libraries, which were then sequenced on the Illumina
sequencing platform (HiSeqTM 2500 or Illumina HiSeq X Ten).
Differentially expressed genes were identified using the functions es-
timateSizeFactors and nbinomTest in the DESeq R package.58 The
threshold for significant differential expression was set at p value
<0.05 and fold-change >2 or fold-change <0.5.59
RNA extraction and qRT-PCR

Using Trizol reagent, total RNA was extracted from TSCC tissues or
cell lines (Invitrogen, USA). RNA was then reverse-transcribed into
cDNA using the PrimeScript RT reagent Kit (TaKaRa, China). The
qRT-PCR was performed using the SYBR premix DimmerEraser
kit (TaKaRa, China) in accordance with the manufacturer’s instruc-
tions. The u2�DDCt method was used to calculate the fold change in
relative mRNA expression. Table S3 contains a list of the primer se-
quences that were used.

RNA interference and overexpression

Small interfering RNAs (siRNAs) corresponding to the target human
SNHG26 and PGK1 sequences were purchased from Ribo (Guangz-
hou, China). pcDNA3.1-SNHG26 and pcDNA3.1-PGK1 vectors
were purchased from Ribo (Guangzhou, China). Transfection was
performed using Lipofectamine 2000 (Invitrogen, USA) according
to the manufacturer’s protocol. Lentiviral vectors containing
shRNA-SNHG26 and overexpressing SNHG26 were purchased
from Ribo (Guangzhou, China). RNA interference sequences are
listed in Table S3.

RNA fluorescence in situ hybridization

The FISH kit and SNHG26 FISH probe were purchased from RiboBio
(Guangzhou,China). CAL27 and SCC15 cells were inoculated andfixed
with 4% paraformaldehyde for pre-hybridization. Cells were then hy-
bridized overnight in the dark with a 5-mM SNHG26 probe. Cells
were counterstained with Hoechst and imaged on the following day.
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Figure 9. SNHG26 directly interacts with PGK1 in

TSCC cells

(A) Silver-stained SDS-PAGE gel of proteins immunopre-

cipitated from CAL27 cell extract by the sense and anti-

sense RNA of SNHG26. The two lanes were used for

mass spectrum determination using liquid chromatog-

raphy dual mass spectrometry. The frame indicates

PGK1. (B) Analysis of the interaction propensities between

SNHG26 and PGK1 using catRAPID tool. (C) RNA pull-

down assay conducted using biotin-labeled SNHG26

probe and PGK1 expression was determined by western

blot assay. (D) Amount of SNHG26 bound to SNRNP70 (a

positive control), PGK1, or IgG (a negative control) was

detected by qRT-PCR after RIP in TSCC cells. *p < 0.05,

**p < 0.01, ***p < 0.001.
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Western blot

Total protein was extracted from tissue samples and cell lines using
cell lysis buffer (Beyotime, China). BCA protein assay kit (Bio-rad,
USA) was used to determine protein concentration. Protein samples
were heated to 100�C and incubated for 5 min before being electro-
phoresed on SDS- polyacrylamide gels. The protein was extracted
from an SDS gel and transferred to a polyvinylidene fluoride mem-
brane. The membrane was blocked with 5% skimmed milk for
60 min. The membrane was incubated with anti-rabbit polyclonal
antibody E-cadherin (1:2,000, Proteintech, China), anti-rabbit poly-
clonal antibody N-cadherin (1:2,000, Proteintech, China), anti-rabbit
polyclonal antibody vimentin (1:2,000, Proteintech, China), anti-rab-
bit polyclonal antibody MMP-2 (1:1,000, Proteintech, China), anti-
rabbit polyclonal antibody MMP-9 (1:2,000, Proteintech, China),
anti-rabbit polyclonal antibody Ki-67 (1:1,000, Servicebio, China),
anti-rabbit polyclonal antibodies mTOR/p-mTOR (1:1,000, Service-
bio, China), anti-rabbit monoclonal antibodies Akt/p-Akt (1:2,000,
Cell Signaling Technology, USA), anti-rabbit monoclonal antibody
PGK1 (1:2,000, Abcam, USA), antirabbit polyclonal antibody ubiqui-
tin (1:1,000, Proteintech, China), anti-mouse monoclonal antibody
PCNA (1:2,000, Cell Signaling Technology, USA), anti-rabbit mono-
clonal antibody Snail (1:2,000, Proteintech, China), and anti-mouse
polyclonal antibody b-actin (1:5,000, Proteintech, China) at 4�C over-
night. Following incubation, samples were rinsed three times after in-
cubation. The membrane was then incubated for 1 h at room temper-
ature with goat-anti-mouse second antibody or goat-anti-rabbit
second antibody (1:5,000, Proteintech, China), then rinsed several
times. The membrane was then imaged with X-ray film and analyzed
with an enhanced chemiluminescence performance system. ImageJ
software was then used to quantify the images.
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Immunohistochemistry assay

Tissue slices were immersed in 0.01 M citrate buffer (pH 6.0; Wellbio,
China). The buffer was brought to a boil and cooked for 20min before
being cooled to room temperature. Tissue slices were washed with
PBS (pH 7.2–7.6; China) after cooling. The samples were then incu-
bated at 4�C overnight with diluted primary antibody. Following in-
cubation with primary antibody, tissue slices were washed with PBS,
and 50–100 mL of anti-rabbit-IgG antibody-HRP polymer (Thermo
Fisher Scientific, China) was added. A working solution of 50–
100 mL of the chromogenic reagent DAB (Zhongshan Jinqiao
Biotechnology, China) was also added. Tissues were counterstained
with hematoxylin before being mounted with neutral gum (Sigma,
USA). Tissue slices were then examined under a microscope
(OLYMPUS, Japan, BX43). Antibodies for IHC staining included
Ki-67 (1:200, Servicebio, China), PGK1 (1:200, Proteintech, China),
E-cadherin (1:200, Proteintech, China), and N-cadherin (1:200, Pro-
teintech, China). The Ki-67 expression level was graded based on the
percentage of staining. The histochemistry score (H-score) was used
to determine the expression levels of PGK1, E-cadherin, and N-cad-
herin. H-score =SPi (i + 1), where i denotes the intensity score and Pi
denotes the percentage of the cells.

In vitro and in vivo chemosensitivity assay

For in vitro experiments, drug-resistant or normal TSCC cells were
seeded into 96-well plates (5 � 103 cells/well) after transfection.
Following a 24-h incubation period, a medium containing
different concentrations of CDDP was added to each well. Cell
Counting Kit-8 (CCK-8, Dojindo, Japan) was added after 24 h
of treatment, and the absorbance (450 nm) was measured accord-
ing to the manufacturer’s protocol. The dose-response curves were



Figure 10. SNHG26 inhibits PGK1 ubiquitination in TSCC cells

(A) mRNA levels of PGK1 were not significantly different when SNHG26 was silenced or overexpressed in TSCC cells. (B) Protein levels of PGK1 were reduced in CAL27 and

SCC15 cells when SNHG26 was silenced and were upregulated in CAL27 and SCC15 cells when SNHG26 was overexpressed. (C) Knockdown of SNHG26 significantly

decreased the half-life of PGK1. (D) Overexpression of SNHG26 in CAL27 and SCC15 had similar effect as addition of MG-132. (E) Co-IP assay showed that ubiquitination of

PGK1 in CAL27 and SCC15 cells was significantly increased by SNHG26 knockdown. *p < 0.05, **p < 0.01, ***p < 0.001.
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then used to calculate the 50% inhibition of growth (IC50) value
for CDDP.

For in vivo experiments, CAL27 cells (1.0 � 106 cells in 100 mL)
that were stably transfected with Lv-shRNA-SNHG26, Lv-OV-
SNHG26, or Lv-control were injected subcutaneously into 4-
week-old female nude mice. CDDP (2 mg/kg) was injected intra-
peritoneally once a week for 4 weeks after tumor cell inoculation.
Every week, tumor sizes were measured, and the tumor volumes
were calculated as 0.5 � length � width2 every week. Mice were
sacrificed 5 weeks after implantation, and tumors were excised,
weighed, and photographed. IHC staining and WB were used to
identify all tumor grafts. The total or nuclear proteins of tumor
grafts were extracted using a total and nuclear protein extraction
kit (Beyotime, Shanghai, China). All animal experiments were per-
formed in the animal laboratory center of First Affiliated Hospital
of Nanchang University. The Animal Care and Use Committee of
First Affiliated Hospital of Nanchang University approved the study
protocol.

RNA pull-down and mass spectrometry analysis

A positive and reverse SNHG26 gene in vitro transcription template
with the T7 promoter sequence was created and used as a probe for
RNA pull-down. Biotin-labeled RNAs were transcribed in vitro
with Biotin RNA Labeling Mix (Roche, USA) and T7 RNA polymer-
ase (Promega, USA). RNA samples were purified using the RNeasy
Mini Kit (Qiagen, Germany) and treated with RNase-free DNase
(Roche, USA). Electrophoresis was used to separate the retrieved pro-
tein, which was then silver-stained. Following that, bands appearing
in the experimental group were removed and sent for mass spectrom-
etry analysis. Finally, the standard WB was used to validate the
retrieved protein.
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Figure 11. SNHG26 regulates the Akt/mTOR signaling pathway via PGK1 to affect proliferation and EMT-related protein expression

(A) STRING and TCGA-HNSC databases showed that PGK1 could interact with AKt/mTOR pathway and has a positive co-expression relationship. (B and C)WB experiment

confirmed that PGK1 and SNHG26 could improve the phosphorylation level of Akt/mTOR. (D) The addition of mTOR activator (MHY1485) could reverse the effects of

SNHG26 knockdown on proliferation and EMT-related proteins. (E) Overexpression of PGK1 could reverse the effects of SNHG26 knockdown on proliferation and EMT-

related proteins.
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RNA immunoprecipitation

The RIP assay was performed according to the manufacturer’s in-
structions using EZ-Magna RIP RNA-Binding Protein Immunopre-
cipitation Kit (Millipore, USA). Lysates of cells were prepared in
RIP lysis buffer and then incubated with RIP buffer containing
magnetic beads conjugated to the human anti-PGK1 antibody. The
negative control was mouse IgG (Beyotime, China), and the positive
control was anti-SNRNP70 (Millipore, USA). The co-precipitated
RNAs were isolated with Trizol reagent (Invitrogen, USA) and quan-
tified using qRT-PCR. Primer sequences used for the qRT-PCR are
listed in Table S3.

Co-immunoprecipitation assay

The Pierce Co-IP kit (Thermo, USA) was used for the co-IP assay,
according to the manufacturer’s instructions. The cell lysates were
prepared in RIPA buffer and primary antibodies or IgG were added
to the lysates for overnight incubation at 4�C. Protein A/G agarose
beads were added and incubated for 3 h at 4�C. Beads were
collected after centrifugation and washed five times with RIPA
buffer. As previously described, WB was performed using the indi-
cated antibodies.
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Cell proliferation and cell cycle analysis

Cell proliferation rate was determined using CCK-8 and EdU assay.
The cell cycle was assessed using a flow cytometer. Cells were seeded
into 96-well plates (1 � 103 cells/well) for the CCK-8 assay, and the
absorbance (450 nm) was measured every 24 h for 72 h after treat-
ment with CCK-8 reagent. EdU assay was performed using the EdU
Kit (BeyoClickTM, China). The cells were co-cultured with EdU
working solution for 2 h. After the cells were fixed, they were incu-
bated in a dark environment at room temperature for 30 min with
click reaction solution before being treated with Hoechst solution
for 10 min. Using a fluorescence microscope, we captured images
and counted cells by ImageJ software. Cell cycle analysis was per-
formed using the Cell Cycle Analysis kit (Beyotim, China). The
flow cytometry and FlowJo software 7.6 (Tree Star, USA) were
used to evaluate and calculate the percentage of cells at different
stages.

Wound healing assay

The rate of cell migration was determined using a wound healing assay.
Transfected cells were plated in 6-well plates (1 � 105 cells/well), and
incubated at 37�C in DMEM high-glucose medium without FBS until



Figure 12. Effects of SNHG26 knockdown or overexpression on tumor growth in vivo

(A) Relative expression level of SNHG26 in mouse tumor tissues under different transfection conditions as determined by qRT-PCR. (B) Representative images of

xenograft tumors in the three groups and effect of SNHG26modulation on tumor growth and tumor weight in nudemice are shown. (C) Expression levels of PGK1, p-Akt/Akt,

p-mTOR/mTOR, Ki-67, PCNA, Snail, E-cadherin, N-cadherin, and vimentin in tumor samples from nude mice in the three groups as detected byWB analysis. (D) Expression

levels of PGK1, Ki-67, E-cadherin, and N-cadherin in tumor samples from nude mice in the three groups as determined by IHC (�400 magnification).
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confluence reached 80%. Cells were scratched across the surface of the
well using a 100-mLpipette.Cellmigration to the scratcheswas observed
after incubation at 37�C for 12, 24, 36, and 48 h.

Transwell invasion assay

Transwell invasion assay was performed in 24-well plates using
8-mm chamber inserts with Matrigel. In the upper chamber, the
FBS-free medium was seeded at a density of 3 � 104 cells. Medium
containing 20% FBS was added to the lower chamber. After 36 h,
cells below the membrane were fixed and stained for 10 min with
0.1% crystal violet.

Statistical analysis

Data were presented as mean ± standard deviation (SD). The paired-
samples t test was used to compare the expression of SNHG26 in
TSCC tissues and adjacent noncancerous tissues. The independent
samples t test was used to compare two groups. To compare differ-
ences between groups, a one-way ANOVA was used, followed by a
Bonferroni post hoc test. Chi-square, Fisher exact test, or Pearson’s
Chi-square test were used to analyze categorical variables. For sur-
vival analysis, the KM method was used and the log rank test was
used to determine the significance. Statistical significance was defined
as p values less than 0.05.
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Figure 13. Correlation between SNHG26 and PGK1,

Ki-67, E-cadherin, and N-cadherin in TSCC tissues

(�200 magnification)
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Figure 14. PGK1 is highly correlated with occurrence, development, and progn
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group of patients with HNSC. (C) Representative images of IHC staining of PGK1 from the

of HNSC. (E) High expression of PGK1 is associated with poor pathological stage of H
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