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Abstract

Glioma is a malignant brain tumor with a generally poor prognosis. Dysregulation of a long non-coding
RNA, GASS, has been detected in numerous cancers, including glioma. Previous studies have suggested
that GASS5 plays a significant functional role in glioma, affecting proliferation, metastasis, invasion, and
apoptosis. In this review, we describe the roles and mechanisms of GASS in glioma. GAS5 may be a
biomarker for diagnosis and prognosis, and even a potential target for glioma treatment, and therefore

warrants further investigation.
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Introduction

Glioma is a malignant brain tumor which is
highly migratory and invasive, and has high mortality
[1]. Glioma patients undergoing conventional
treatment, including surgery, radiotherapy, and
chemotherapy, have poor prognosis [2]. It is therefore
important to develop new approaches to treatment.
Studies into the pathogenesis of glioma may
contribute to the discovery of new therapeutic
strategies. Recently, several reports have focused on
the pathogenesis of glioma, especially with respect to
epigenetics [3, 4], an approach that provides a novel
perspective on glioma pathogenesis and potential
treatment.

Long non-coding RNAs (IncRNAs) are involved
in the pathogenesis of a range of diseases, including
cancers. IncRNAs are >200 nucleotides long, and have
low protein-coding potential [5]. IncRNAs participate
in the pathogenesis and behavior of cancer by
interacting with DNA, miRNAs, and proteins [6].

Depending on the nature of the cancer, IncRNAs can
act as either tumor suppressor IncRNAs, including
IncRNA taurine up-regulated gene 1 (TUG1) [7] and
IncRNA-maternally expressed gene 3 (MEG3) [8], or
onco-IncRNAs, such as IncRNA HOX transcript
antisense intergenic RNA (HOTAIR) [9], urothelial
carcinoma associated 1 (UCA1) [10] and IncRNA
nuclear paraspeckle assembly transcript 1 (NEAT1)
[11]. These IncRNAs may be potential targets for the
treatment of tumors. Recently, several studies have
demonstrated the role of IncRNAs in the pathogenesis
of glioma [12-14]; however, the underlying molecular
mechanisms remain unclear.

The IncRNA known as growth arrest-specific 5
(GAS5) is encoded by the GAS5 on chromosome
1q12.1 [15, 16]. Aberrant GAS5 expression has been
detected in several cancers, including breast cancer,
[17] and gastric cancer [18]. Recently, the role of GAS5
has also been reported in the pathology of glioma.
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Here we summarize recent studies that report the role
of GAS5 in glioma, and describe the known
interactions between GAS5 and miRNAs, and other
molecular pathways. Evidence for a correlation
between GAS5 and chemosensitivity, and for
potential roles for GAS5 in the diagnosis and
treatment of glioma, is also presented.

Interactions between GAS5 and miRNAs
in glioma

GAS5 is involved in the development of
numerous diseases, especially cancer. GAS5 acts as a
tumor suppressor in most neoplastic diseases. Several
studies had found that GAS5 expression levels were
lower in glioma cells than in normal controls [19].
GAS5 had been found to be downregulated in
different stages of glioma, and was at its lowest in
advanced glioma  patients [20]. However,
understanding the mechanism of action of GAS5 in
the pathogenesis of glioma requires further research.

Bioinformatics analysis predicts the presence of
several miRNA binding sites on GAS5, indicating that
GAS5 may negatively regulate the occurrence and
development of cancers by targeting miRNA.
Luciferase reporter assays had shown that miR-222
overexpression significantly reduced luciferase
activity in the luciferase reporter plasmid, suggesting
that miR-222 was one of the targets of GAS5. The
tumor suppressors Bcl-2-modifying factor (Bmf) and
Plexin C1 (PLXN C1), both of which were expressed at
low levels in glioma, had been identified as targets of
miR-222. Overexpression of GAS5 or down-regulation
of miR-222 regulated the expression of the apoptosis
regulator Bcl-2 family, including down-regulated
Bcl-2 and up-regulated Bax via up-regulating Bmf.
Overexpression of GAS5 or down-regulation of
miR-222 also inactivated the actin-binding protein
cofilin by increasing the amount of PLXN C1 [20].
Scott et al. [21] also demonstrated that PLXN Cl1
stimulated the synthesis of Lim kinase II (LIMKII) and
thus promoted the phosphorylation of cofilin. In
another study, miR222/221 was found to be highly
expressed in high-grade glioma, and levels of protein
tyrosine phosphatase p (PTP p) were low. miR-222/
221 overexpression negatively regulated PTPu and
hence enhanced the movement of glioma cells[22]. In
addition, a colorectal cancer study reported that
miR-222/221 could activated NF-xB and signal
transducer and activator of transcription-3 (STAT3).
Moreover, miR-222/221 bound to the coding area of
RELA mRNA, and enhanced RELA mRNA stability.
miR-222/221 also inhibited PDLIM2 (PDZ and LIM
domain 2), therefore inhibiting RELA and STAT3
protein ubiquitination and degradation [23].

Zhao et al. [24] found that miR-196a-5p
expression was increased in glioma stem cells and
acted as an oncogene. GAS5, which bound to
miR-196a-5p, exhibited an effect opposite to that of
miR-196a-5p.  Silencing miR-196a-5p positively
regulated the expression of forkhead box protein O1
(FOXO1). FOXO1 increased the expression of
phosphotyrosine interaction domain containing 1
(PID1), which inhibited tumorigenesis and growth.
FOXO1 also enhanced the expression of migration
and invasion inhibitory protein (MIIP), which
decreased the migration and invasion of glioma cells.
A positive feedback loop between FOXO1 and GAS5
had also been demonstrated. MIIP bound to histone
deacetylase 6 (HDAC6) and negatively regulated the
stability of its protein, inhibiting cell movement [25].
MIIP has also been reported to play a role in other
cancers. For example, MIIP promoted epidermal
growth factor receptor (EGFR) protein degradation
via the proteasome and lysosome pathways. MIIP
facilitated the binding of EGFR protein and BIP, an
endoplasmic reticulum chaperone, thereby activating
the proteasome degradation pathway, leading to the
degradation of newly synthesized EGFR. MIIP also
negatively regulated the expression of HDACS,
resulting in the degradation of mature EGFR protein
via the lysosome degradation pathway. Finally, two
pathways for EGFR protein degradation modulated
the stability of EGFR and inhibited the EGFR/
Ras/MER/ERK signal pathway, leading to reduced
proliferation of lung cancer cells [26].

Ding et al. [27] discovered that GAS5 could
repress miR-10b expression to further suppress tumor
exacerbation. GAS5-downregulated miR-10b reduced
the expression of Sirtuin 1, thereby hindering the
phosphorylation of phosphoinositide 3-kinase (PI3K),
protein kinase B (AKT), mitogen-activated protein
kinase kinases (MEK), and extracellular signal-
regulated kinase (ERK), and increasing the expression
of phosphatase and tensin homolog (PTEN). Inhibited
miR-10b also enhanced Bax expression, while
decreasing the expression of Bcl-2.

A GAS5 mimic decreased the levels of
miR-18a-5p, and a miR-18a-5p mimic reduced GAS5
expression in glioma. miR-18a-5p directly bound to
exon-2 of GAS5 and inhibited the progression of
glioma to a certain extent [28]. miR-34a had also been
identified as a target of GAS5 in malignant glioma
and other cancer types, such as renal cell carcinoma
and hepatocellular cell carcinoma. GAS5 also
participated in the pathological processes including
survival, the cell cycle, metastasis and invasion of
tumor cells, by interacting with miR-34a [29].
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Figure 1. Interactions of GAS5 and miRNAs in glioma pathogenesis. GAS5 inhibits the expression of miRNAs, including miR-222, miR-196-5P, miR-10b, miR-18a-5p, and
miR-34a. GAS5-targeted miR-222, GAS5-targeted miR-196-5p, and GAS5-targeted miR-10b are involved in the pathogenesis of glioma through bmf/bcl2/Bax/PLXN Cl/cofilin,

FOXOI1/PID1/MIIP and sirtuin 1/PI3K/AKT/MEK/ERK/PTEN, respectively.

In summary, GAS5 exerts a tumor suppressive
effect in glioma through interactions with miRNAs
(Figure 1). Not only that, a large number of studies
suggested that GAS5 inhibits tumor progression in
other cancers, including cervical cancer [30], liver
cancer [31] and bladder cancer [32]. However, A few
studies reported GAS5 exhibits the opposite effect.
For example, GAS5-007, which is one of the
transcripts of GAS5, promotes cell proliferation and
inhibits cell apoptosis of prostate cancer [33].
miRNAs, key players in the pathogenesis of glioma,
are essential targets of GAS5. The research described
above indicates that GAS5-targeted miRNAs are
involved in tumorigenesis and the progression of
glioma. In addition, GAS5-targeted miRNA has also
been reported in other tumors. For example,
GAS5/miR-106a-5p/ Akt/mTOR (mammalian target
of rapamycin) has been reported in gastric cancer [34].
A bladder cancer study discovered GAS5/miR21/
PTEN pathway [32]. GAS5-targeted miRNAs and
downstream signaling pathways are extremely
complex and require further in-depth research.

GASS5 and chemosensitivity in glioma

Conventional treatment for glioma includes
chemotherapy. However, resistance to chemotherapy
often interferes with the effects of treatment.
Temozolomide (TMZ), which was the first-line
chemotherapy drug for glioma, was subject to both
natural resistance and resistance acquired during
treatment [35]. New adjuvant therapy drugs had
shown anti-cancer activity in vitro experiments, but
had limited efficacy when used in patients with
glioma. For example, only 10-20% of patients
benefited from EGRF inhibitor treatment [36].
Although cisplatin (DDP), doxorubicin (DOX), and
vincristine (VCR) were recognized anti-tumor drugs,
resistance to DDP, DOX, and VCR in the treatment of
glioma had been reported [37-39]. Recently, studies
have shown that GAS5 is a potential therapeutic
target in glioma, and may be related to chemotherapy
resistance during treatment.
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Figure 2. Role of GASS5 in improving chemosensitivity in glioma. (A) PTEN loss promotes resistance to ERL chemotherapy, but activated EGFRvIIl enhances ERL
chemosensitivity. TFP enhances DOX chemosensitivity by FOXO1 chemosensitivity. (B) GASS5 inhibits drug-induced autophagy by activating the m-TOR signal pathway, leading

to increased sensitivity to chemotherapy. During this period, the expression of autophagy

substrate P62 increases and LC3Il expression decreases.

Liu et al. [40] found that GAS5 was upregulated
by the cytotoxic effects of doxorubicin in glioma cell
lines (U251 and U87). However, GAS5 levels did not
change in the cytotoxic treatment of resveratrol. These
results suggested that variation of GAS5 occured
during treatment with specific chemotherapy drugs,
and was connected with chemosensitivity in glioma.
Trifluoperazine (TFP) regulated FOXO1, increasing
the amount of FOXO1l in the nucleus, and thus
increasing the cytotoxicity of doxorubicin [41]. It had
also been reported that a combination of EGFR and
EGF activated the PI3K/Akt signaling pathway,
induced FOXO1 nuclear exclusion, and promoted the
metastasis of glioblastoma [42]. These observations

indicate that FOXO1 nuclear leakage may be involved
in chemoresistance in glioma (Figure 2A).

Erlotinib (ERL), an EGFR tyrosine kinase
inhibitor, is a second-line drug for glioma treatment.
Endogenous expression of GAS5 increased during
erlotinib treatment in glioma, implying that GAS5
might be relevant to the resistance of glioma cells to
erlotinib [43]. ERL inactivated EGFR and EGFR
deletion mutant variant III (EGFRVII), thereby
inhibiting the phosphatidylinositol 3-kinase/Akt
(PI3K/Akt) signal pathway. Inactivated Akt signal
inhibited the survival and proliferation of tumor cells.
However, an absence of PTEN, an inhibitor of the
PI3K signaling pathway, reversed the inactivation of
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Akt caused by erlotinib. Finally, the tumor cells
became less sensitive to erlotinib [44, 45]. GAS5-
targeting of miR-10b also could lead to increased
PTEN expression [27] (Figure 2A).

Huo et al. [46] demonstrated that glioma cells
with enhanced GAS5 expression had higher
sensitively to cisplatin, however, silencing GAS5 in
glioma cells produced adverse effects. GAS5
overexpression in U138 cells activated the mTOR
signal pathway, thereby hindering the expression of
LC3II (marker of autophagic flux), and increasing the
expression of p62 (autophagy substrate). An active
mTOR signal pathway restrained excessive
autophagy, which was induced by cisplatin, and thus
improved chemosensitivity. In contrast, repressed
GAS5 U87 cells exhibited reduced chemosensitivity
due to inhibition of the mTOR pathways (Figure 2B).

Unsatisfactory treatment of glioma is largely due
to drug resistance. Studies indicate that FOXO1,
PTEN, Akt, PI3K, and mTOR may be closely involved
in chemotherapy resistance in glioma. GAS5 can
modulate these targets directly or indirectly.
Therefore, GAS5 may be a key factor causing drug
resistance in glioma, but its downstream pathways
need in-depth study. Several reports have suggested
that GAS5 may be a target for treatment of glioma,
involved in overcoming drug resistance, and for
increasing chemosensitivity in other cancers. Gu et al.
[47] found that low expression levels of GAS5 were
detected in MCF-7R cells, a breast cancer cell line,
increasing the resistance to tamoxifen. MCF-7R cells
overexpressing GAS5 showed higher sensitivity to
tamoxifen, while GAS5 down-regulation decreased
the sensitivity of MCF-7R cells to tamoxifen. GAS5
overexpression also produced greater sensitivity to
cisplatin in two ovarian cancer cell lines, HEY and
SKOV3. Moreover, the overexpression of GAS5 also
produced increased chemosensitivity to cisplatin in
vivo in a tumor formation model in nude mice [48].
Taken together, these results indicate that GAS5 could
improve the sensitivity of glioma tumor cells to
chemotherapy, thereby enhancing the effectiveness of
treatment.

GASS as biomarker for glioma

Research had indicated that single nucleotide
polymorphisms (SNPs), such as polymorphisms in
the genes for kinase-anchored protein 6 (AKAP6) [49],
EGFR [50], and HOTAIR [51], were associated with
susceptibility to glioma and consequent prognosis. A
polymorphism in GAS5, known as rs145204276, had
been connected with glioma susceptibility; patients
who carried a GAS5 rs145204276 del allele had a
higher chance of having glioma. The GAS5
rs145204276 polymorphism interfered with the

binding capacity of TFAP2A, a transcriptional factor
and an established tumor suppressor of glioma [52].

Obtaining an accurate prognosis for glioma is
essential due to its high relapse rate. Wang et al. [53]
found that risk factors in glioma patients included
isocitrate dehydrogenase 1 (IDH1) mutations,
histological grade, tumor size, histological stage,
gender, age, and GAS5 expression. Specifically, GAS5
expression in patients with an IDH1 mutation was
significantly higher than in patients with a wild-type
IDH1. GAS5 levels could effectively predict the
survival rates of low-grade glioma, including grades
IT and III. Low-grade glioma patients with high GAS5
expression had a higher probability of survival. An
association of GAS5 with overall survival was not
found in glioblastoma.

Shen et al. [54] suggested that GAS5
overexpression might be related to decrease in death,
recurrence, and progression, but high levels of
HOTAIR produced the opposite result in
glioblastoma. = These  results indicated that
investigating the expression of GAS5 and HOTAIR in
combination could produce more accurate predictions
about the survival, recurrence, and progression of
glioblastoma. Studies had also shown that GAS5
rs145204276 and HOTAIR rs4759314 polymorphisms
affected the expression of GAS5 and HOTAIR,
affecting the survival rates of prostate cancer. GAS5-
targeted miR-1284, and HOTAIR-targeted miR-22
acted on high mobility group box 1 (HMGB1) [55].

The C/D box small nucleolar RNA U76
(SNORD76), which was derived from intron 3 of the
GAS5 DNA sequence, was expressed at low levels in
primary glioma tissues and glioma cells. Chen et al.
[56] found that SNORD76 induced cell cycle arrest in
S phase in glioma cells by affecting cell cycle-related
proteins. Rb and pRb were upregulated, and cyclin
A1, cyclin B2, and p107 were downregulated, leading
to reduction in the malignancy of glioma. The small
nucleolar RNU44 (SNORD44) was one of the products
of the GAS5 gene. Similar to GAS5, SNORD44 was
expressed at low levels in glioma cells. SNORD44
accelerated apoptosis and suppressed tumor
deterioration by activating the caspase-dependent
apoptotic pathway [57].

GAS5, which affects tumor susceptibility to
glioma and overall survival, may be a target for
diagnosis and prognosis in glioma. GAS5
dysregulation in other cancers [32, 58] and non-tumor
diseases [59, 60] had also been reported. GAS5 is not a
specific predictor of glioma, but can be used to predict
the prognosis for glioma after excluding other
diseases, or by combining it with other predictors.
GAS?S as a target for diagnosis and prognosis needs
further research (Figure 3).
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Figure 3. Predicted role for GAS5 in the diagnosis and prognosis of glioma. (A) Polymorphism in the GAS5 gene can lead to a preliminary diagnosis of susceptibility to glioma
by TFAP2A. (B) Expression of GAS5 contributes to an understanding of the prognosis of glioma. (C) GAS5 products SNORD76 and SNORD44, which may be targets for
treatment of glioma, inhibit tumor growth by affecting cell cycle-related proteins and the caspase-dependent apoptosis pathway, respectively.

Conclusions and perspective

Glioma is the most malignant tumor occurring in
the brain, and has a generally poor prognosis. In order
to improve the survival rates of glioma patients after
treatment, research into etiology, pathogenesis, and
drug resistance mechanisms of glioma is key. In this

review, we describe the mechanisms by which
IncRNA GAS5 is known to be associated with glioma
pathogenesis and drug resistance. However, the role
of GAS5 in glioma is complex, and there are direct or
indirect effects on a range of cancer-related genes.
According to the DIANA tools (http://diana.imis.
athena-innovation.gr/DianaTools/index.php)  and
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starBase (http://starbase.sysu.edu.cn), 46 kinds of
miRNA and GAS5 were found to have
complementary base pairing [28]. GAS5 also has other
targets, including RNAs, DNA, and proteins. GAS5
affected the behavior of glioma by downregulating
glutathione-S-transferase M3 (GSTM3), including
negatively regulating glioma cell proliferation,
metastasis, and invasion, and leading to apoptosis
and reactive oxygen species generation [19]. GAS5
also inhibited the expression of STAT3, suppressing T
helper 17 cell (Thl7) differentiation in immune
thrombocytopenia (ITP) [61]. It is difficult to
systematically analyze the regulatory network of
GAS5 in glioma, but an understanding of this system
is important, and should be a research focus in the
future.

We can improve our understanding of GAS5
regulatory pathways in glioma in two ways. We can
obtain new information about the regulatory
mechanisms of GAS5 in glioma from studying other
tumor diseases. The expression of miR-21, which was
suppressed by GAS5, reduced SPRY2 expression in
ovarian cancer [62]. GAS5/miR-21/SPRY2 may act on
glioma cells and is of value for further research. There
are many anti-tumor drugs based on various targets,
while drug resistance often leads to treatment failure.
Compared with the traditional strategy of targeting
oncogenes,  improving the  sensitivity  of
chemotherapy may be more helpful to improve the
treatment effect. Moreover, GAS5 enhanced
chemotherapy sensitivity of adriamycin in breast
cancer [63] and improved the efficacy of cisplatin in
non-small cell lung cancer [64]. miR-222 suppressed
by GASS5 enhanced the expression of PTEN and thus
improved the chemosensitivity of breast cancer to
tamoxifen [47]. GAS5 targeted miR-222 and its
downstream signaling, which was involved in the
development of glioma [20]. Therefore, GAS5/miR-
222 /PTEN may also be important in chemosensitivity
in glioma. FOXO1 had been reported to affect
tumor-associated macrophage (TAM) polarization
[65]. GASH-targeted miR-196-5p also affected FOXO1
in glioma [24]. It is therefore clear that research into
the role of GAS5/miR-196-5p/FOXO1 in tumor-
associated macrophages in glioma is needed. We can
also apply new methods to GAS5 research. Pang et al
[66] investigated the invasion pathways of
glioblastoma, and the key molecules involved in this
process, using single-cell RNA assays. Developing
technologies such as single-cell RNA sequencing may
provide new insights into the underlying mechanisms
of glioma, including the role of GAS5. Both
established and new technologies should be applied
to further research into the mechanisms of action of
GAS5 in glioma.

Acknowledgements

Author Contributions

Conceptualization-Jiajie Tu; Writing-Xuewen
Tan; Review & Editing-Haifeng Jiang, Yilong Fang,
Dafei Han, Yawei Guo, Xinming Wang, Xun Gong,
Wenming Hong and Wei Wei. All authors have read
and agreed to the published version of the
manuscript.

Funding

This study was supported by the National
Natural Science Foundation of China (31900616,
81673444), Natural Science Foundation of Anhui
Province for young scholars (1908085QH379).

Competing Interests

The authors have declared that no competing
interest exists.

References
1. Huang W, Shi Y, Han B, Wang Q, Zhang B, Qi C, et al. LncRNA GAS5-AS1
inhibits glioma proliferation, migration, and invasion via

miR-106b-5p/TUSC2 axis. Hum Cell. 2020; 33: 416-26.

2. Zhang Y, Mou C, Shang M, Jiang M, Xu C. Long noncoding RNA
RP11-626G11.3 promotes the progression of glioma through miR-375-SP1 axis.
Mol Carcinog. 2020; 59: 492-502.

3. Jin C, Li M, Ouyang Y, Tan Z, Jiang Y. MiR-424 functions as a tumor
suppressor in glioma cells and is down-regulated by DNA methylation. J
Neurooncol. 2017; 133: 247-55.

4. Chen LP, Zhang NN, Ren XQ, He J, Li Y. miR-103/miR-195/miR-15b Regulate
SALL4 and Inhibit Proliferation and Migration in Glioma. Molecules. 2018; 23:
2938.

5. Wang H, Fang L, Jiang J, Kuang Y, Wang B, Shang X, et al. The
cisplatin-induced IncRNA PANDAR dictates the chemoresistance of ovarian
cancer via regulating SFRS2-mediated p53 phosphorylation. Cell Death Dis.
2018; 9: 1103.

6. LiJ, Li L, Yuan H, Huang XW, Xiang T, Dai S. Up-regulated IncRNA GAS5
promotes chemosensitivity and apoptosis of triple-negative breast cancer cells.
Cell Cycle. 2019; 18: 1965-75.

7. Liao Y, Zhang B, Zhang T, Zhang Y, Wang F. LncRNA GATA6-AS Promotes
Cancer Cell Proliferation and Inhibits Apoptosis in Glioma by
Downregulating IncRNA TUGLI. Cancer Biother Radiopharm. 2019; 34: 660-5.

8. Zhao H, Wang X, Feng X, Li X, Pan L, Liu J, et al. Long non-coding RNA
MEGS3 regulates proliferation, apoptosis, and autophagy and is associated
with prognosis in glioma. ] Neurooncol. 2018; 140: 281-8.

9. LiuL, Cui S, Wan T, Li X, Tian W, Zhang R, et al. Long non-coding RNA
HOTAIR acts as a competing endogenous RNA to promote glioma
progression by sponging miR-126-5p. ] Cell Physiol. 2018; 233: 6822-31.

10. Wang CJ, Zhu CC, Xu ], Wang M, Zhao WY, Liu Q, et al. The IncRNA UCA1
promotes proliferation, migration, immune escape and inhibits apoptosis in
gastric cancer by sponging anti-tumor miRNAs. Mol Cancer. 2019; 18: 115.

11. Zhou K, Zhang C, Yao H, Zhang X, Zhou Y, Che Y, et al. Knockdown of long
non-coding RNA NEAT1 inhibits glioma cell migration and invasion via
modulation of SOX2 targeted by miR-132. Mol Cancer. 2018; 17: 105.

12. Huang L, Li X, Ye H, Liu Y, Liang X, Yang C, et al. Long non-coding RNA
NCK1-AS1 promotes the tumorigenesis of glioma through sponging
microRNA-138-2-3p and activating the TRIM24/Wnt/beta-catenin axis. ] Exp
Clin Cancer Res. 2020; 39: 63.

13. Wang J, Li B, Wang C, Luo Y, Zhao M, Chen P. Long noncoding RNA
FOXD2-AS1 promotes glioma cell cycle progression and proliferation through
the FOXD2-AS1/miR-31/CDK1 pathway. J Cell Biochem. 2019; 120: 19784-95.

14. Wang]J, Yang S, Ji Q, Li Q, Zhou F, Li Y, et al. Long Non-coding RNA EPIC1
Promotes Cell Proliferation and Motility and Drug Resistance in Glioma. Mol
Ther Oncolytics. 2020; 17: 130-7.

15. Zhao H, Yu H, Zheng ], Ning N, Tang F, Yang Y, et al. Lowly-expressed
IncRNA GAS5 facilitates progression of ovarian cancer through targeting
miR-196-5p and thereby regulating HOXAS5. Gynecol Oncol. 2018; 151: 345-55.

16. Tu J, Tian G, Cheung HH, Wei W, Lee TL. Gas5 is an essential IncRNA
regulator for self-renewal and pluripotency of mouse embryonic stem cells
and induced pluripotent stem cells. Stem Cell Res Ther. 2018; 9: 71.

17. Li W, Zhai L, Wang H, Liu C, Zhang J, Chen W, et al. Downregulation of
LncRNA GAS5 causes trastuzumab resistance in breast cancer. Oncotarget.
2016; 7: 27778-86.

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

231

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Liu Y, Yin L, Chen C, Zhang X, Wang S. Long non-coding RNA GAS5 inhibits
migration and invasion in gastric cancer via interacting with p53 protein. Dig
Liver Dis. 2020; 52: 331-8.

Li G, Cai Y, Wang C, Huang M, Chen J. LncRNA GAS5 regulates the
proliferation, migration, invasion and apoptosis of brain glioma cells through
targeting GSTM3 expression. The effect of LncRNA GAS5 on glioma cells. J
Neurooncol. 2019; 143: 525-36.

Zhao X, Wang P, Liu J, Zheng J, Liu Y, Chen J, et al. Gas5 Exerts
Tumor-suppressive Functions in Human Glioma Cells by Targeting miR-222.
Mol Ther. 2015; 23: 1899-911.

Scott GA, McClelland LA, Fricke AF, Fender A. Plexin C1, a receptor for
semaphorin 7a, inactivates cofilin and is a potential tumor suppressor for
melanoma progression. ] Invest Dermatol. 2009; 129: 954-63.

Quintavalle C, Garofalo M, Zanca C, Romano G, Iaboni M, del Basso De Caro
M, et al. miR-221/222 overexpession in human glioblastoma increases
invasiveness by targeting the protein phosphate PTPu. Oncogene. 2012; 31:
858-68.

Liu S, Sun X, Wang M, Hou Y, Zhan Y, Jiang Y, et al. A microRNA 221- and
222-Mediated Feedback Loop, via PDLIM2, Maintains Constitutive Activation
of NFxB and STAT3 in Colorectal Cancer Cells. Gastroenterology. 2014; 147:
847-59 e11.

Zhao X, Liu Y, Zheng J, Liu X, Chen J, Liu L, et al. GAS5 suppresses
malignancy of human glioma stem cells via a miR-196a-5p/FOXO1 feedback
loop. Biochim Biophys Acta Mol Cell Res. 2017; 1864: 1605-17.

Wu Y, Song SW, Sun J, Bruner JM, Fuller GN, Zhang W. IIp45 inhibits cell
migration through inhibition of HDACS6. ] Biol Chem. 2010; 285: 3554-60.

Wen ], Fu ], Ling Y, Zhang W. MIIP accelerates epidermal growth factor
receptor protein turnover and attenuates proliferation in non-small cell lung
cancer. Oncotarget. 2016; 7: 9118-34.

Ding Y, Wang ], Zhang H, Li H. Long noncoding RNA-GAS5 attenuates
progression of glioma by eliminating microRNA-10b and Sirtuin 1 in U251
and A172 cells. Biofactors. 2020; 46: 487-96.

Liu Q Yu W, Zhu S, Cheng K, Xu H, Lv Y, et al. Long noncoding RNA GAS5
regulates the proliferation, migration, and invasion of glioma cells by
negatively regulating miR-18a-5p. J Cell Physiol. 2018; 234: 757-68.

Toraih EA, Alghamdi SA, El-Wazir A, Hosny MM, Hussein MH, Khashana
MS, et al. Dual biomarkers long non-coding RNA GAS5 and microRNA-34a
co-expression signature in common solid tumors. PLoS One. 2018; 13:
€0198231.

Yang W, Xu X, Hong L, Wang Q, Huang J, Jiang L. Upregulation of IncRNA
GAS?5 inhibits the growth and metastasis of cervical cancer cells. J Cell Physiol.
2019; 234: 23571-80.

Chen F, Li Y, Li M, Wang L. Long noncoding RNA GAS?5 inhibits metastasis
by targeting miR-182/ ANGPTL1 in hepatocellular carcinoma. Am J Cancer
Res. 2019; 9: 108-21.

Chen D, Guo Y, Chen Y, Guo Q, Chen J, Li Y, et al. LncRNA growth
arrest-specific transcript 5 targets miR-21 gene and regulates bladder cancer
cell proliferation and apoptosis through PTEN. Cancer Med. 2020; 9: 2846-58.
Zhang Y, Su X, Kong Z, Fu F, Zhang P, Wang D, et al. An androgen reduced
transcript of LncRNA GAS5 promoted prostate cancer proliferation. PLoS
One. 2017; 12: e0182305.

Dong SJ, Zhang XF, Liu DC. Overexpression of long noncoding RNA GAS5
suppresses tumorigenesis and development of gastric cancer by sponging
miR-106a-5p through the Akt/mTOR pathway. Biol Open. 2019; 8: bio041343.
Chen G, Chen Z, Zhao H. MicroRNA-155-3p promotes glioma progression
and temozolomide resistance by targeting Six1. ] Cell Mol Med. 2020; 24:
5363-74.

Eimer S, Belaud-Rotureau MA, Airiau K, Jeanneteau M, Laharanne E, Veron
N, et al. Autophagy inhibition cooperates with erlotinib to induce
glioblastoma cell death. Cancer Biol Ther. 2011; 11: 1017-27.

Rocha CR, Garcia CC, Vieira DB, Quinet A, de Andrade-Lima LC, Munford V,
et al. Glutathione depletion sensitizes cisplatin- and temozolomide-resistant
glioma cells in vitro and in vivo. Cell Death Dis. 2014; 5: e1505.

Cao WQ, Li Y, Hou Y], Yang MX, Fu XQ, Zhao BS, et al. Enhanced anticancer
efficiency of doxorubicin against human glioma by natural borneol through
triggering ROS-mediated signal. Biomed Pharmacother. 2019; 118: 109261.
Yang L, Xu X, Zheng J. Microtubule-associated protein 2 knockdown
sensitizes glioma cells to vincristine treatment. Neuroreport. 2020; 31: 197-204.
Liu Q Sun'S, Yu W, Jiang J, Zhuo F, Qiu G, et al. Altered expression of long
non-coding RNAs during genotoxic stress-induced cell death in human
glioma cells. ] Neurooncol. 2015; 122: 283-92.

Chen X, Luo X, Cheng Y. Trifluoperazine prevents FOXO1 nuclear excretion
and reverses doxorubicin-resistance in the SHG44/DOX drug-resistant glioma
cell line. Int ] Mol Med. 2018; 42: 3300-8.

Chen J, Huang Q, Wang F. Inhibition of FoxO1 nuclear exclusion prevents
metastasis of glioblastoma. Tumour Biol. 2014; 35: 7195-200.

Garcia-Claver A, Lorente M, Mur P, Campos-Martin Y, Mollejo M, Velasco G,
et al. Gene expression changes associated with erlotinib response in glioma
cell lines. Eur J Cancer. 2013; 49: 1641-53.

Mellinghoff IK, Wang MY, Vivanco I, Haas-Kogan DA, Zhu S, Dia EQ, et al.
Molecular determinants of the response of glioblastomas to EGFR kinase
inhibitors. N Engl ] Med. 2005; 353: 2012-24.

Wang MY, Lu KV, Zhu S, Dia EQ, Vivanco I, Shackleford GM, et al.
Mammalian target of rapamycin inhibition promotes response to epidermal

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

growth factor receptor kinase inhibitors in PTEN-deficient and PTEN-intact
glioblastoma cells. Cancer Res. 2006; 66: 7864-9.

Huo JF, Chen XB. Long noncoding RNA growth arrest-specific 5 facilitates
glioma cell sensitivity to cisplatin by suppressing excessive autophagy in an
mTOR-dependent manner. J Cell Biochem. 2019; 120: 6127-36.

Gu J, Wang Y, Wang X, Zhou D, Shao C, Zhou M, et al. Downregulation of
IncRNA GAS5 confers tamoxifen resistance by activating miR-222 in breast
cancer. Cancer Lett. 2018; 434: 1-10.

Long X, Song K, Hu H, Tian Q, Wang W, Dong Q, et al. Long non-coding RNA
GAS5 inhibits DDP-resistance and tumor progression of epithelial ovarian
cancer via GAS5-E2F4-PARP1-MAPK axis. ] Exp Clin Cancer Res. 2019; 38:
345.

Zhang M, Zhao Y, Zhao ], Huang T, Wu Y. Impact of AKAP6 polymorphisms
on Glioma susceptibility and prognosis. BMC Neurol. 2019; 19: 296.

Hou WG, Ai WB, Bai XG, Dong HL, Li Z, Zhang YQ, et al. Genetic variation in
the EGFR gene and the risk of glioma in a Chinese Han population. PLoS One.
2012; 7: €37531.

Xavier-Magalhaes A, Oliveira Al, de Castro JV, Pojo M, Goncalves CS,
Lourenco T, et al. Effects of the functional HOTAIR rs920778 and rs12826786
genetic variants in glioma susceptibility and patient prognosis. ] Neurooncol.
2017; 132: 27-34.

Yuan J, Zhang N, Zheng Y, Chen YD, Liu J, Yang M. LncRNA GAS5 Indel
Genetic Polymorphism Contributes to Glioma Risk Through Interfering
Binding of Transcriptional Factor TFAP2A. DNA Cell Biol. 2018; 37: 750-7.
Wang Y, Xin S, Zhang K, Shi R, Bao X. Low GAS5 Levels as a Predictor of Poor
Survival in Patients with Lower-Grade Gliomas. ] Oncol. 2019; 2019: 1785042.
Shen J, Hodges TR, Song R, Gong Y, Calin GA, Heimberger AB, et al. Serum
HOTAIR and GAS5 levels as predictors of survival in patients with
glioblastoma. Mol Carcinog. 2018; 57: 137-41.

Deng ZH, Yu GS, Pan B, Feng ZH, Huang Q, Deng JZ, et al. Rs145204276 and
154759314 affect the prognosis of prostate cancer by modulating the GAS5/
miR-1284/HMGB1 and HOTAIR/miR-22/HMGBI signalling pathways. Artif
Cells Nanomed Biotechnol. 2020; 48: 435-42.

Chen L, Han L, Wei J, Zhang K, Shi Z, Duan R, et al. SNORD76, a box C/D
snoRNA, acts as a tumor suppressor in glioblastoma. Sci Rep. 2015; 5: 8588.
Xia XR, Li WC, Yu ZT, Li ], Peng CY, Jin L, et al. Effects of small nucleolar
RNA SNORD44 on the proliferation, apoptosis and invasion of glioma cells.
Histochem Cell Biol. 2020; 153: 257-69.

Yang L, Jiang ]J. GAS5 Regulates RECK Expression and Inhibits Invasion
Potential of HCC Cells by Sponging miR-135b. Biomed Res Int. 2019; 2019:
2973289.

Chi X, Ding B, Zhang L, Zhang ], Wang J, Zhang W. IncRNA GAS5 promotes
M1 macrophage polarization via miR-455-5p/SOCS3 pathway in childhood
pneumonia. J Cell Physiol. 2019; 234: 13242-51.

Zhang Y, Hou YM, Gao F, Xiao JW, Li CC, Tang Y. IncRNA GAS?5 regulates
myocardial infarction by targeting the miR-525-5p/CALM2 axis. ] Cell
Biochem. 2019; 120: 18678-88.

LiJ, Tian J, Lu J, Wang Z, Ling J, Wu X, et al. LncRNA GASS5 inhibits Th17
differentiation and alleviates immune thrombocytopenia via promoting the
ubiquitination of STAT3. Int Immunopharmacol. 2020; 80: 106127.

Ma N, Li S, Zhang Q, Wang H, Qin H, Wang S. Long non-coding RNA GAS5
inhibits ovarian cancer cell proliferation via the control of microRNA-21 and
SPRY2 expression. Exp Ther Med. 2018; 16: 73-82.

Chen Z, Pan T, Jiang D, Jin L, Geng Y, Feng X, et al. The IncRNA-GAS5/
miR-221-3p/DKK2 Axis Modulates ABCB1-Mediated Adriamycin Resistance
of Breast Cancer via the Wnt/beta-Catenin Signaling Pathway. Mol Ther
Nucleic Acids. 2020; 19: 1434-48.

Cao L, Chen J, Ou B, Liu C, Zou Y, Chen Q. GAS5 knockdown reduces the
chemo-sensitivity of non-small cell lung cancer (NSCLC) cell to cisplatin
(DDP) through regulating miR-21/PTEN axis. Biomed Pharmacother. 2017;
93: 570-9.

Yang JB, Zhao ZB, Liu QZ, Hu TD, Long J, Yan K, et al. FoxOl is a regulator of
MHC-II expression and anti-tumor effect of tumor-associated macrophages.
Oncogene. 2018; 37: 1192-204.

Pang B, Xu J, Hu J, Guo F, Wan L, Cheng M, et al. Single-cell RNA-seq reveals
the invasive trajectory and molecular cascades underlying glioblastoma
progression. Mol Oncol. 2019; 13: 2588-603.

http://lwww.jcancer.org



