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Abstract

Long non-coding RNAs refer to transcripts over 200 nt in length that lack the ability to encode proteins, which occupy
the majority of the genome and play a crucial role in the occurrence and development of human diseases, especially
cancers. SBF2-AS1, a newly identified long non-coding RNA, has been verified to be highly expressed in diversiform
cancers, and is involved in processes promoting tumorigenesis, tumor progression and tumor metastasis. Moreover,
upregulation of SBF2-AS1 expression was significantly related to disadvantageous clinicopathologic characteristics
and indicated poor prognosis. In this review, we comprehensively summarize the up-to-date knowledge of the
detailed mechanisms and underlying functions of SBF2-AS1 in diverse cancer types, highlighting the potential of
SBF2-AS1 as a diagnostic and prognostic biomarker and even a therapeutic target.
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Background

The human genome consists of 2.86 billion nucleotide
sequences, most of which can be transcribed, yet less
than 2% of them possess translational potential [1-3].
Non-coding RNAs (ncRNA) make up the bulk of these
transcripts, which can be divided into short ncRNAs rep-
resented by microRNAs (miRNAs) and long non-cod-
ing RNAs (IncRNAs) according to whether their length
exceeds 200 nt [4]. LncRNAs are roughly annotated as
transcripts longer than 200 nt and lack a positive-sense
strand open reading frame longer than 100 amino acids
[5]. Transcribed mainly by RNA pol II from intergenic or
intron regions as well as gene-dense regions, IncRNAs are
an extremely heterogeneous family, which is analogous to
miRNA with 5’ capping and 3’ polyadenylation and splic-
ing [6, 7]. Due to the advancement of sequencing technol-
ogy and the integration of algorithms in recent decades
[8-10], sufficient evidence has proven that IncRNAs play
an important biological role in different diseases [11-13].
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In terms of mechanism, existing studies have confirmed
that IncRNAs act as signals, decoys, guides and scaffolds
by interacting directly or indirectly with chromatin, pro-
teins and other RNAs, and then exerting transcriptional
and/or post-transcriptional regulatory activities in the
nucleus and cytoplasm [14, 15]. The function of IncRNAs
varies hinging on their subcellular localization [16]. Intra-
nuclear IncRNAs are involved in the regulation of histone
modifications, DNA methylation and chromatin remod-
eling, as well as interactions with chromatin modifica-
tion complexes, transcription factors and proteins in the
nucleus. Those located in the cytoplasm regulate genes
mainly at the post-transcriptional and translational lev-
els, including interactions with proteins in the cytoplasm,
regulation of mRNA metabolism, and interactions with
miRNAs as endogenous competitive RNAs (ceRNAs).
Cancer, as a global health problem, is the result of
systemic or germline mutations in response to environ-
mental factors; most of these mutations are located in
regions with no coding potential, and most of their tran-
scriptional products are IncRNAs [17, 18]. LncRNAs may
act as oncogenes or antioncogenes, affecting tumorigen-
esis, progression, metastasis, and drug resistance by vir-
tue of interactions with genes involved in the cell cycle,
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apoptosis, epithelial-mesenchymal transition (EMT),
immunological response, phenotypic transformation, or
other pluripotencies [19-24].

SET binding factor 2—antisense strand 1 (SBF2-AS1)
is transcribed from the antisense strand of the SBF2
gene, which encodes myotubularin-related protein 13
(MTMR13) [25, 26]. We obtained genomic information
on SBF2-AS1 from the GeneCards database (https://
www.genecards.org/). SBF2-AS1 is a IncRNA that is
2708 nucleotides in length and located on chromo-
some 11p15.4 (chromosome 11: 9758268-9811335). This
transcript is localized in the cytoplasm, cytoskeleton,
nucleus and extracellular regions. SBF2-AS1 is aber-
rantly expressed in cancers and is involved in carcinogen-
esis and tumor progression. Herein, we comprehensively
reviewed research progress among cancers on the under-
lying mechanism and clinical significance of SBF2-AS1.
Moreover, these provide support for the potential of
SBF2-AS1 as a biomarker to predict prognosis and, more
importantly, as a therapeutic target.

Expression characteristics and mechanism

of upregulation of SBF2-AS1 expression in tumors
LncRNA SBF2-AS1 was first characterized in non-small
lung cancer (NSCLC) [26]. By analyzing a published
IncRNA micromatrix dataset for NSCLC, Lv et al. found
aberrant expression of SBF2-AS1. Subsequently, real-
time quantitative PCR (RT-qPCR) analysis was per-
formed on tumor tissues and adjacent normal tissues
respectively, and the researchers found that SBF2-AS1
expression levels showed an approximately fivefold ele-
vation on average in tumor tissues (in 36/41 patients).
Then, more studies delved into the expression profile of
SBF2-AS1 among other cancers, including pancreatic
cancer (PC) [27], hepatocellular carcinoma (HCC) [28,
29], colorectal cancer (CRC) [30], gastric cancer (GC)
[31], esophageal squamous cell cancer(ESCC) [32-34],
breast cancer (BC) [35], glioblastoma (GBM) [36, 37],
and others [38—41]. All of these studies with one accord
showed that SBF2-AS1 was highly expressed in tumor
tissue. Furthermore, RNA-FISH identified SBF2-AS1 was
predominantly clustered in the cytoplasm [32, 42-44],
which corresponds to its primary molecular mecha-
nism. Additionally, we visualized the nuclear/cytoplasmic
expression levels of SBF2-AS1 among diverse cancer cells
through IncATLAS analysis (Fig. 1).

Nuclear transcription factors possess importance in
the regulation of gene transcription via binding to a par-
ticular area of the promoter. It was shown that transcrip-
tion factors are engaged in the upregulation of SBF2-AS1
expression. Yu et al. [36] found that the transcription
factor nuclear factor of activated T-cells5(NFAT5), an
aberrantly expressed transcription factor in tumors, can
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bind to the SBF2-AS1 promoter region at three pre-
sumptive sites through analyzing the JASPAR database,
followed by PCR amplification and chromatin immuno-
precipitation assays (ChIP) in glioblastoma cells. Finally,
NFATS5 was shown to bind to and activate the promoter
of SBF2-AS1 at the — 1453 to — 1448 bp region. Another
research in glioblastoma revealed that transcription fac-
tor ZEB1 binds to the SBF2-AS1 promoter at the — 684
to —676 bp region to augment SBF2-AS1 expression [37].
Analogously, Wang et al. demonstrated that E2F1 binds
the SF2-AS1 promoter at the — 58 to — 66 bp region, thus
upregulating SBF2-AS1 expression levels [38].

Clinical significance of SBF2-AS1 in cancers

The expression of SBF2-AS1 is observably different
between normal and tumor tissues, and it is significantly
higher in tumor tissues. Kaplan—Meier survival analysis
showed that patients in the high SBF2-AS1 expression
group had worse overall survival (OS) than those with
low SBF2-AS1 expression, except for those with clear
cell renal cell carcinoma (ccRCC) (Table 1). In addition,
univariate and multivariate regression analysis results
indicated that SBF2-AS1 was an independent prognostic
indicator of OS in multiple cancers [28, 45]. In LC tissues,
clinicopathological characteristics that are associated
with overexpression of SBF2-AS1 are larger tumor size,
advanced tumor-node-metastasis (TNM) stage, more
lymph node metastasis, distant metastasis, poor tissue
type and poor histological differentiation [26, 42, 46, 47].
One study verified that the expression level of SBF2-AS1
is elevated in early-stage lung adenocarcinoma [48]. This
finding suggested that early diagnosis of lung adenocar-
cinoma is possible, which is important in improving the
prognosis of patients and prolonging patient survival. In
HCC, SBF2-AS1 was notably correlated with lymph node
metastasis, histologic grade, TNM stage, and vascular
invasion. Likewise, the results of the analysis indicateed
that a high level of SBF2-AS1 was linked to unfavorable
clinical indices such as progressive TNM stages, distant
metastasis and lymph node metastasis in certain can-
cers [27, 32, 35, 39, 44]. Briefly, SBF2-AS1 functions as
an oncogene whose expression level is significantly cor-
related with undesirable clinicopathological features
and poor OS, which bolsters up SBF2-AS1 as an excel-
lent prognostic biomarker. Moreover, high expression of
SBF2-AS1 supports its use as a diagnostic marker.

Roles of SBF2-AS1 in diverse cancers

Extensive evidence suggests that dysregulation of SBF2-
AS1 is pivotal in cancer cell proliferation, migration,
invasion, apoptosis and EMT. Hereof, we elaborate the
functions and underlying mechanisms of SBF2-AS1 in
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Fig. 1 Cytoplasmic/nuclear Localization: RCl and expression values in cancer cells

cancers (Table 2) and describe the mechanism of lung
cancer and digestive system tumors (Figs. 2 and 3).

Lung cancer

As the second most prevalent and deadliest cancer
worldwide, lung cancer (LC) is a health issue that needs
to be addressed urgently. Non-small cell lung cancer
(NSCLC) accounts for the majority of cases [49]. This
disease is characterized by uncontrollable tumor prolif-
eration, tumor heterogeneity, distant metastasis, tumor
recurrence, and resistance to therapy. One choreo-
graphed in vitro experiment showed that SBF2-AS1 can
bind to the subunit SUZ12, a core component of PRC2,
through which it regulates enrichment of SUZ12 and tri-
methylation of histone 3 lysine 27 in the P21 promoter
region. Loss-of-function experiment demonstrated
that silencing of SBF2-AS1 remarkably upregulated P21
expression, thus suppressing NSCLC cell proliferation,
migration and invasion [26].Additionally, one study man-
ifested that SBF2-AS1 and a disintegrin and metallopro-
teinase 17 (ADAM]17) share a functional miR response
element, miR-338-3p, and SBF2-AS1 ultimately acceler-
ates NSCLC progression through the ceRNA network

[50]. Upregulation of SBF2-AS1 expression regulated
E2F1 expression through sponging and repressing miR-
338-3p or miR-362-3p in lung adenocarcinoma cells and
contributed to cell proliferation [48]. Subsequently, Wang
et al. proved that SBF2-AS1 directly binds miR-362-3p,
further upregulating the expression level of growth fac-
tor receptor-bound protein 2 (GRB2) to promote NSCLC
cell proliferation, migration and invasion [46]. Radiation
tolerance is responsible for the poor response to radio-
therapy. Yu et al. suggested that SBF2-AS1 plays an inte-
gral role in the radiosensitivity of NSCLC. Targeting the
miR-302a/muscleblind-like splicing regulator 3 (MBNL3)
signal axis, upregulated SBF2-AS1 expression distinctly
strengthens NSCLC cell resistance to radiotherapy via
reducing the expression of miR-302a [42]. Moreover, Qi
et al. identified that SBF2-AS1 is linked to forkhead box
protein M1 (FOXM1) via bioinformatics technology and
Pearson correlation coefficients. Functionally, IncRNA
SBF2-AS1 upregulates FOXM1 expression to inhibit
apoptosis and promote proliferation of lung cancer cells
[47]. Figure 1 summarizes the LncRNA SBF2-AS1 regula-
tory network in lung cancer.
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Table 1 Clinicopathologic significance of SBF2-AST in human cancers
Cancer type Expression Sample numbers Clinicopathologic features Refs.
Acute myeloid leukemia Upregulated 173 cancer samples 70 normal samples Overall survival [38]
Breast cancer Upregulated 50 paired samples Lymph node metastasis, tumor size, clinical [35]
stage
Lung cancer Upregulated 50 paired samples Overall survival [47]
41 paired samples Lymph node stage, TNM stage [26]
174 paired samples Histological grade, lymph node metastasis, [124]
overall survival
56 paired samples TNM stage, lymph node metastasis, Overall [50]
survival
35 paired samples Age, tumor size, tumor tissue type, TNM stage, [46]
Overall survival
30 normal samples Extensive stage, tumor size >3 cm, lymph node  [125]
30 NSCLC samples metastasis, distant metastasis, overall survival
96 SCLC samples
Osteosarcoma Upregulated 45 paired samples Tumor size, distant metastasis, ennking stage [44]
Pancreatic cancer Upregulated 82 paired samples Degree of differentiation, TNM stage, lymph [27]
Node metastasis
Cervical cancer Upregulated 66 paired FIGO? stage, lymph node metastasis, overall [39]
survival
Colorectal cancer Upregulated 61 cancer samples TNM stages, survival rate [30]
29 normal samples
Papillary thyroid cancer Upregulated 73 tumor samples (37 high and 36 low) Overall survival [40]
Glioblastoma Upregulated 47 tumor samples Pathological grade [36]
5 normal samples
20 primary samples Overall survival [37]
20 recurrent samples
Clear cell renal cell carcinoma Upregulated 46 paired - [41]
Hepatocellular carcinoma Upregulated 184 paired samples Lymph node metastasis, histologic grade, TNM [28]
stage, overall survival
134 paired samples Vein invasion, TNM stage, overall survival rate [29]
Gastric cancer Upregulated 60 paired samples TNM stage, overall survival [31]

Esophageal squamous cell carcinoma Upregulated 51 paired samples

50 tumor samples
15 normal samples

50 paired samples

Smoking and drinking history, tumor size, TNM [32]
stages, survival rate

Survival rate

Tumor size, survival rate

? International federation of gynecology and obstetrics

Hepatocellular carcinoma

Accounting for approximately 90% of total primary liver
cancers, hepatocellular carcinoma (HCC) is a challeng-
ing disease worldwide with a dismal OS, which may be
explained by its strong invasiveness and high recur-
rence rate [51, 52]. EMT, involved in different diseases,
including cancers, refers to epithelial to mesenchy-
mal cell transformation, through which cells are able to
metastasize and invade [53]. Furthermore, diversified
IncRNAs have been verified to modulate the EMT path-
way in hepatocellular carcinoma [29, 54, 55]. Functional
loss experiments observed that si-SBF2-AS1 markedly
reduced the expression of N-cadherin and vimentin, but
slightly restored the expression of E-cadherin, thereby

attenuating the invasiveness and metastasis of HCC
cells [56]. Consistent with previous studies, SBF2-AS1
served as a ceRNA to regulate the miR-140-5p/trans-
forming growth factor beta receptor 1(TGFBR1) axis
and thus promoted HCC cell EMT, cell proliferation,
migration and invasion [28]. Besides, Zhou et al. indi-
cated that SBF2-AS1 and secretory carrier membrane
protein 3 (SCAMP3) levels were obviously upregulated
in HCC. Combined with miR-145-5p, which is distinctly
decreased, SBF2-AS1 and SCAMP3 form a regulatory
network involved in the progression of HCC via bioinfor-
matics analysis. However, further experimental attesta-
tion is required to clarify the mechanism of ceRNA [57].
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Table 2 Expression pattern and biological functions of SBF2-AS1 in human cancers
Cancer type Expression Biological Function Related genes Roles Refs
Acute myeloid leukemia Upregulated Proliferation, Cell cycle, Apoptosis miR-188-5p/ZFP91 Oncogene [38]
Breast cancer Upregulated  Proliferation, cell cycle, invasion, migra-  miR-143/RRS1 Oncogene [35]
tion, apoptosis
Lung cancer Upregulated  Promote cell proliferation, invasion, SUZ12, p21, Cyclin D1 Oncogene [26]
migration
Upregulated Enhance radiotherapy resistance miR-302a/MBNL3 Oncogene [42]
(promote cell proliferation, inhibit
apoptosis)
Upregulated Promote cell proliferation, invasion and ~ miR-338-3p/ADAM17 Oncogene [50]
migration
Upregulated Promote cell proliferation, invasion, E2F1/SBF2-AS1/miR-362-3p/GRB2 ~ Oncogene  [46]
migration
Upregulated Promote cell cycle and cell proliferation  miR-338-3p » miR-362-3p/E2F1 Oncogene  [48]
Upregulated Promote cell proliferation, inhibit FOXM1 Oncogene [47]
apoptosis
Osteosarcoma Upregulated  Proliferation, invasion, migration miR-30a/FOXA1 Oncogene [44]
Pancreatic cancer Upregulated  Promote cell proliferation, invasion, miR-142-3p/TWF1 Oncogene [27]
migration and EMT, inhibit apoptosis
Upregulated Promote cell proliferation, invasion and ~ miR-122-5p/XIAP Oncogene [43]
migration, inhibit apoptosis
Cervical cancer Upregulated Proliferation, cell cycle, apoptosis miR-361-5p/FOXM1 Oncogene [39]
Colorectal cancer Upregulated Proliferation, invasion, migration miR-619-5p/HDAC3 Oncogene [30]
Papillary thyroid cancer Upregulated  Proliferation, cell cycle,invasion, apop- miR-431-5p/CDK14 Oncogene [40]
tosis
Glioblastoma Upregulated Reduce temozolomide sensitivity, pro-  Z1B1/SBF2-AS1/miR-151-3p/XRCC4 Oncogene [37]
mote tumor cell DNA repair
Upregulated Promote angiogenesis (enhance NFAT5/miR-338-3p/EGFL7/ERK Oncogene [36]
endothelial cells viability, migration
and tube formation)
Clear cell renal cell carcinoma Upregulated  Proliferation, invasion, migration, miR-338-3p/ETS1 Oncogene [41]
apoptosis
Hepatocellular carcinoma Upregulated  Promote cell proliferation, invasion, miR-140-5p/TGFBR1 Oncogene [28]
migration and EMT
Upregulated Promote cell migration and invasion miR-145-5p/SCAMP3 Oncogene [57]
Upregulated  Promote cell proliferation, invasion, N-cadherin, vimentin Oncogene [29]
migration and EMT
Gastric cancer Upregulated  Proliferation, invasion, migration miR-545/EMS1 Oncogene [31]
Esophageal squamous cell carcinoma Upregulated Promote cell proliferation, invasion, miR-494/PFN2 Oncogene [33]
migration and EMT, inhibit apoptosis
Upregulated  Promote cell proliferation and inhibit miR-338-3p/miR-362-3p/E2F1 Oncogene [34]
apoptosis
Upregulated Promote cell proliferation, invasion and ~ CDKNTA Oncogene [32]

migration

Esophageal squamous cell carcinoma

Esophageal squamous cell carcinoma (ESCC) accounts
for 90% of esophageal cancers and has a high incidence
in Asia. Despite advancements in diagnostic and thera-
peutic methods in recent years, the 5-year survival rate
remains at approximately 15% [58, 59]. Several studies
have indicated that SBF2-AS1 expression is increased,
consequently facilitating ESCC cell proliferation, migra-
tion and invasion [32]. Functional experiments have

shown that silencing SBF2-AS1 upregulates cyclin-
dependent kinase inhibitor 1A (CDKN1A) expression in
ESCC, affceting cell cycle arrest and thereby restraining
the proliferative ability of ESCC cells via arresting them
at the G2 phase [32]. Furthermore, SBF2-AS1 directly
inhibits miR-494, resulting in the increased expression
of profilin 2 (PFN2) and accelerated tumor progression
[33]. Zha et al. verified that SBF2-AS1 and miR-338-3P
or miR-362-3p inhibit each other in ESCC cells, and
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Fig. 2 The regulatory mechanism of SBF2-AS1 in lung cancer. Upregulation of SBF2-AS1 expression could regulate lung cancer cell proliferation
and invasion via different methods. SBF2-AS1 binds to subunits (EZH2 and SUZ12) of PRC2 to suppress the expression of P21 and augment cyclin
D1 expression in NSCLC, thus promoting the cell cycle and EMT process. SBF2-AS1 facilitates NSCLC cell progression by regulating the miR-338-3p/
ADAM17 axis. Moreover, SBF2-AS1 upregulated by E2F1 sponges miR-362-3p to promote GRB2 expression. Additionally, SBF2-AST enhances cell

proliferation, migration and invasion via facilitating E2F 1 through suppression of miR-362-3p/miR-338-3p

emphasized that overexpression of SBF2-AS1 and E2F1 is
involved in tumor development and apoptosis [45].

Pancreatic cancer

Pancreatic cancer (PC) is a fatal malignancy worldwide
[49]. For most PC cases, the 5-year survival rate does
not exceed 10%, due to its asymptomatic characteristics
[60, 61]. Drug resistance in pancreatic cancer also con-
tributes to low survival rates in PC. Studies have shown
that SBF2-AS1 expression is remarkably increased in PC
cell lines [27, 43]. Besides, Hua et al. detected a notice-
able increase in the expression level of SBF2-AS1 and
twinfilin-1 (TWF1) in gemcitabine-resistant PC cells,
while miR-142-3p expression was inversely downregu-
lated. Deficiency in SBF2-AS1 expression regained the
sensitivity of gemcitabine-resistant PC cells via repress-
ing cell proliferation, migration, invasion, and EMT [27].
Both M2 macrophages and exosomes have been shown
to be involved in certain phases during progression of
tumors or drug resistance [62—-64]. One study verified

that exosomal IncRNA SBF2-AS1, which is derived from
M2 macrophages of pancreatic cancer, regulates the
level of X-linked inhibitor of apoptosis protein (XIAP)
expression by integrating with miR-122-5p. Restricting
the expression of SBF2-AS1 significantly elevated miR-
122-5p level and inhibited XIAP expression, further
inhibiting cell multiplication, and quenching invasiveness
and metastasis in PC cells [43].

Colorectal cancer

Colorectal cancer (CRC) possesses high morbidity and
mortality rates on a global scale [49]. SBF2-AS1, as an
oncogene, was identified to be overexpressed in CRC cell
lines by Chen et al. In vitro experimental results showed
that SBF2-AS1 positively regulates the expression of his-
tone deacetylase 3 (HDAC3) in CRC cells via acting as
a “sponge” of miR-619-5p and inhibiting its expression
[30]. HDACS3, an essential subunit of the nucleosome
remodeling deacetylase of the chromatin remodeling
complex, has been certified to act as an oncogene in a
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Fig. 3 The regulatory mechanism of SBF2-AS1 in digestive system neoplasms. SBF2-AS1 promotes tumorigenesis and tumor progression in
digestive tumors. In HCC, SBF2-AS1 promotes tumor development by regulating the miR-140-5p/TGFBR1 axis or miR-145/SCAMP3 network. In
addition, cell proliferation, migration and invasion are enhanced via upregulating HDAC3 expression by inhibition of miR-619-5p in CRC. SBF2-AS1
promotes PC progression and amplifies drug tolerance by regulating the miR-122-5P/XIAP or miR-142-3p/TWF1 axis. SBF2-AS1 competitively binds
to miR-338-3/miR-362-3p thus increasing E2F 1 expression in ESCC cells.Additionally, SBF2-AS1 facilitated ESCC progress via regulating miR-494/
PFN2 axis. By binding to miR-545, SBF2-AS1 promotes GC development and augments EMS1 expression
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wide range of tumors [65—67]. Functionally, upregulation
of SBF2-AS1 expression can enhance HDACS3, therefore
promoting proliferation, metastasis and invasiveness of
CRC cells [30].

Gastric cancer

Gastric cancer (GC), as a gastrointestinal tumor, is a
malignancy that involves oncogenic activation, inacti-
vation of tumor suppressor genes and aberrant protein
expression [68-70]. He et al. indicated that SBF2-AS1
expression is significant increased in GC cell lines and
plays a crucial role in tumor development. Forced upreg-
ulated SBF2-AS1 expression results in competitive bind-
ing of miR-545 through the ceRNA mechanism, thus
increasing the expression of excess microsporocytes 1
(EMS1) and repressing miR-545 expression to facilitate
GC cell growth and metastasis [31].

Glioblastoma

Glioblastoma (GBM) is the most common primary
malignant tumor of the brain, with invasive clinical char-
acteristics and a frightening lethality rate [71, 72]. Even
under a comprehensive treatment strategy that includes
surgical resection, chemotherapy based on temozolo-
mide (TMZ) and adjuvant radiotherapy, the recurrence
of glioma is inevitable, resulting in a 3-year survival rate
<10% [73]. Glioblastoma, a highly vascularized tumor,
has high degree of growth malignancy and depends on
the formation of new blood vessels [74]. Previous studies
have demonstrated that IncRNAs are involved in angio-
genesis in glioblastoma [75, 76]. Yu et al. revealed that
nuclear factor of activated T cells 5 (NFAT5) enhanced
SBF2-AS1 expression at the transcriptional phase.There-
after, SBF2-AS1 functions as a ceRNA, sponges miR-
338-3p and alleviates the repressive effect on EGF like
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domain multiple 7 (EGFL7) at the post-transcriptional
level, which stimulates endothelial cell activity, migration
and tube formation. Further experiments demonstrated
that EGFL7 exerts a potent angiogenic role through acti-
vating the ERK pathway [36]. In addition, transcription
factor zinc finger E-box binding homeobox 1 (ZEB1)
upregulates the level of X-ray repair cross complement-
ing 4 (XRCC4) expression via the SBF2-AS1/miR-151-3p
axis to enhance resistance to temozolomide in glioma
cell lines. Highly expressed exosomal SBF2-AS1 was also
shown to promote TMZ resistance in GBM cells in vivo
[37].

Cervical cancer

Cervical cancer (CC) is a prevalent gynecologic malig-
nant tumor [49]. Even with advances in treatment, the
five-year survival rate for CC remains frustratingly low,
principally attributed to tumor metastasis and recurrence
[77, 78]. Gao et al. indicated that SBF2-AS1 expression
was prominently increased in CC cells and positively cor-
related with FOXM1 expression because SBF2-AS1, as
ceRNA binding to miR-361-5p, mitigated the suppres-
sive effect of miR-361-5p on FOXM1. Gain-of-function
experiments verified that upregulation of SBF2-AS1
expression enhances cell proliferation, and inhibits apop-
tosis of CC cells [39].

Acute myeloid leukemia

Acute myeloid leukemia (AML) is a malignant dis-
ease characterized by unregulated clonal propagation,
abnormal infiltration and poor differentiation of imma-
ture myeloblasts of the hematologic system [79]. AML
is a heterogeneous malignancy that is accompanied by
cytogenetic changes, various biological features and
molecular abnormalities [80, 81]. Dysregulation of IncR-
NAs is one of the genetic alterations [82, 83]. SBF2-AS1
was identified to be elevated in AML cells, and contrib-
uted to AML development via triggering cell cycle arrest
and apoptosis. Further experiments indicated that SBF2-
ASI1 functions as a ceRNA to alter the expression level of
zinc finger protein 91(ZFP91) by suppressing the expres-
sion of miR-188-5p [38].

Breast cancer

Breast cancer (BC) is the most common malignant tumor
among global population and has a high mortality rate
second to that of lung cancer [49]. Although there are
various treatment options for breast cancer, choosing
an appropriate therapy method for highly invasive and
metastatic cases is still a major challenge. Previous stud-
ies have suggested that IncRNAs may offer new treat-
ment targets for breast cancer patients [84—86]. Xia et al.
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proved that SBF2-AS1 expression and ralstonia solan-
acearum 1 (RRS1) expression are positively correlated.
SBF2-AS1 has been proven to sequester miR-143 and
subsequently increase the expression of RRS1 in BC cells,
thereby repressing BC cell apoptosis and promoting cell
proliferation, migration and invasion [35].

Osteosarcoma

Osteosarcoma is a malignant bone tumor and one of the
most common sarcomas [87]. This malignancy originates
from primitive osteogenic mesenchymal cells and occurs
mostly in children, adolescents and young people. Mul-
tiple alternative strategies developed in the past several
decades have not succeeded in improving the prognosis
of patients with osteosarcoma [88]. Recently, scholars
have focused on SBF2-AS1 as a therapeutic target in oste-
osarcoma. A study indicated that the level of SBF2-AS1 is
remarkably elevated, and this molecule positively regu-
lates forkhead box Al (FOXAL) expression via sponging
miR-30a and suppressing the expression of miR-30a in
osteosarcoma cells, significantly affecting biological pro-
cesses, such as cell multiplication, invasion, migration
and apoptosis [44].

Papillary thyroid cancer

As a prevalent endocrine-system malignant neoplasm,
papillary thyroid cancer (PTC) accounts for the major-
ity of thyroid cancer [89]. The biological characteristics
of PTC are highly diverse, ranging from nonprogressive
to invasive metastatic carcinoma. Although there are
various treatment modalities available for papillary thy-
roid cancer, researchers are still searching for an opti-
mal treatment [90, 91]. Wen et al. found that SBF2-AS1
expression increased distinctly in PTC cells and strongly
affected tumor progression. Functionally, downregula-
tion of SBF2-AS1 expression decreased cyclin-dependent
kinase 14(CDK14) expression and conversely increased
miR-431-5p expression, which suppresses PTC cell via-
bility and promotes apoptosis [40].

Clear cell renal cell carcinoma

Clear cell renal cell carcinoma (ccRCC) as the dominant
type of kidney cancer, has the highest fatality rate com-
pared to other types [92]. It was reported that SBF2-AS]1,
serving as a molecular sponge of miR-338-3p, competi-
tively binds to miR-338-3p and inhibits its expression,
thus enhancing ETS1 expression in ccRCC cells. Further
functional studies showed that decreased expression of
SBF2-AS1 restrains the proliferation and invasiveness
of ccRCC cells and triggers apoptosis and autophagy by
blocking ETS1 and upregulating miR-338-3p expression
[41].
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Regulatory mechanism of downstream genes

by SBF2-AS1

Interaction with RNA (as a ceRNA)

The ceRNA hypothesis reveals a mechanism of RNA
interactions that has been useful in explaining abnormal
transcriptome changes. The hypothesis presumes that
ceRNAs, including circRNAs, IncRNAs, and mRNAs,
regulate downstream gene expression by competitively
binding microRNAs. The novel IncRNA SBF2-AS1, with
a length of 2708 bp, primarily localized in the cytoplasm,
possesses many latent miRNA binding sites and exerts
an effect on malignant biological processes principally
through a ceRNA mechanism. It was also observed that
the expression level of SBF2-AS1 was mostly higher than
or equivalent to that of miR-338-3p, which sustains its
roles in cancers.

For instance, Yang et al. [41] identified that SBF2-AS1
was located in the cytoplasm by FISH, followed by a dual
luciferase reporter gene assay, which showed that the
luciferase activity of the vector carrying SBF2-AS1-W'T
was markedly weakened in 768-O cells by miR-338-3p
mimics. Later, an RNA binding protein immunopre-
cipitation (RIP) assay was applied to verify that both
miR-338-3p and SBF2-AS1 were enriched in beads
containing Ago2. To further illuminate the interac-
tion between SBF2-AS1 and miR-338-3p, through RNA
pull-down, the researchers detected a noticeable rise in
the concentration of SBF2-AS1 in the bio-miR-338-W'T
group. By RT-qPCR assays, elevated miR-338-3p expres-
sion was detected after treatment with either miR-338-3p
mimics or si-SBF2-AS1. In contrast, the miR-338-3p
expression level was significantly decreased after using
PCDNA-SBF2-AS1 or miR-338-3p inhibitor. From this, it
can be concluded that SBF2-AS1 functions as a ceRNA
by sponging miR-338-3p and negatively regulates its
expression in clear cell renal cell cancer. SBF2-AS1 was
also observed to interact with miR-338-3p similarly in
NSCLC and glioblastoma.

Based on the results of the dual luciferase reporter gene
assay, Ago2-RIP assay, RNA pull-down and RT-qPCR,
SBF2-AS1 can serve as a sponge that competitively binds
to miR-122-5p, miR-362-3p, miR-188-5p, miR-30a, miR-
142-3p, miR-361-5p, miR-151-3p and so on (Table 2),
thus regulating biological processes in tumor cells. Bio-
informatics analysis is increasingly valued by researchers
as an aid to tumor studies. In particular, these methods
have shown potential in the analysis of RNA-RNA inter-
actions. By performing bioinformatic analysis, Zhou et al.
identified miR-145 binding site of SBF2-AS1; however,
further experiments are needed to verify whether the
putative binding site is functional.
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Interaction with DNA

SBF2-AS1 engages in methylation modification of genes
to regulate their expression at the DNA level [26, 32].
Polycomb repressive complex 2 (PRC2) is a chromatin-
associated methyltransferase involved in catalyzing the
methylation of lysine 27 on histone H3 (H3K27) [93],
which is an important regulator of tumor development
and progression. Previous studies have demonstrated that
IncRNAs may function in regulating PRC2 recruitment
[94] or directly bind to its subunits, such as SUZ12 [95],
thus regulating epigenetic modification. SBF2-AS1 can
recruit and then bind SUZ12 and EZH2 of PRC2, then
enrich PRC2 in the promoter region of P21, thus inacti-
vating P21, which arrests the cell cycle at S phase to pro-
mote indefinite proliferation in NSCLC as well as ESCC.

Molecular interference between SBF2-AS1 and the signal
pathway

SBF2-AS1 mainly acts as a ceRNAs to regulate downstream
genes of miRNAs, many of which are involved in signaling
pathways. For example, LncRNA SBF2-AS1 can regulate
the ERK signaling pathway [36]. Researches have demon-
strated that ERKs and their signaling pathways play a role
in mediating and amplifying signals during tumor inva-
sion and metastasis by regulating cell proliferation, differ-
entiation and viability [96]. Overexpression of SBF2-AS1
can upregulate EGFL7 expression and thus significantly
increase the expression of p-ERK, which is an important
member of the MAPK/ERK signaling pathway and one of
the key components to initiate the signal cascade [97]. The
ERK signaling pathway proteins include RAS, RAF, MEK,
MAPK, STAT3, p90rsk, cFos, c-Myc and n-Myc. However,
the specific molecules through which SBF2-AS1 exerts its
oncogenic effects need to be further investigated.

In addition, SBF2-AS1 show crosstalk with other
signaling pathway members; for example, GRB2, a key
adapter protein that activates the Ras/Erk pathway, is
involved in EGFR-mediated signaling transduction [98].
Upregulated Grb2 expression correlates with p-c-Raf,
p-Mek1/2 and p-Erkl/2, which are pivotal members of
the Ras/Erk pathway [99]. Another example is HDACS3,
which is increased in CRC by overexpression of SBF2-
ASland is reported to be involved in TGF-f signal-
ing pathway [100]. HDACS3 is positively correlated with
the regulation of TGF-B1, p-smad2, and p-smad3, all of
which are TGF-B-related proteins. Multiple regulatory
pathways exist in the same tumor, even containing the
same molecules of action, but the interactions and rela-
tionships between SBF2-AS1 and regulatory pathways
still require further molecular experimental studies.
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SBF2-AS1 as a therapeutic target for cancers

Since IncRNA expression exhibits striking tissue
specificity compared with mRNA expression [101],
an increasing number of studies have shown that tar-
geting IncRNAs is a desirable therapeutic approach
[102]. As previously noted, IncRNA SBF2-AS1, as a
novel oncogene, plays a critical role in tumor progres-
sion and is associated with poor OS. More impor-
tantly, the core role of SBF2-AS1 is a shared feature of
plentiful tumors. All the above findings suggest that
silencing SBF2-AS1 is an effective therapeutic strat-
egy to inhibit tumor growth. Besides, SBF2-AS1 binds
to miRNAs as a ceRNA and abolishes the inhibitory
effect on downstream target genes. Thus, upregula-
tion of miRNA expression to quell the action of down-
stream target genes can be regarded as a therapeutic
strategy. In recent decades, RNA-based anticancer
therapies have gradually moved from concept to reality
[103-105]. Compared to targeting proteins, IncRNA-
targeting drugs exhibit preferabletherapeutic potential
because they bypass the pleiotropic effects of many
current therapeutic modalities [106]. Current prevalent
strategies for IncRNA targeting include antisense oli-
gonucleotides (ASOs), clustered regularly interspaced
short palindromic repeats/CAS9 (CRISPR/CASY), and
small molecules [107, 108]. ASOs, chemically synthe-
sized short fragment oligonucleotides, bind to RNA
through Watson—crick base pairing, thereby altering
gene expression [109]. Currently, ASOs targeting dif-
ferent mRNAs have shown clinical benefits for specific
diseases [110]. These molecules show effective target-
ing of IncRNAs in the preclinical stage [111-113].
One study noted that ASOs targeting and silencing
MALATI contributed to moderate tumor proliferation
in the MMTV (mouse mammary tumor virus)-PYMT
mouse breast cancer model, along with remarkable dif-
ferentiation into cystic tumors and a decrease in lung
metastasis [113]. Based on these findings, we believe
that the ASO product targeting SBF2-AS1 is promis-
ing for tumor therapy in the future. CRISPR/Cas9, a
gene editing technology, targets the region of the gene
promoter to silence transcription and has been used
in cancer cells and animal cancer models [114-116]. A
choreographed animal study of gastric cancer revealed
that targeting IncRNA GMAN by CRISPR-CAS9 inhib-
ited tumor metastasis and improved survival rates
in mice [115]. By this means, we were able to achieve
silencing the transcription of SBF2-AS1 expression
loci. Notably, small molecules have recently become a
focus of research by virtue of their nonimmunogenic
nature, systemic delivery and highly plastic physico-
chemical structure [117]. An RNA-targeted small mol-
ecule, risdilasm, was approved for the treatment of
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spinal muscular atrophy in 2020 in the USA [118]. As
small molecules targeting IncRNAs have not yet been
druggable, studies have increasingly focused on break-
ing through this dilemma [119-121]. YK-4-279, a novel
man-made molecule, displays a strong suppressive
impact on Ewing sarcoma cells via regulating IncRNA
HULC (highly upregulated in liver cancer) [121]. By
drawing on these experiences, we may be able to design
small molecules that precisely target SBF2-AS1 based
on its secondary structure and mode of action for clini-
cal treatment. In conclusion, these modalities are not
yet mature and IncRNA-based therapeutics are in the
preliminary period of development, requiring more
intensive and in-depth research as well as clinical trials
to support them and accelerate their development.

Discussion
In this review, we present a comprehensive analysis of all
the studies on SBF2-AS1 to date, describing the clinical
studies as well as molecular mechanisms and biological
functions of SBF2-AS1 in terms of tumor classification,
followed by an in-depth discussion of the molecules
that interact with SBF2-AS1. The biological functions of
SBF2-AS]1 are mainly related to tumor proliferation, inva-
sion, metastasis, EMT, angiogenesis, chemoresistance
and radiosensitivity. The current clinical studies on SBF2-
AS1 are mainly concerned with intertissue variation in
expression and correlation with some clinical features,
which are not sufficient to support it as a diagnostic bio-
marker and indicate the need for more accurate, detailed
and in-depth large clinical trials to confirm its role.
Current studies all suggest a consistent role for SBF2-
AS1 in tumors. LncRNA SBF2-AS1, which acts as an
oncogene, is overexpressed in various tumor tissues
and cells, including lung cancer, hepatocellular car-
cinoma, esophageal squamous cell carcinoma, breast
cancer, ovarian cancer, cervical cancer, osteosarcoma,
colorectal cancer, and pancreatic cancer. Moreover, stud-
ies have revealed that SBF2-AS1 expression is detected
to be upregulated in exosomes, which is correlated with
the sensitivity of GBM cells to temozolomide and with
tumor progression in PC. In addition, SBF2-AS1 exerts
an impact on drug resistance in CRC and radioresist-
ance in NSCLC. Elevated levels of SBF2-AS1 reinforce
the tolerance to radiotherapy in NSCLC. Upregulation of
SBF2-AS1 expression in CRC is related to resistance to
gemcitabine. In-depth clinical analysis showed that there
exists an intimate connection between the expression
level of SBF2-AS1 and the clinical features of patients.
Upregulation of SBF2-AS1 expression predicted poor
OS, and was associated with larger tumor size, advanced
TNM stage, lymph node metastasis, and poorer path-
ological differentiation. Mechanistically, SBF2-AS1
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predominantly forms a ceRNA network with miRNAs
and downstream genes to regulate tumor progression.
There are different regulatory axes in the same tumor,
such as enhancing ESCC cell proliferation through miR-
188-5p/PEN2 or interacting with miR-338-3P/miR-
362-3p to activate E2F1 expression. These phenomena
may be mediated by the presence of several different
miRNA binding sites in the SBF2-AS1 sequence. In addi-
tion, different tumors may activate different downstream
genes through the same miRNA molecule, for example, in
ccRCC, by sponging miR-338-3p and upregulating ETS1
expression or in NSCLC via activating ADAM17, thus
promoting tumor proliferation, invasion and metastasis,
which is due to the functional characteristics of miRNAs
capable of regulating multiple downstream genes. These
studies alone have not fully elucidated and strongly sup-
port the roles of SBF2-AS1 in cancers, and more experi-
mental research is needed. More importantly, whether
IncRNA SBF2-AS1 functions as a sponge of microRNAs
should be carefully assayed in each case, and particu-
larly the relative expression of the IncRNA and micro-
RNAs should be quantified to make any conclusion.
Furthermore, SBF2-AS1 may regulate the MAKP/ERK,
the TGF-f signaling pathways. The interactions between
SBF2-AS1 and other signaling pathways require more
meticulous experiments for confirmation. Regarding the
upstream regulatory mechanism of SBF2-AS1, existing
studies have confirmed that high expression of SBF2-AS1
is controlled by the transcription factors E2F1, ZEB1 and
NFAT5 at the transcriptional level. Whether SBF2-AS1
is subject to epigenetic regulation and splicing is not yet
known, and further researches are requisite to figure out.

Perspectives

The regulatory mechanisms of IncRNAs are diverse and
complex. SBF2-AS1 has already been reported to pro-
mote cancer development, chemoresistance and radio-
resistance by interacting with RNA, DNA or crosstalk
with molecules of various signal pathways. Molecu-
lar and clinical researches of SBF2-AS1 are still in their
infancy, and SBF2-AS1 shows potential for future appli-
cations. First, directly or indirectly targeting SBF2-AS1
to suppress its expression through ASOs, CRISPR/
CAS9 or biological molecules may be a viable remedy
for cancers as mentioned above, in the future, especially
for some current refractory tumors. Secondly, consider-
ing the relationship between SBF2-AS1 and drug resist-
ance, SBF2-AS1 provides a new entry point for research
on therapeutic tolerance, which is favorable for further
clarifying the mechanism of drug resistance from various
aspects in cancers. Given this, we maintain that target-
ing SBF2-AS1 may be an adjunct to conventional drugs
to extend the duration of the beneficial effects. However,
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further experimental studies should be implemented to
clarify the detailed drug-resistance mechanisms. In addi-
tion to its potential as a therapeutic target, SBF2-AS1 was
also detected at high levels in exosomes. Does this imply
that SBF2-AS1 can be detected in body fluids (blood,
cerebrospinal fluid, etc.) in addition to tissues with dif-
ferential SBF2-AS1 expression? Therefore, subsequent
studied could explore this issue, which will promote
early identification of tumorigenesis and thus contribute
to treatment at an early stage. Then, the signaling path-
ways involved in downstream genes of SBF2-AS1 and the
interaction of SBF2-AS1 with downstream genes should
be particularly refined and expanded, which could link
this IncRNA to currently known pathways and then con-
cretize the mechanisms regulating tumor development.
Moreover, previous studies have revealed that IncRNAs
can interact with proteins through multiple approaches,
such as regulating mRNA splicing-associated proteins
or protein modifications [122, 123]. However, the inter-
action between SBF2-AS1 and proteins requires further
elucidation. Finally, the regulatory mechanisms and func-
tions involved in SBF2-AS1 have been identified in vitro,
indicating that these functions, such as the mechanism of
metastasis and EMT, have not been confirmed. For con-
firmation, further studies conducted in a physiological
setting are needed.

Conclusions

The role of IncRNAs in cancers known currently remains
a tip of the iceberg, and future studies are required. This
paper reviews SBF2-AS1 regulation of tumor cell pro-
liferation, metastasis, invasion, angiogenesis, chem-
oresistance, radiosensitivity, and the cell cycle through
interactions with different molecules (miRNA, DNA or
signaling pathway molecules), indicating that SBF2-AS1
has promise in the future as a diagnostic and prognos-
tic biomarker and a prospective therapeutic target for
cancers.
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