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lncRNA GAS6-AS1 inhibits progression and
glucose metabolism reprogramming in LUAD via
repressing E2F1-mediated transcription of GLUT1
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Glucose metabolism reprogramming is one of the hallmarks of
cancer cells, although functional and regulatory mechanisms of
long noncoding RNA (lncRNA) in the contribution of glucose
metabolism in lung adenocarcinoma (LUAD) remain incom-
pletely understood. The aim of this study was to uncover the
role of GAS6-AS1 in the regulation of progression and glucose
metabolism in LUAD. We discovered that overexpression of
GAS6-AS1 suppressed tumor progression of LUAD both
in vitro and in vivo. Metabolism-related assays revealed that
GAS6-AS1 inhibited glucose metabolism reprogramming. Me-
chanically, GAS6-AS1 was found to repress the expression of
glucose transporter GLUT1, a key regulator of glucose meta-
bolism. Ectopic expression of GLUT1 restored the inhibition
effect of GAS6-AS1 on cancer progression and glucose meta-
bolism reprogramming. Further investigation identified that
GAS6-AS1 directly interacted with transcription factor E2F1
and suppressed E2F1-mediated transcription of GLUT1, and
GAS6-AS1 was downregulated in LUAD tissues and correlated
with clinicopathological characteristics and survival of pa-
tients. Taken together, our results identified GAS6-AS1 as a
novel tumor suppressor in LUAD and unraveled its underlying
molecular mechanism in reprogramming glucose metabolism.
GAS6-AS1 potentially may serve as a prognostic marker and
therapeutic target in LUAD.
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INTRODUCTION
The rapid proliferation and growth of solid tumors lead to a shortage
of energy supply and oxygen deprivation. Glucose is the major energy
source to support tumor growth and can also provide a carbon source
for biosynthetic reactions.1 Cancer cells exhibit dramatic aberration
of glucose metabolism, displaying activation of glycolysis despite
the presence of oxygen, also known as the “Warburg effect.”2 In
glycolysis, cancer cells produce adenosine triphosphate (ATP)
through pyruvate transformation to lactic acid in the cytosol, being
characterized by more uptake of glucose, more production of lactate
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This is an open access article under the CC BY-NC
and pyruvate, and an extracellular acidic pH.3 Recently, glucose meta-
bolism reprogramming has been recognized as a hallmark of cancer,
and enhanced glycolytic effect has been proven to support the survival
and growth of cancer cells.4 Given the crucial role played by glucose
metabolism in cancer biology, it is necessary to identify key molecules
or pathways that reprogram this process.

Long noncoding RNAs (lncRNAs) represent a large class of tran-
scripts > 200 nucleotides with no protein coding capability.5

Current studies have uncovered the vital roles of lncRNAs in tran-
scription, genomic imprinting, messenger RNA degradation, trans-
lation, protein kinetics, and function as RNA decoys or scaffolds,6

and increasing evidence demonstrates that lncRNAs function in
the pathogenesis of cancers with diverse mechanisms.7,8 However,
the potential role and mechanism of lncRNAs in the regulation of
cancer metabolism remain largely unknown.

Lung cancer is the most commonmalignancy and the leading cause of
cancer-related death worldwide.9 The twomain groups of lung cancer
are small-cell lung cancer (SCLC, 15%–20% cases) and non-small cell
lung cancer (NSCLC, 80%–85% cases). Lung adenocarcinoma
py: Nucleic Acids Vol. 25 September 2021 ª 2021 The Authors. 11
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(LUAD) represents the most common histological subtype of
NSCLC, accounting for �40%.10 Multiple studies have confirmed
the enhancement of glycolysis in LUAD,11–13 but the specific mecha-
nisms of glucose metabolism reprogramming in LUAD need to be
further teased out. The aim of this study was to probe metabolism-
related lncRNAs in LUAD and to study its functional mechanism.
Here, we identified GAS6-AS1 as a metabolism-regulating lncRNA
that was dysregulated in LUAD tissues and meanwhile in glucose-
starved LUAD cells. Mechanistically, GAS6-AS1 exerted its effect
on progression and glucose metabolism via repressing E2F1-medi-
ated transcription of glucose transporter 1 (GLUT1). GLUT1, a
pivotal rate-limiting element in the transport of glucose in malig-
nancy cells, has been extensively documented to regulate glucose
metabolism.14 Our results indicate that the GAS6-AS1/E2F1/
GLUT1 axis may be a promising metabolism target for antitumor
therapy.

RESULTS
GAS6-AS1 suppressed tumor progression in LUAD

We analyzed a GEO dataset (GEO: GSE56843) and a GEPIA dataset
to probe metabolism-related lncRNAs in LUAD. A microarray anal-
ysis of GEO: GSE56843 was performed to compare the gene expres-
sion profiles of A549 cells cultured with glucose and without glucose.
A total of 4,245 dysregulated genes were detected in LUAD cells
induced by glucose starvation (screening criterion: adj. p < 0.001,
p < 0.001, |LogFC| > 1). The GEPIA dataset was searched to seek
differentially expressed genes (screening criterion: |Log2FC| > 1,
q < 0.01) and differential survival genes (screening criterion: group
cutoff: median, p < 0.01, top 500) in LUAD. Finally, 13 genes were ob-
tained by overlapping these results and two lncRNAs (LINC-PINT,
GAS6-AS1) were included (Figure S1A). The expression profiles of
13 candidate genes in GEO: GSE56843 and GEPIA datasets are shown
in Figures S1B and S1C. LINC-PINT has been reported to function as
a tumor suppressor that exerts important regulatory roles in NSCLC
progression by sponging miR-208a-3p/PDCD4.15 The role of GAS6-
AS1 in lung cancer has not been identified, and we selected it as our
research subject.

To elucidate the function of GAS6-AS1 in LUAD, plasmids were
transfected into LUAD cells to overexpress GAS6-AS1. Confirmed
by qRT-PCR, expression plasmids effectively manipulated the expres-
sion of GAS6-AS1 in A549 and PC9 cells (Figure 1A). Cell prolifera-
tion was analyzed with CCK8 and 5-ethynyl-20-deoxyuridine (EdU)
staining assays, and the results showed that cell proliferative capa-
bility was remarkably attenuated by overexpression of GAS6-AS1
(Figures 1B–1E). Transwell and Matrigel assays were used to test
the migration and invasion ability of LUAD cells, respectively. The re-
sults indicated that ectopic expression of GAS6-AS1 inhibited the
migration and invasion of A549 cells and PC9 cells (Figures 1F and
1G). In addition, knockdown of GAS6-AS1 promoted proliferation,
migration, and invasion of A549 and PC9 cells (Figures S2A–S2E).
A xenograft tumor model was used to evaluate the tumor-suppressive
role of GAS6-AS1 in vivo. Empty vector (n = 6)- and GAS6-AS1 (n =
6)-transfected cells were injected subcutaneously in axilla of nude
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mice. Tumor nodules were resected 6 weeks after injection, and the
volume and weight of tumors were recorded (Figure 1H). As shown
in Figures 1I and 1J, tumors of the GAS6-AS1-transfected group
grew slowly, with smaller size and lighter weight. These results sug-
gested that GAS6-AS1 exerted tumor-suppressive roles in LUAD
both in vitro and in vivo.

GAS6-AS1 impaired glucose metabolism reprogramming in

LUAD cells

Consistently with the data in Figure S1B, GAS6-AS1 was downregu-
lated by glucose starvation in A549 and PC9 cells (Figure S3A).
Ectopic expression of GAS6-AS1 inhibited proliferation, migration,
and invasion of LUAD cells in both glucose-sufficient and glucose-
free conditions (Figures S3B–S3G). It was reported in 1988 that
glucose starvation is required for insulin stimulation of glucose up-
take and metabolism in cultured microvascular endothelial cells.16

Moreover, cell growth and survival depend on a delicate balance be-
tween energy production and synthesis of metabolites, and energy
stress is closely linked to metabolic alterations.17 In tumor cells,
glucose metabolism reprogramming will appear during energy stress
to guarantee the energy supply and survival, manifested by cancer
cells taking upmore glucose and producing more lactate and pyruvate
(Warburg effect).18 We performed Gene_Ontology enrichment anal-
ysis on genes highly co-expressed with GAS6-AS1, and the results
suggested that these genes might participate in the biological pro-
cesses of “regulation of transcription, DNA-templated” and “carbox-
ylic acid metabolic process” (Figure 2A) and the molecular functions
of “protein binding” and “carboxy-lyase activity” (Figure 2B). Based
on these theories and predictions, we intended to study the role of
GAS6-AS1 in glucose metabolism reprogramming of LUAD cells. It
turned out that ectopic expression of GAS6-AS1 inhibited glucose
consumption of A549 and PC9 cells (Figure 2C), and the production
of lactate and pyruvate in LUAD cells were decreased after overex-
pression of GAS6-AS1 (Figures 2D and 2E). In addition, Seahorse
analysis revealed decreased extracellular acidification rate (ECAR)
in A549 and PC9 cells by ectopic expression of GAS6-AS1 (Figures
2F and 2G). Moreover, knockdown of GAS6-AS1 promoted glucose
consumption and lactate and pyruvate production and increased
ECAR of A549 and PC9 cells (Figures S4A–S4E). These results
implied that GAS6-AS1 could impair glucose metabolism reprogram-
ming of LUAD cells.

GAS6-AS1 exerted tumor-suppressive roles via regulating

expression of glucose transporter GLUT1

Glucose metabolism reprogramming of cancer cells is driven by a
number of specific enzymes, including GLUT1–5 (glucose trans-
porters 1–5, SLC2A1–5), HK2 (hexokinase 2), ALDOC (aldolase C),
ENO1 (enolase 1), PKM(pyruvate kinase), and LDH (lactate dehydro-
genase) (Figure 3A).19 Real-time RT-PCR and western blotting were
performed to explore the influence of GAS6-AS1 on these meta-
bolism-related enzymes. Results showed that the mRNA and protein
levels of GLUT1 (also known as SLC2A1) were significantly downre-
gulated after overexpression of GAS6-AS1 (Figures 3B and 3C).
GLUT1 belongs to the glucose transporter family and regulates
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Figure 1. GAS6-AS1 functioned as a tumor suppressor in LUAD

(A) GAS6-AS1 was effectively upregulated in A549 and PC9 cells after transfection of overexpression plasmid of GAS6-AS1. (B and C) CCK8 assays were used to detect cell

proliferation of A549 cells (B) and PC9 cells (C) after ectopic expression of GAS6-AS1. (D and E) EdU assays were performed in A549 (D) and PC9 cells (E) after ectopic

expression of GAS6-AS1. (F and G) Transwell (F) and Matrigel (G) assays were used to test the migration and invasion ability of LUAD cells after ectopic expression of GAS6-

AS1, respectively. (H) Images of xenograft tumors derived from nude mice bearing A549 cells of different groups. (I) Tumor volume was measured every week after injection.

(J) Tumor weight was measured after resection of xenograft tumors.
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glucose transport across the cell membrane.20 Increasing studies indi-
cate that GLUT1 participates in tumor progression and energy meta-
bolism reprogramming in multiple cancer types.21–23 To verify
whether the function ofGAS6-AS1was dependent onGLUT1, we per-
formed rescue experiments by transfecting expression plasmids of
GLUT1 into GAS6-AS1-overexpressing A549 cells. CCK8, Transwell,
and Matrigel assays revealed that ectopic expression of GLUT1 (Fig-
ure S5A) restored the inhibition effect of GAS6-AS1 on proliferation,
migration, and invasion (Figures 3D–3F). Furthermore, glucose con-
sumption, lactate production, pyruvate production, and ECAR were
detected. Consistently, ectopic expression of GLUT1 restored the in-
hibition effect of GAS6-AS1 on glucose metabolism reprogramming
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 13
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Figure 2. GAS6-AS1 suppressed glucose metabolism reprogramming in LUAD cells

(A) Terms of biological process with statistical significance were presented in Gene_Ontology enrichment analysis. (B) Terms of molecular function with statistical significance

were presented in Gene_Ontology enrichment analysis. (C) Detection of glucose consumption in LUAD cells after overexpression of GAS6-AS1. (D and E) Detection of lactate

(D) and pyruvate (E) production in LUAD cells after overexpression of GAS6-AS1. (F and G) ECARs were measured by Seahorse XF in LUAD cells after overexpression of

GAS6-AS1.
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in A549 cells (Figures 3G–3J). These results suggested that increased
GLUT1 expression dysregulated the GAS6-AS1-mediated effects on
tumor suppression and glucose metabolism reprogramming.

GAS6-AS1 interacted with E2F1

As the subcellular localization of lncRNAs is crucial for their func-
tional biology, nucleo-cytoplasmic separation assays were performed,
and the results showed that GAS6-AS1 was mainly located in the nu-
cleus (Figure 4A). The nucleus is the place for transcription, and our
14 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
previous analysis indicated that GAS6-AS1 might participate in the
biological process of “regulation of transcription, DNA-templated”
(Figure 2A). In recent years, multiple lncRNAs were found to regulate
the transcription of target genes via binding with specific transcrip-
tion factors.24–26 Through a search of the LncRNA Modulator Atlas
in Pan-cancer (LncMAP) datasets, a cluster of transcription factors
were predicted to interact with GAS6-AS1 (Figure 4B). Among these
transcription factors, we noticed that E2F1 had been reported to
enhance glycolysis and reprogram energy metabolism in cancer
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Figure 3. GAS6-AS1 inhibited progression and glucose metabolism reprogramming of LUAD cells via downregulating GLUT1

(A) Diagram of key enzymes that play vital roles in glucose metabolism reprogramming. (B) The mRNA expression of metabolism-related genes was measured by qRT-PCR

after overexpression of GAS6-AS1 in A549 cells. (C) The protein expression of metabolism-related enzymeswasmeasured by western blotting after overexpression of GAS6-

AS1 in A549 cells. (D) Ectopic expression of GLUT1 restored the inhibition effect of GAS6-AS1 on proliferation in A549 cells. (E and F) Ectopic expression of GLUT1 restored

the inhibition effect of GAS6-AS1 on migration and invasion in A549 cells. (G–J) Glucose consumption (G), lactate production (H), pyruvate production (I), and ECAR (J) were

measured, and results indicated that ectopic expression of GLUT1 restored the inhibition effect of GAS6-AS1 on glucose metabolism reprogramming in A549 cells.
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cells,27 and Albert Tauler and colleagues also found that E2F1 induced
mTOR complex 1 activation to regulate glucose metabolism.28 More-
over, transcription chromatin immunoprecipitation sequencing (TF
ChIP-seq) data of ChIPBase (http://rna.sysu.edu.cn/chipbase/)
showed that GLUT1 (SLC2A1) gene was predicted as a direct target
of E2F1 in HeLa-S3 cells (Figure S6A). We suspected that lncRNA
GAS6-AS1 might regulate the expression of GLUT1 via interacting
with transcription factor E2F1. To validate our hypothesis, RNA
immunoprecipitation (RIP) assay was performed in A549 cells, and
the results indicated E2F1 recruitment of the RNA fragment of
GAS6-AS1 (Figure 4C). Western blot analysis of proteins extracted
from GAS6-AS1 pull-down assay revealed that E2F1 protein specif-
ically binds to the sense sequence of GAS6-AS1 but not to the anti-
sense control (Figures 4D and 4E). Additionally, the mRNA and
protein expression of E2F1 were not altered after overexpression of
GAS6-AS1 (Figures 4F and 4G). Furthermore, we used catRAPID
tools to analyze the interaction region of GAS6-AS1 with E2F1 (Fig-
ure 4H), and the results showed that E2F1 might bind to nucleotides
526–728 of GAS6-AS1 with high propensities (Figure 4I). Meanwhile,
the secondary structure of GAS6-AS1 was predicted in the online
database AnnoLnc (Figure 4J). We next constructed a series of
GAS6-AS1 truncations to map its binding fragment with E2F1
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 15
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(A) RNA expression was measured by qRT-PCR after nuclear and cytosolic separation. U6 small nuclear RNA (U6) was used as a nucleus marker, and glyceraldehyde-

phosphate dehydrogenase (GAPDH) was used as a cytosol marker. (B) Transcription factors that are predicted to interact with GAS6-AS1 by LncMAP. (C) RIP experiments

were performed in A549 cells with E2F1 antibody, and IgG was used as an internal reference. (D) Schematic diagram of RNA pull-down assay. (E) Lysates from A549 cells

were used for RNA pull-down with biotinylated GAS6-AS1 transcript or antisense transcript. Western blotting demonstrated the specific association of GAS6-AS1 with E2F1.

(F and G) qRT-PCR (F) and western blotting (G) were performed to detect the mRNA and protein expression of E2F1 after overexpression of GAS6-AS1. (H and I) The

predicted interaction profile (H) and binding region (I) of GAS6-AS1 with E2F1 are shown. (J) The secondary structure of GAS6-AS1 in AnnoLnc is presented. (K) A series of

GAS6-AS1 deletion mapping fragments were constructed, and RNA pull-down assays were performed. (L) Western blotting analysis was performed with the proteins

retrieved from pull-down assays, and input was used as a positive control.
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(Figure 4K). Verified by RNA pull-down assays, a fragment of GAS6-
AS1 (526–728 nt) was responsible for its interaction with E2F1 (Fig-
ure 4L). These data indicated that GAS6-AS1 specifically bound to
transcription factor E2F1.

GAS6-AS1 suppressed E2F1-mediated transcription of GLUT1

Transcription factors regulated the expression of target genes through
binding with specific DNA sequences. Predicted by the JASPAR data-
base, we found that E2F1 potentially bound to the promoter region of
GLUT1 (Figure S6B). To prove that GLUT1 is a transcriptional target
of E2F1 and the regulation can be repressed by GAS6-AS1, luciferase
vectors consisting of wild-type (WT) or mutant (mut) GLUT1 pro-
moters were constructed and transfected into A549 cells (Figure 5A).
The luciferase assay revealed that overexpression of E2F1 (Figure S5B)
stimulated the WT GLUT1 promoter activity, as indicated by
increased luciferase activity, but had no effect on mut-type GLUT1
promoter activity. Moreover, GAS6-AS1 suppressed the increase of
luciferase activity induced by E2F1 (Figure 5B). ChIP assay was also
performed, and the results suggested that E2F1 was bound to
GLUT1 promoter and the interaction was repressed by GAS6-AS1
(Figure 5C). In addition, the enforced expression of E2F1 significantly
upregulated the mRNA and protein levels of GLUT1, which could
also be restored by GAS6-AS1 (Figures 5D and 5E). These results sug-
gested that E2F1 directly bound to promoter region of GLUT1 to acti-
vate its transcription and that GAS6-AS1 could inhibit the process.
We checked the expression levels of GLUT1 and E2F1 in GEPIA
and GSE56843 datasets. Results indicated that GLUT1 and E2F1
were both upregulated in LUAD tissues (Figures S5C and S5D),
whereas the expression of GLUT1 and E2F1 were not altered under
glucose-free conditions in LUAD cells (Figure S5E). In addition, by
searching the GEPIA dataset, we found that the expression of E2F1
was positively correlated with GLUT1 in LUAD, whereas GAS6-
AS1 was negatively correlated with GLUT1 (Figures 5F and 5G).

GAS6-AS1 was clinically relevant in LUAD

To confirm the expression pattern of GAS6-AS1 in LUAD, we first
searched the CCLE database, and the results showed that the expres-
sion of GAS6-AS1 in NSCLC cells (Lung_NSC) was at a relatively low
level (Figure 6A). Furthermore, we performed qRT-PCR assay on 80
paired LUAD tissues and adjacent normal tissues and found that
GAS6-AS1 was significantly lowly expressed in LUAD tissues (Fig-
ure 6B). Moreover, patients of advanced T stages (T2–T4) exerted
lower expression of GAS6-AS1 than patients of early T stages (T1)
(Figure 6C). Additionally, we divided the 80 LUAD samples into a
GAS6-AS1 low expression group (40 cases) and a high expression
group (40 cases) based on median GAS6-AS1 levels to investigate
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 17
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the clinical significance of GAS6-AS1 in LUAD. Results suggested
that the expression of GAS6-AS1 correlated with tumor size, lymph
node metastasis, cancer distant metastasis and TNM stage of
LUAD tissues (Figure 6D; Table S1). The expression of GAS6-AS1
in common LUAD cell lines was also detected by qRT-PCR, and
we found that GAS6-AS1 was lowly expressed in 4 LUAD cell lines
compared with normal human bronchial epithelial (HBE) cells (Fig-
ure 6E). Furthermore, the GEPIA dataset was explored to analyze the
clinical correlation of GAS6-AS1 in LUAD. Results showed that
GAS6-AS1 was lowly expressed in LUAD tissues (Figure 6F), and
18 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
the expression of GAS6-AS1 in LUAD correlated with tumor stage
(Figure 6G), overall survival (Figure 6H), and disease-free survival
(Figure 6I) of patients. Collectively, these results indicated that
GAS6-AS1 was downregulated in LUAD tissues and correlated with
tumor stages and survival of patients.

DISCUSSION
Increased aerobic glycolysis even in the abundance of oxygen, or the
“Warburg effect,” has been recognized as an emerging hallmark of
cancer. As distinguished from healthy cells, cancer cells exert glucose
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metabolism remodeling, characterized by consumption of glucose
and excretion of lactate at a significantly higher rate and synthesis
of ATP by producing lactic acid as the end product.29 These metabolic
changes benefit cancer cells in multiple aspects. The switch to oxygen-
independent glycolysis makes cancer cells more resistant to hypoxia
conditions associated with tumor growth, and the glycolytic interme-
diates fuel several biosynthetic pathways that produce de novo nucle-
otides, lipids, amino acids, and NADPH. Moreover, the increased
production of lactic acid lowers the pH of the extracellular microen-
vironment and supports the invasion and metastasis of cancer cells.30

The pivotal molecular mechanisms for the initiation and develop-
ment of metabolic remodeling still remain unclear. Targeting cancer
cells from the point of glucose metabolism might provide attractive
and effective therapeutic approaches.

Lung cancer is the leading cause of cancer-related death, with limited
curative treatment options, and extensive studies have revealed the re-
programming of glucose metabolism in lung cancer.31,32 The alter-
ations of oncogenes and tumor suppressor genes, leading to activation
or inhibition of signaling pathways and transcriptional networks, were
reported to participate in the glucose metabolism reprogramming of
lung cancer.33 However, the potential involvement of lncRNAs is
poorly defined in glucose metabolism reprogramming of lung cancer.
In our study, utilizing publicly available lncRNA expression profiling
data in A549 cells under glucose starvation and integrating analyses of
GEPIA data, we screened the metabolism-related lncRNA GAS6-AS1
in LUAD. GAS6-AS1, which is located at chromosome 13q34, is an
antisense transcript of GAS6. Previous research revealed that low
expression of GAS6-AS1 predicted a poor prognosis in patients with
NSCLC.34 In our study, we further found that the expression of
GAS6-AS1 was frequently downregulated in LUAD tissues, and clin-
ical analysis reveals that downregulation of GAS6-AS1 correlated with
advanced tumor stage and poor prognosis of LUAD patients. More-
over, ectopic expression of GAS6-AS1 inhibited tumor growth and
glucose metabolism remodeling in LUAD cells.

GAS6-AS1 has been reported to facilitate the progression of breast
cancer by targeting the miR-324-3p/SETD1A axis,35 and in gastric
cancer and hepatocellular carcinoma GAS6-AS1 was identified to
promote oncogenicity.36,37 This suggested that the roles of GAS6-
AS1 in the development of diverse cancer types were different.

The reprogramming of cancer metabolism is driven by several key en-
zymes. GLUTs aremembrane proteins that transport glucose from the
capillaries into cells and mediate the first step for cellular glucose us-
age. Five main classical GLUTs (GLUT1, GLUT2, GLUT3, GLUT4,
GLUT5) with different affinities for glucose have been reported to
function in glucose uptake for glycolysis of cancers.38 The phosphor-
ylation of glucose, a crucial step in cellular metabolism, is catalyzed by
HK2, and HK2 is considered the hub in the regulation of cancer cell
glycolysis.39 ALDOC is a glycolytic enzyme that catalyzes the revers-
ible aldol cleavage of fructose-1,6-biphosphate (F1,6BP) to glyceralde-
hyde-3-phosphate (G3P).40 ENO1 transforms 2-phospho-D-glycerate
(2-PGA) into phosphoenolpyruvate (PEP) during glycolysis,41 fol-
lowed by PKM transferring of a phosphoryl group from PEP to
ADP, generating ATP and pyruvate.42 And LDH is responsible for
the conversion of L-lactate and NAD to pyruvate and NADH in the
final step of anaerobic glycolysis.43We performed qRT-PCR andwest-
ern blotting to detect the influence of GAS6-AS1 on these enzymes,
and the results indicated that GAS6-AS1 remarkably decreased the
expression of GLUT1 at both mRNA and protein levels. GLUT1
(also known as solute carrier family 2 member 1, SLC2A1) is a key
rate-limiting factor in the transport of glucose in cancer cells and plays
a critical role in glycolysis and tumor progression in multiple cancer
types.44–46 Numerous lncRNAs have been proved to regulate
GLUT1 in various ways. HOX transcript antisense RNA (HOTAIR)
influences glucose metabolism through GLUT1 upregulation via
mammalian target of rapamycin signaling.47 lncRNA-p23154 pro-
motes glycolysis in oral squamous cell carcinoma by binding to the
promoter region of miR-378a-3p, which represses GLUT1 expression
by targeting to its 30 UTR directly.48 SLC2A1-AS1 regulates aerobic
glycolysis and progression in hepatocellular carcinoma by competi-
tively binding to STAT3 and resulting in inactivation of the
FOXM1/GLUT1 axis.49 Consistent with these studies, we showed
that GAS6-AS1 exerted its role in tumor progression and glucose
metabolism in LUAD by downregulating GLUT1.

Mechanistic investigations revealed that GAS6-AS1 could bind to
transcription factor E2F1 but not affect E2F1 expression. Previous
studies have shown that E2F1 coactivated by KDM4A regulates the
pyruvate dehydrogenase kinase-dependent metabolic switch between
mitochondrial oxidation and glycolysis.50 In addition, E2F1 was re-
ported to significantly enhance glucose uptake and lactate production
in bladder and prostate cancer cell lines.27 lncRNAs have been iden-
tified to function as master regulators for gene expression in many
ways, and one is to interact with transcription factor and thus tran-
scriptionally regulate downstream genes.51 For instance, lncRNA
CAIF directly binds to p53 protein and blocks p53-mediated myocar-
din transcription in cardiomyocyte autophagy,52 and PAXIP1-AS1
facilitates cell invasion and angiogenesis of glioma by recruiting tran-
scription factor ETS1 to upregulate KIF14 expression.53 Likewise, our
results suggested that GAS6-AS1 integrated with E2F1 and sup-
pressed E2F1-mediated transcription of GLUT1. The protein func-
tion domains of E2F1 (the conserved domains that E2F1 binds with
DNA promoter to function as a transcription factor) were protein re-
gions 206–299 and 129–192 (Figure S5F), and in our study, GAS6-
AS1 was predicted to bind with E2F1 in protein regions 312–363,
87–138, 276–327, and 51–102 (Figure 4I). This indicated that they
shared some common binding motif (region 129–138 and region
276–299). We speculated that GAS6-AS1 decreased the interaction
of E2F1 with GLUT1 promotor by competitive binding.

Taken together, our results identified lncRNA GAS6-AS1 as a sup-
pressor in tumor progression and glucose metabolism reprogram-
ming of LUAD. The downregulation of GAS6-AS1 correlated with
tumor stage and overall survival of LUAD patients, and GAS6-AS1
exerted its biological role through binding with E2F1 and suppressing
the E2F1-mediated transcription of glucose transporter GLUT1
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 19
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(Figure 7). Therefore, GAS6-AS1 may serve as a potential diagnostic
and prognostic biomarker for LUAD patients, and targeting the
GAS6-AS1/E2F1/GLUT1 axis may present new perspectives in the
prevention or treatment of LUAD.

MATERIALS AND METHODS
Bioinformatics

GEO microarray dataset GEO: GSE56843 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE56843) and a GEPIA dataset (http://
gepia2.cancer-pku.cn/#index)54 were used to screen metabolism-
related lncRNAs in LUAD. Gene clusters (Table S2) highly co-ex-
pressed with GAS6-AS1 (Pearson correlation coefficient R 0.35)
were submitted to DAVID Bioinformatics Resources 6.8 (http://
david.abcc.ncifcrf.gov/)55 for Gene_Ontology enrichment analysis.
GO terms with statistical significance (p < 0.05) were presented.
LncMAP56 was browsed to seek for transcription factors potentially
interacting with GAS6-AS1. The secondary structure of GAS6-
AS1 was predicted in AnnoLnc (http://annolnc.gao-lab.org/),57

and catRAPID (http://s.tartaglialab.com/page/catrapid_group)58 was
explored to estimate the binding propensity of GAS6-AS1 with
E2F1. The JASPAR database (http://jaspardev.genereg.net/)59 was
used to evaluate the transcription factor binding profiles with gene
promoters. The CCLE database (https://portals.broadinstitute.org/
ccle/about) was searched to verify the expression of GAS6-AS1 in
different cancer cell lines.

Patient specimens

Eighty paired LUAD and adjacent non-tumor tissue samples were ob-
tained from patients undergoing operations in the Department of
Thoracic Surgery, Jiangsu Cancer Hospital, from 2015 to 2018.
20 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
None of the patients was previously treated
with radiotherapy, chemotherapy, or immuno-
therapy. All LUAD tissues were confirmed by
the histopathological reports. The study was
approved by the ethics committee of Jiangsu
Cancer Hospital, and written informed consent
was obtained from all participants.

Cell culture

HBE and LUAD cell lines (A549, H1299, PC9,
and H1975) were purchased from Shanghai In-
stitutes for Biological Science (Shanghai,
China). HBE and H1975 were cultivated in
DMEM (KeyGen, Nanjing, China), and A549,
H1299, and PC9 cells were cultivated in
RPMI-1640 (KeyGen, Nanjing, China), all sup-
plemented with 10% fetal bovine serum (FBS)
(KeyGen, Nanjing, China) and cultured in a
standard 37�C incubator. For glucose starva-
tion experiments, cells were cultured in medium with different con-
centrations of glucose.

RNA extraction and qRT-PCR

RNA was extracted from tissue samples or cultured cells with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The PrimeScript RTMaster
Mix Perfect Real Time Kit (Takara, Nanjing, China) was used to syn-
thesize cDNA, and qRT-PCRwas performed with SYBR SelectMaster
Mix (Takara, Nanjing, China). The expression levels of mRNA were
normalized to ACTIN as reference genes. Primers used in this study
are shown in Table S3.

Transfection

Human GAS6-AS1, GLUT1, and E2F1 cDNA were PCR-amplified
and then cloned into the expression vector pcDND3.1 (RiboBio,
Guangzhou, China). Transfection was carried out with Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions, and empty vector plasmid was used as negative
control. For experiments in vivo, GAS6-AS1 expression plasmids
were packaged with pPACKH1 Lentivector Packaging Plasmid Mix
(System Biosciences, Palo Alto, CA, USA) and were introduced into
293T cells. The liquid supernatant was transected into A549 cells,
and stable transfected cells were positively selected with puromycin
(Thermo Fisher Scientific, Shanghai, China) for 4–6 weeks.

Cell proliferation assays

Cell proliferation assays were performed 24 h after transfection. For
CCK8 viability assay, cells were seeded at a density of 2,000 cells/
well in a 96-well plate. 10% CCK8 (Beyotime, Suzhou, China) was
added to the well, and the absorbance at 450 nm was measured every

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56843
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24 h. For EdU assay, 8,000 cells/100 mL were plated in 96-well plates.
One hundred microliters of 50 mM EdU solution (EdU Apollo488
In Vitro Imaging Kit, RiboBio, Guangzhou, China) was incubated
with cells. EdU was stained with red fluorescence, and images were
photographed by fluorescence microscope to count the proportion
of proliferating cells.

Migration and invasion assays

The migration and invasion assays were conducted with Transwell
assay inserts (8 mm PET, 24-well Millicell) and Matrigel-coated in-
serts (BD Biosciences, Bedford, MA, USA), respectively. The upper
chambers of the inserts were filled with 200 mL of serum-free medium,
and the lower chambers were filled with 800 mL of medium containing
10% FBS. A total of 5 � 104 cells were added to the upper chambers
and incubated for 24 h (migration) or 48 h (invasion). The migrated
or invaded cells in the lower chambers were stained with crystal violet
and counted.

Tumor xenograft experiment

The procedures for animal care and use were approved by Nanjing
Medical University Animal Care Committee. Ten female nude mice
(4–6 weeks old) were purchased from Nanjing Medical University
School of Medicine’s accredited animal facility and randomly divided
into two groups. A549 cells stably expressing GAS6-AS1 or empty
vector were injected subcutaneously in axilla of the mice. The volume
of xenografts was measured every week with calipers ([length �
width2]/2). All mice were euthanized 6 weeks after injection, and tu-
mor xenografts were harvested and weighed.

Glucose uptake

Glucose uptake was measured with the Glucose Uptake Assay Kit
(Abcam, Cambridge, UK). Cells were seeded in a 96-well plate at a
density of 2,000 cells/well and were starved in 100 mL of serum-free
medium overnight to increase glucose uptake. 2-Deoxyglucose
(2-DG) was added to cells and incubated for 20 min at 37�C. Exoge-
nous 2-DG was removed by washing cells with PBS, and cells were
lysed with extraction buffer. The uptake of 2-DG was measured by
colorimetric assay, following the manufacturer’s guidelines.

Lactate and pyruvate measurement

Lactate and pyruvate levels of cell supernatant were measured with an
L-Lactate Assay Kit (Abcam, Cambridge, UK) and a Pyruvate Assay
Kit (Abcam, Cambridge, UK), respectively, according to themanufac-
turer’s instructions. The final results were normalized by total protein
concentration.

ECAR

The Seahorse XF 24 Extracellular Flux Analyzer (Agilent, Beijing,
China) was used to monitor ECAR of cells. Briefly, cells were seeded
in a XF 24-well plate at a density of 1 � 104 per well and allowed to
attach overnight. After serum starvation for 24 h, ECAR was detected
with a Seahorse XF Glycolysis Stress Test kit (Agilent, Beijing, China)
according to the manufacturer’s instructions. The measurements
were normalized to mitochondrial DNA.
Western blotting

Cells were lysed in radio immunoprecipitation assay buffer
(KeyGen, Nanjing, China) containing protease inhibitor PMSF
(KeyGen, Nanjing, China) and analyzed for total protein concentra-
tion. Western blotting was obtained utilizing 20–40 mg of lysate pro-
tein according to the standard protocol. The following antibodies
were used in this study: GLUT1 (Abcam, ab652, 1:1,000 dilution),
GLUT2 (Abcam, ab54460, 1:1,000 dilution), GLUT3 (Abcam,
ab41525, 1:1,000 dilution), GLUT4 (Abcam, ab654, 1:1,000 dilu-
tion), GLUT5 (Abcam, ab36057, 1:1,000 dilution), HK2 (Cell
Signaling Technology, 2867, 1:1,000 dilution), ALDOC (Abcam,
ab87122, 1:1,000 dilution), ENO1 (Proteintech, 11204-1-AP,
1:1,000 dilution), PKM (Abcam, ab38237, 1:1,000 dilution), LDH
(Cell Signaling Technology, 3582, 1:1,000 dilution), ACTIN
(Abcam, ab15265, 1:1,000 dilution), and E2F1 (Santa Cruz Biotech-
nology, sc-251, 1:1,000 dilution).

Subcellular fractionation analysis

Subcellular isolation of RNA was performed with a PARIS Kit (In-
vitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. The isolated RNA was purified and further analyzed by
qRT-PCR. glyceraldehyde-phosphate dehydrogenase and U6 small
nuclear RNA were used as cytoplasmic and nuclear controls,
respectively.

RIP

RIP assay was carried out with a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Billerica, MA, USA) according
to the manufacturer’s instructions. Cells were lysed in the presence
of protease and RNase inhibitors. Magnetic beads were then pre-incu-
bated with IgG (Santa Cruz Biotechnology, sc-2025) or anti-E2F1
(Santa Cruz Biotechnology, sc-251). The prepared cell lysates under-
went immunoprecipitation at 4�C overnight, and the co-precipitated
RNAs were detected by qRT-PCR.

Biotin-RNA pull-down assay

The mMESSAGE mMACHINE T7 Transcription Kit (Invitrogen,
Carlsbad, CA, USA) was used for translation assays in vitro.
Then, the targeted RNA was biotin-labeled with desthiobiotinyla-
tion using the Pierce RNA 30 End Desthiobiotinylation Kit (Invitro-
gen, California, USA). Cells were collected and lysed by protein lysis
buffer, and streptavidin magnetic beads were used to capture the
biotin-labeled RNA probe. RNA pull-down assays were performed
with the Pierce Magnetic RNA-Protein Pull-Down Kit (Invitrogen,
California, USA) according to the manufacturer’s instructions.
The pull-down extractions were eluted and subjected to western
blotting analysis.

Luciferase reporter assay

GLUT1 promoter sequences (�2,000 bp upstream of start codon)
containing E2F1 putative binding site (WT) and mut site (mut
type) were designed. The target fragments were inserted into firefly
luciferase plasmids by restriction endonuclease digestion using SpeI
and Hind III and ligated with T4 DNA ligase. Overexpression
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constructs (empty vectors, E2F1, or GAS6-AS1) were co-transfected
with WT-GLUT1-luc and mut-GLUT1-luc, respectively, and a
plasmid carrying Renilla luciferase was used as an internal reference.
The cells were harvested to detect luciferase activity with the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, USA)
24 h after transfection. The ratio of firefly luciferase to Renilla activity
was calculated to measure luciferase activity.

ChIP

ChIP was performed with a ChIP assay kit (Beyotime, Shanghai,
China) according to the manufacturer’s protocol. Briefly, A549 cells
were cross-linked in 4% paraformaldehyde, and DNA was sheared
by sonication to yield soluble chromatin. Cell lysates were incubated
with protein A/G beads coated with anti-E2F1 (Santa Cruz Biotech-
nology, sc-251) or anti-mouse IgG (Santa Cruz Biotechnology, sc-
2025). Immunoprecipitation was conducted at 4�C overnight.
Cross-linked DNA was eluted from the protein-DNA complex and
further subjected to qRT-PCR.

Statistical analysis

Statistical analysis was performedwith SPSS 22.0 software andGraph-
Pad Prism 8.0. All values are presented as means ± standard deviation
(SD). Student’s t test was used to determine statistical differences
between two groups. The chi-square test was used to analyze the rela-
tionship between GAS6-AS1 expression and clinicopathological char-
acteristics. All the repetitive experiments were repeated three time-
s,and p < 0.05 was considered statistically significant (*p < 0.05,
**p < 0.01, ***p < 0. 001; n.s., no significance).
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