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Objective: Accumulating literatures suggested that long non-coding RNAs (IncRNAS)
were involved in tumorigenesis and cancer progression in lung adenocarcinoma (LUAD).
However, the precise regulatory mechanism of INcRNA Lung cancer-associated transcript
1 (LUCAT1) in LUAD is not well defined. In this study, we aimed to investigate the biological
function and mechanism of IncRNA LUCAT1 in regulating tumor migration and glycolysis
of LUAD.

Methods: High throughput sequencing was performed to identify differentially expressed
IncRNAs between LUAD patients and healthy controls. The expression levels of LUCATT in
LUAD clinical specimens or cell lines were evaluated by In situ hybridization (ISH) and
quantitative Real-Time Polymerase Chain Reaction (QRT-PCR). Functional experiments,
including wound-healing, transwell invasion assays, glucose absorption, lactate
metabolism and tumor xenograft experiments were conducted to identify the biological
functions of LUCAT1 in LUAD. Silencing of LUCAT1, over-expression of LUCAT1 and miR-
4316 were generated in LUAD cell lines to verify the regulatory mode of LUCAT1-mir-
4316-VEGFA axis.

Results: Our findings revealed that IncRNA LUCAT1 was significantly up-regulated in
LUAD serum exosomes, tumor tissues, and LUAD cells in comparison with corresponding
controls. Receiver operating characteristic curve (ROC) analysis indicated that the area
under the curve (AUC) value of serum exosomal LUCAT1 reached 0.852 in distinguishing
LUAD patients from healthy individuals. High expression of LUCAT1 in LUAD patient
tissues was associated with enhanced Lymph Node Metastasis (LNM), advanced Tumor
Node Metastasis (TNM) stage and poorer clinical outcome in LUAD patients. Knockdown
of LUCAT1 inhibited LUAD cell metastasis and glycolysis in vitro as well as tumor
metastasis in vivo, while overexpression of LUCAT1 induced a promoted LUAD
metastasis and glycolysis. Furthermore, mechanistic investigations revealed that
LUCAT1 elevated LUAD cell metastasis and glycolysis by sponging miR-4316, which
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further led to the upregulation of VEGFA. Finally, the regulatory axis LUCAT1-miR-4316-

VEGFA was verified in LUAD.

Conclusion: Our present research suggested that LUCAT facilitate LUAD cell metastasis
and glycolysis via serving as a competing endogenous RNA to regulate miR-4316/VEGFA
axis, which provided a novel diagnostic marker and therapeutic target for LUAD patients.

Keywords: lung adenocarcinoma, exosomes, IncRNA LUCAT1, mir-4316, metastasis, glycolysis

INTRODUCTION

Lung cancer was the most common cause of cancer-related death in
the world and the 5-year survival rate was about 15% (Torre et al,
2015; Jia et al, 2019). Non-small cell lung carcinoma (NSCLC)
accounts for 85% of all lung cancer cases, approximately half of
NSCLC cases are lung adenocarcinoma (LUAD), which arises from
type Il alveolar cells in the small airway epithelial (Travis et al., 2015;
Denisenko et al., 2018). Metastasis and relapse were two main causes
of death of patients with LUAD (Li et al., 2016). Although there have
been some significant advances in chemotherapy, radiotherapy and
immunotherapy, the 5-year survival rate was still unsatisfactory
(Hirsch et al, 2017). Hence, there was an urgent need to
illustrate the underlying mechanisms of occurrence and
development of LUAD and explore potential diagnostic and
prognostic biomarkers for LUAD.

Long noncoding RNAs (IncRNAs) were a class of special RNA
molecular that are more than 200 nucleotides in length and have
extremely limited capacity of protein-coding (Mercer et al., 2009;
Ponting et al., 2009). As one of typical modes of epigenetic
regulation, IncRNAs were involved in various diseases,
including cancer. Several studies have demonstrated that
IncRNAs played pivotal roles in a variety of biological
processes, such as cellular growth, proliferation, differentiation,
migration, and invasion of cancer cells (Kretz et al., 2013; Zhang
S. et al, 2019; Wang et al, 2019). The underlying regulatory
mechanisms of IncRNAs were diverse, they may participate in the
regulation of protein-DNA and protein-protein interactions, or
directly bind to mircoRNAs and proteins as decoys, and thus
modulate gene expression at transcriptional or post-
transcriptional level (Tian et al, 2020). As competitive
endogenous RNAs (ceRNAs), IncRNAs played vital roles in
the IncRNA-microRNA-mRNA regulatory network of gene
expression (Salmena et al, 2011). In addition, previous studies
have shown that some aberrantly expressed IncRNAs were
associated with occurrence and development of malignant
tumors via regulation of glycolysis, including colorectal cancer,
liver cancer, pancreatic cancer, etc. For example, LncRNA HULC
directly binds to two glycolytic enzymes, LDHA, and PKM2,
leading to elevated phosphorylation of these two enzymes and
consequently speeding up glycolysis in liver cancer (Wang et al.,
2020). In pancreatic cancer, LINC00261 promotes c-myc-
mediated aerobic glycolysis by activating miR-222-3p/HIPK2/
ERK axis and sequestering IGF2BP1, suggesting an essential role
of IncRNAs in cell glycolysis (Zhai et al., 2021). Unlike normal
cells, cancer cells have a special phonotype of glucose metabolism.
Although there was plenty of oxygen, cancer cells tended to

produce energy by glycolysis in the cytosol with production of
lactic acid, which termed as “aerobic glycolysis” (Helmlinger
et al, 2002; Elf and Chen, 2014). Aerobic glycolysis can
rapidly provide energy for cancer cells to proliferate and
survive. However, there are still a lot of gaps need to explore
about IncRNAs which mediated aerobic glycolysis involved in the
occurrence and development of LUAD.

Lung cancer-associated transcript 1 (LUCAT1), also identified
as smoke and cancer associated IncRNA1 (SCAL1), was a novel
IncRNA which first discovered in smoking-related lung cancer
(Zhang L. et al., 2019; Liu et al., 2020). Compared with normal
tissues, LUCAT1 was highly upregulated in NSCLC tissues.
Usually, USCLC patients with higher LUCAT1 level tend to
have poorer prognosis (Zheng A. et al, 2019). Evidence has
shown that LUCAT1 could participate in proliferation, migration
and invasion of esophageal squamous cell carcinoma (Yoon et al.,
2018), ovarian cancer (Yu et al., 2018), prostate cancer (Liu et al.,
2020), et al. Nevertheless, whether LUCAT1 influences metastasis
and glycolysis in LUAD, and if yes, what is the regulatory
mechanism, remains to be further explored. VEGF-A was the
most potent pro-angiogenic factor that directly induced
endothelial cell proliferation, migration and promotes tumor
growth (Claesson-Welsh and Welsh, 2013). It has been
reported that miR-4316 inhibits gastric cancer proliferation
and migration via directly targeting VEGF-A. However, it is
unclear whether miR-4316 regulate the metastasis of LUAD
through VEGF-A (Krawczyk et al., 2017).

In this study, we verified that LUCAT1 was significantly
upregulated in LUAD, and enhanced LUCAT1 promoted
migration and invasion both in vitro and in vivo. In addition,
LUCAT1 accelerated aerobic glycolysis. Mechanistically,
LUCATI acted as miRNA sponge to absorb miR-4316, and
thus releasing VEGFA. Therefore, the uncovering of LUCAT1/
miR-4316/VEGFA axis in LUAD may provide theoretical
support for finding novel diagnostic biomarkers and
therapeutic targets of LUAD patients.

RESULTS

Lung Cancer-Associated Transcript 1 Was
Upregulated in Lung Adenocarcinoma
Serum Exosomal Samples and May Serve

as a Biomarker
Exosomal samples isolated from LUAD patients and healthy
controls were validated by performing Transmission electron
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FIGURE 1 | Tumor-originated exosomal LUCAT1 as a circulating biomarker for LUAD. (A) Transmission electron microscopy images of exosomes. Scale bar:
100 nm. (B) Western blot images of exosomal markers (TSG101, CD63, CD9). (C) Size distribution and concentration of serum exosomes. Heatmap (D), volcano plot
(E) and scatter plot (F) showed the differentially expressed serum exosomal IncRNAs from the high-throughput sequencing analysis. (G) Comparison of serum exosomal
LUCAT1 expression between LUAD patients and healthy controls detected by gRT-PCR. (H) ROC curves for the determination of the diagnostic performance of
serum exosomal LUCAT1. (I) Comparison of the expression level of LUCAT1 before and after RNase A treatment. p values were calculated using two-sided paired t-test
(*p < 0.05; *p < 0.01; **p < 0.001).

microscopy (TEM), western blotting (WB) and nanoparticle
tracking analysis (NTA). As shown, these vesicles showed
typical oval-shaped extracellular vesicles with diameters of
50-150 nm by TEM (Figure 1A). WB demonstrated that the
concentrations of the exosome surface protein markers, TSG101,
CD63, and CD9, were enriched in serum exosomes but not in
exosome-depleted supernatants (EDS) (Figure 1B). NTA showed
that the diameters of most serum exosomes were mainly 91.6 nm
(Figure 1C). All these results suggested that we successfully

purified exosomes from the serum, which laid a foundation
for further analysis.

High throughput sequencing was performed using 50 LUAD
serum exosomal samples and 50 healthy controls (the 50 LUAD
and 50 healthy samples were grouped and mixed into 5 repeats,
respectively). The results showed that a total of 722 differentially
expressed IncRNAs between the two groups were identified
according to our screening disciplines, including 14 up-
regulated and 708 down-regulated IncRNAs. Cluster analysis
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FIGURE 2 | LUCAT1 was upregulated in LUAD tissues, and its overexpression correlates with poor outcome of LUAD. (A) Relative expression of LUCATT in LUAD
compared with normal tissues was analysed by using TCGA datasets. (B) Relative expression level of LUCAT1 in LUAD with lymph node metastasis and non-lymph
node metastasis. (C) Expression level of LUCAT1 in early-stage LUAD patients (stage I) with advanced-stage LUAD patients (stage II/1Il/IV). (D,E) ISH analysis of LUCAT1
expression in LUAD tissues (n = 98) and normal tissues (n = 82), Scale bar: 300 um. (F) Kaplan-Meier analysis for overall survival of LUAD patients with low and high
LUCAT1 expression (o = 0.0016). (G) gRT-PCR was performed to detect the expression of LUCAT1 in normal lung epithelial cells and LUAD cells. A two-tailed student’s
t-test was used to analyse the comparison between the two groups (*p < 0.05; **p < 0.01; **p < 0.001).

heat map, scatter plot, and volcano plot were shown to present the
distinguishable IncRNAs expression profiles (Figures 1D-F).
Since up-regulated IncRNAs have greater potential to be used
as early diagnostic markers or therapeutic targets, we focused on 7
most upregulated IncRNAs, including ENST00000417930,
ENST00000578785, TCONS_I2_00006336, uc010jub.1,
ENST00000569809, ENST00000430694, and
ENST00000513626, among which, only ENST00000417930,
uc010jub.1 and ENST00000513626 were successfully designed
with specific primers. To confirm the High throughput

sequencing results, expression levels of three serum exosomal
IncRNAs were measured in 84 LUAD patients and 110 healthy
controls through qRT-PCR, the results showed that only
ENST00000513626 (LUCAT1) was significantly up-regulated
in LUAD patients (Figure 1G), while the other two genes
were not detectable due to low expression concentrations. The
potential diagnostic value of serum exosomal LUCAT1 was
evaluated through Receiver operating characteristic curve
(ROC) analysis. As expected, the area under the ROC curve
(AUC) of serum exosomal LUCATI for LUAD diagnosis was
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0.852 (95% CI = 0.794-0.898), with a diagnostic sensitivity and
specificity reaching 85.45 and 77.38%, respectively (Figure 1H).
These data suggested that LUCAT1 was a promising biomarker
for the diagnosis of LUAD and may play an important role in
LUAD progression.

VEGF-A was the most potent pro-angiogenic factor that
directly induced endothelial cell proliferation, migration and
promotes tumor growth. It has been reported that miR-4316
inhibits gastric cancer proliferation and migration via directly
targeting VEGF-A. However, it is unclear whether miR-4316
regulate the metastasis of LUAD through VEGF-A.

The instability of majority of the IncRNAs in serum remains a
significant limitation for clinical application. Serum exosomes
samples were incubated with RNase A for 0, 30, and 60 min, and
then exosomal LUCAT1 expression was measured. Interestingly,
the expression levels of exosomal LUCAT1 remained unchanged
upon RNase A treatment (Figure 1I), which fully proved its
sufficient suitability as tumor markers for LUAD diagnosis.

Lung Cancer-Associated Transcript 1 Was
Significantly Up-Regulated in Lung
Adenocarcinoma Tissues and Cell Lines
We also analyzed the expression data of LUCAT1 in 535 LUAD
tissues and 59 normal tissues from The Cancer Genome Atlas
(TCGA) database. LUCAT1 was significantly up-regulated in
LUAD tumors than in non-tumor tissues (Figure 2A). Analyzing
of clinical data revealed that LUCAT1 expression level was
positively correlated with higher rates of Lymph Node
Metastasis (LNM) (Figure 2B) and advanced Tumor Node
Metastasis (TNM) stage (Figure 2C).

To further test whether expression level of LUCAT1 correlated
with the outcomes of LUAD patients, the expression level of
LUCATI1 was detected in 98 LUAD patients with different
clinicopathological features and 82 paired normal tissues using
In situ Hybridization (ISH). Consistent with TCGA results,
LUCAT1 expression level was higher in LUAD tissues
compared with normal tissues (Figures 2D,E). Kaplan-Meier
survival analysis revealed that patients with high LUCATI1
expression had a markedly lower overall survival compared to
those with low LUCAT1 expression (Figure 2F).

To understand the role of LUCAT1 in LUAD cells, the
expression of LUCAT1 was detected in normal lung epithelial
cells (BEAS-2B) and LUAD cells (NCI-H1299 and A549) by
qRT-PCR analysis. As shown in Figure 2G, LUCATI1
expression in NCI-H1299 and A549 cells was much higher
than that in BEAS-2B cells. Taken together, all these results
indicated that LUCAT1 was significantly overexpressed in
LUAD and might be a potential biomarker for predicting
prognosis in LUAD patients.

Lung Cancer-Associated Transcript 1 Was
Required for Efficient Metastasis of Lung

Adenocarcinoma in vitro
In order to better investigate the biological functions of
LUCATI in the tumorigenesis and development of LUAD,

LUCAT1 Promotes LUAD Progression

loss- and gain-of function experiments were conducted in
NCI-H1299 and A549 cells. Specific siRNAs were used to
knock down LUCAT1 expression, the knockdown efficiency
of LUCAT]I in two LUAD cell lines were verified by qRT-PCR
(Figure 3A). As shown, LUCATI knockdown strikingly
attenuated the invasive abilities of NCI-H1299 and A549
cells (Figure 3B). Similarly, the migration capability of
NCI-H1299 and A549 cells in wound healing assays was
significantly decreased after the silence of LUCATI1
(Figure 3C). Subsequently, NCI-H1299 and A549 cells were
transfected with the overexpression lentiviral vector
(pcDNA3.1- LUCAT1) (Figure 3D). The adverse results
were obtained, that is, overexpressed LUCATI1 strikingly
enhanced the invasive abilities of two LUAD cells
(Figure 3E). Additionally, wound healing assay showed that
LUCAT1 overexpression significantly promoted the migratory
ability of NCI-H1299 and A549 cells (Figure 3F).

Also, WB analysis revealed that LUCAT1 silencing could
induce a significant elevation in epithelial maker E-cadherin
expression, and a decreased expression of mesenchymal
makers, including N-cadherin, P-catenin, and vimentin
(Figure 3G). Conversely, LUCAT1 overexpression significantly
increased mesenchymal makers N-cadherin, P-catenin, and
vimentin expression, and decreased the expression of epithelial
protein E-cadherin (Figure 3H).

Lung Cancer-Associated Transcript 1
Knockdown Repressed Lung

Adenocarcinoma Cell Metastasis in vivo

To further investigate the biological function of LUCAT1, we
established in vivo xenograft nude mouse model of LUAD
metastasis via a tail vin injection method. Short hairpin RNA
(shRNA) was utilized to stably silence LUCAT1 expression in
NCI-H1299 cell lines (Figure 4A). In line with the in vitro
data, the numbers of metastatic nodules in the lungs were
significantly decreased in nude mouse injected with NCI-
H1299 sh-LUCATT1 cells compared those injected with NCI-
H1299 sh-NC cells (Figure 4B). Metastatic nodules were
dissected out for haematoxylin and eosin (HE) analysis and
further confirmed the metastasis nodules (Figure 4C).
Immunohistochemistry (IHC) was performed to quantity
the expression of biomarkers of metastasis in mouse model.
Consistent with our observations in vitro, silencing of
LUCATI significantly enhanced E-cadherin expression and
attenuated the expression of N-Cadherin in xenografts,
suggesting that silencing of LUCATI1 inhibited lung
metastasis (Figure 4D). And the expression levels of
LUCAT1/miR-4316/VEGF-A axis in metastatic LUAD in
mouse model were also investigated via qRT-PCR. As
expected, metastatic nodes formed from NCI-H1299 sh-
LUCATI1 cells exhibited decreased LUCAT1 expression,
while the expression of miR-4316 were upregulated along
with lung metastasis. Similarly, a significant difference was
also observed in the expression of VEGFA between NCI-
H1299 sh-LUCAT1 and sh-NC groups in metastatic
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nodules (Figure 4E). These data showed that LUCATI1
silencing inhibited tumor metastasis in vivo.

Lung Cancer-Associated Transcript 1
Bound Directly to miR-4316 and Negatively

Regulated the Expression of miR-4316

To explore whether LUCAT1 promotes LUAD metastasis via the
competing endogenous RNAs (ceRNAs) mechanism. RNA
fluorescence in situ hybridization (FISH) assay was performed
using an LUCAT1 special probe, and the results revealed that
LUCATI was mainly localized in the cytoplasm of NCI-H1299
and A549 cells (Figure 5A).

The putative candidate miRNAs binding to LUCAT1 were
predicted using the bioinformatics tool miRDB (http://mirdb.
org/), and miR-4316 was predicted to interact with LUCATI.
Then, we constructed a reporter vector in which the putative
miR-4316-3p-binding site in the LUCAT1 sequence was
mutated by base mutations, followed by co-transfection
with control miRNA and miR-4316 mimics into
HEK293T cells (Figure 5B). As expected, dual-luciferase
reporter assay revealed that miR-4316 mimic reduced
luciferase activities with the LUCAT1-WT expression
vector, but not the LUCAT1-MUT, which suggested that
miR-4316 could directly bind to LUCAT1 (Figure 5C).
Besides, the regulation of miR-4316 by LUCAT1 in NCI-
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FIGURE 5 | LUCAT1 binds directly to miR-4316 and negatively regulates the expression of miR-4316. (A) Subcellular localization of LUCAT1 by RNA FISH. Red
fluorescent probe: LUCAT1 and 18s (Cy3 labelled probes); blue fluorescent probe: DAPI. 18s served as a positive control. Scale bar: 100 um. (B) Schematic diagram of
the potential binding sites between LUCAT1 and miR-4316. (C) The Iuciferase activity was tested after co-transfection with wild type (WT)/mutant 3'UTR of LUCAT1 and
miR-4316 mimics for 48 h. (D) Relative expression of miR-4316 in LUAD cells transfected with si-LUCAT, pcDNAS.1- LUCAT1 or control. (E) gRT-PCR was
performed to detect the expression of miR-4316 in LUAD cells after transfection of miR-4316 mimics, or control. (F,G) Migration and invasion ability of LUAD cells co-
transfected with negative control mimics, miR-4316 mimics, or/and overexpression plasmid (pcDNA3.1- LUCAT1) were determined by transwell and wound healing
assays. p-values were calculated using two-tailed student’s t-test (p < 0.05; **p < 0.01; **p < 0.001).
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FIGURE 6 | LUCAT1 promotes migration and invasion of LUAD cells via LUCAT1/miR-4316/VEGFA axis. (A) Schematic representation of WT- and Mut-VEGFA
sequences. Red fonts represented the mutant bases. (B) The Iuciferase reporter plasmid containing WT- and Mut-VEGFA was co-transfected into HEK293T cells with
miR-4316 or corresponding control. (C) VEGFA expression level in LUAD tissues (n = 535) and normal tissues (n = 59) analysed using the TCGA database. (D)
Relationship between LUCAT1 and VEGFA was measured using the TCGA database. (E) VEGFA expression was measured in normal lung epithelial cell line
(BEAS-2B) and established LUAD cell lines (NCI-H1299 and A549) using gRT-PCR. (F) gRT-PCR was performed to detect the expression of VEGFA in LUAD cells after
transfection of miR-4316 mimics, or control. (G) Relative expression of VEGFA in LUAD cells transfected with si-LUCAT, pcDNA3.1- LUCAT1 or control. (H,l) Migration
and invasion ability of LUAD cells after co-transfection with negative control SIRNA, si-VEGFA, or/and overexpression plasmid (pcDNA3.1- LUCAT1) were determined by
transwell and wound healing assays. p-values were determined by two-tailed student’s t-test or one-way ANOVA (*p < 0.05; **p < 0.01; **p < 0.001).
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H1299 and A549 cells were analyzed, and the results showed
that knockdown of LUCATI significantly promoted the
expression of miR-4316. In contrast, the levels of miR-4316
were significantly reduced by LUCAT1 overexpression
(Figure 5D). These findings indicated that LUCATI1
targeted directly miR-4316 and negatively regulated its
expression.

In vitro rescue assays were performed to identify the biological
function of LUCAT1/miR-4316 regulatory axis. NCI-H1299 and
A549 cells were co-transfected with pcDNA3.1-LUCAT1 and
miR-4316 mimics, the transfection efficiency of miR-4316
mimics were determined by qRT-PCR analysis (Figure 5E).
The results of the transwell invasion assays showed that
overexpression of miR-4316 significantly inhibited cell
invasion, and rescued the increased cell invasive capability
caused by LUCATI1 overexpression in NCI-H1299 and A549
cells (Figure 5F). Meanwhile, wound healing assays showed the
consistent results (Figure 5G), indicating that LUCATI
attenuating LUAD cells invasion and migration by serving as
miR-4316 sponge.

VEGFA Was a Direct Target of miR-4316 and
Regulated by Lung Cancer-Associated

Transcript 1

MiRNAs have been reported to exert their multiple biological
functions mainly through degrading their downstream mRNA.
By searching with the online prediction software Target Scan
(http://www.targetscan.org/vert_72/), we identified that
VEGFA was a potential target of miR-4316. Also, dual-
luciferase reporter assay was performed by generating wild-
type or WT sequence of VEGFA (Figure 6A). The results
showed a significant reduction in luciferase activities after co-
transfection of miR-4316 mimic and VEGFA-WT, which
provided evidence that miR-4316 could directly bind to
VEGFA (Figure 6B).

VEGFA has been proved to promote the metastasis of various
types of solid cancers, including LUAD. We then analyzed the
TCGA data, and found that VEGFA was upregulated in LUAD
tissues compared with normal tissues (Figure 6C). Besides, the
expression level of LUCAT1 was positively correlated with the
expression level of VEGFA in 535 LUAD samples and 59 normal
tissues (Figure 6D). Similarly, a higher expression of VEGFA was
also observed in our LUAD cell lines (NCI-H1299 and A549)
compared with the immortalized lung epithelial cell line BEAS-2B
(Figure 6E).

To determine whether VEGFA was regulated by miR-4316 in
LUAD cells, mRNA of VEGFA were measured when miR-4316
was overexpressed in NCI-H1299 and A549 cells. The results
indicated that VEGFA were significantly decreased by miR-4316
mimics (Figure 6F). Then, expression levels of VEGFA were also
measured when LUCAT1 was overexpressed or knocked down to
identify the ceRNA network between LUCAT1 and VEGFA.
Results showed that transfection of si-LUCAT1 into NCI-
H1299 and A549 cells decreased the mRNA levels of VEGFA
via releasing miR-4316, and the opposite results were observed
when LUCAT1 was upregulated (Figure 6G).

LUCAT1 Promotes LUAD Progression

Lung Cancer-Associated Transcript 1/
miR-4316/VEGF-A Axis Was Involved in

Lung Adenocarcinoma Progression

To identify the effect of LUCAT1/miR-4316/VEGEF-A axis on the
biological function in LUAD cells, rescue assays were performed.
We examined cells co-transfected with pcDNA3.1- LUCAT1 and
si-VEGFA, and found that the enhanced invasion capabilities
induced by LUCAT1 overexpression were partially reversed by
co-transfection with si-VEGFA in NCI-H1299 and A549 cells
(Figure 6H). Wound healing assays showed that si-VEGFA also
partially reversed the enhanced migration capability induced by
LUCAT]I overexpression (Figure 6I). These results suggested that
LUCAT]I upregulated VEGFA expression by acting as miR-4316
sponge, thereby attenuating invasion and migration of
LUAD cells.

Lung Cancer-Associated Transcript 1
Regulated Lung Adenocarcinoma Cell
Glycolysis via miR-4316/VEGF-A Axis

Cancer cells frequently alter their metabolic pathways to adapt to
environmental challenges or facilitate tumor proliferation,
metastasis (Feng et al, 2020; Yang et al, 2020). Recently,
growing evidence have provided for cancer cells’ dependent on
glycolysis for energy production (Vander Heiden et al., 2009). It
was reported that LUCAT1 was upregulated under high-glucose
conditions, and knockdown of LUCAT1 inhibited the EMT in
HG-treated HK-2 cells (Zhang et al., 2020), however, whether
LUCAT1I participate in glycolysis of LUAD cells needs to be
confirmed.

We first set out to evaluate the potential influence of high
glucose on invasion and migration in LUAD cells. Capabilities of
cell's invasion and migration were determined under normal
culture conditions or with high concentration of glucose (Normal
glucose: 5.5 mM glucose, High glucose: 33 mM glucose). Our data
clearly showed that high glucose culture significantly promoted
invasion and migration of A549 cells, in comparison with the
normal culture medium (Figures 7A,B). However, when treating
with 2-deoxyglucose (2-DG, 0.5 mM), an inhibitor of glucose
metabolism and inhibits glycolysis by acting on hexokinase, we
found that the high glucose-induced invasion and migration
could be effectively reversed (Figures 7A,B).

We also detected metabolic activities and found that silencing
LUCATI expression in LUAD cells significantly suppressed the
expression of metabolic enzymes and transporters, including
LDH, GLUT1, GLUT3 (Figure 7C). Conversely, LUCAT1
overexpression promoted their expressions in A549 cells
(Figure 7D). To further determine whether LUCAT1 was
associated with the glucose metabolic changes in A549 cells,
glucose consumption and metabolites were analyzed. As
shown in Figures 7E,F, knockdown of LUCATI led to a
significant decrease in glucose consumptions and lactate
productions in A549 cells. In contrast, overexpression of
LUCATI produced the opposite effects on them in A549 cells.
In addition, LUCAT1 overexpression could promote the glucose
consumption and lactate productions of A549 cells, while
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FIGURE 7 | LUCAT1 promotes glycolysis in LUAD cells through the LUCAT1/miR-4316/VEGFA axis. (A,B) Migration and invasion ability of LUAD cells were
analyzed under normal culture conditions with high concentration of glucose; glycolysis inhibitor 2-DG abolished the ability of the migration and invasion ability of LUAD
cells. (C,D) gRT-PCR was performed to detect the expression of Glycolysis-related enzyme markers in A549 cells after transfected with si-LUCAT1, pcDNA3.1-
LUCATT1 or corresponding negative control. (E,F) Lactate production and glucose consumption level were measured after transfected with si-LUCAT1, pcDNA3.1-
LUCATT1 or corresponding negative control. (G,H) Lactate production and glucose consumption level were measured after co-transfection with negative control mimics,
miR-4316 mimics, or/and overexpression plasmid (0cDNAS.1- LUCAT1), using reagent kit according to the instruction of the manufacturers, respectively. (l,J) Lactate
production and glucose consumption level were measured after co-transfection with negative control siRNA, si-LUCAT1, or/and overexpression plasmid (pcDNA3.1-
LUCAT1), using reagent kit according to the instruction of the manufacturers, respectively. p-values were calculated by two-tailed student’s t-test or one-way ANOVA
(*p < 0.05; **p < 0.01; **p < 0.001).
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treatment with miR-4316 mimics partially reversed the
phenotypes caused by LUCAT1 overexpression (Figures 7G,I).
It was consistent with our suspect that knockdown of VEGFA
partially reversed the increased glucose consumption and lactate
productions induced by LUCAT1 overexpression in A549 cells
(Figures 7H,]). These results suggested that LUCAT1 promoted
glycolysis of LUAD cells via the upregulation of VEGFA by acting
as miR-4316 sponge.

DISCUSSION

Multiple factors were involved in tumorigenesis, and extensive
efforts have been devoted to investigating the molecular and
cellular mechanisms of LUAD progression, but potential
molecular targets for effective antimetastatic therapies remain
to be elucidated. Accumulating evidence suggested that IncRNAs
were recognized as important regulators of gene expression
involved in malignant processes, or directly participated in
cancer initiation and progression. LUCAT1 was first known to
render lung cancer and associated with poor survival outcomes of
patients with smoking-related non-small cell lung cancer (Sun
et al, 2017). Further evidence confirmed that LUCATI1
participated in the regulation of multiple processes of tumor
occurrence and development (Shen et al., 2020; Wu et al., 2020;
Xing et al., 2021), while the detailed role of LUCAT1 in LUAD
metastasis and glycolysis was not well known. Our study clarified
the specific mechanism of the promotion of LUAD metastasis
and glycolysis by IncRNA LUCAT1 through positively regulating
VEGFA and sponging miR-4316, which help provide a better
understanding of IncRNA-regulated glycolysis, metastasis and
LUAD progression.

With the characteristics of noninvasiveness and stable in
various body fluids, such as plasma and serum, IncRNA could
be utilized as a promising and sensitive biomarker for cancer
diagnosis and prognosis (Huarte, 2015; Huang et al., 2020).
Evidence has revealed that exosomes provided a relatively
stable environment for its contents, and exosomal IncRNAs
had advantages of becoming non-invasive biomarkers to
distinguish ~ tumor  patients and healthy individuals
(Mohankumar and Patel, 2016; Liu et al., 2021). In our study,
we demonstrated that serum exosomal LUCAT1 was highly
expressed in LUAD patients compared with healthy controls
based on our high-throughput sequencing and series of
validation. ROC analysis further confirmed that serum
exosomal LUCAT1 had prominent value in LUCATI
diagnosis as a blood-based biomarker.

To address the significance of LUCAT1 in pathogenesis of
LUAD, we demonstrated that the levels of LUCAT1 were
significantly elevated in the tissues of LUAD patients in
contrast to adjacent normal tissues. High expression of
LUCATI1 was positively correlated with TNM stage, lymph
node metastasis and unfavorable prognosis in patients with
LUAD. Since whether LUCATI1 was associated with the
metastasis and glycolysis of LUAD cells remains unknown, we
mainly explored the functions of LUCAT1 in these two aspects in
the following research. In our study, LUCAT1 knockdown can

LUCAT1 Promotes LUAD Progression

hinder the invasion and migration activity of LUAD cells in vitro
and inhibit tumor metastasis in vivo. All these findings elucidated
the oncogenic function of LUCAT1 in LUAD.

Previous studies indicated that IncRNAs located in cytoplasm
could function as ceRNA via competitively binding to miRNAs,
thereby positively regulating the downstream target mRNAs
(Hirata et al., 2015; Zhu et al, 2020). You and colleagues
reported that oncogenic Linc00284 markedly attenuated the
expression level of c-Met by binding miR-27a, thereby
promoting colorectal cancer cell proliferation and invasion
(You et al,, 2021). Zheng et al. found that LncRNA FAM225A
affected the expression of ITGB3 by disrupting the binding sites
for miR-590-3p/miR-1275, thereby contributing to the
tumorigenesis and progression of nocardia gastric cancer
(Zheng Z.-Q. et al, 2019). After having validated the
subcellular location of LUCATI, we verified miR-4316 as
potential target of LUCATI1. Meanwhile, luciferase reporter
also verified the endogenous interaction between LUCATI and
miR-4316. Previous studies have shown that miR-4316 might
serve as a tumor suppressor and was downregulated in a variety of
cancers, including gastric cancer, hepatocellular carcinoma, and
bladder cancer (Wang et al,, 2018; Changyong et al, 2019).
However, the role of miR-4316 in LUAD still unclear. Here, a
negative correlation between the expression of LUCAT1 and
miR-4316 was observed in LUAD cells. LUCAT1 acting as a
miR-4316 sponge to promote LUAD cells proliferation and
invasion. The classic mechanism for miRNA was modulate
target genes by binding on its complementary binding sites of
mRNA 3'-UTR, inhibiting target mRNA translating or
promoting mRNA degradation. In this study, we confirmed
that VEGFA may serve as a functional target of miR-4316,
which has been proved to have inhibitory effects on
proliferation and migration (Mousa et al., 2020). Therefore, we
suspected that VEGFA is one of the miR-4316 target genes in
LUAD cells.

It is shown that VEGFA, as an oncogene, was upregulated in a
variety of cancers, including LUAD, and promotes the initiation,
development, and poor prognosis of cancer (Liu et al., 2017; Liang
et al., 2019; Zhao et al., 2019; Zou et al., 2020). Consistent with these
findings, our study demonstrated that VEGFA was increased in
LUAD tissues and cell lines, and the interaction between miR-4316
and the 3'UTR of VEGFA mRNA was then validated. Meanwhile,
Pearson analysis showed that there was a negative correlation
between the expression of miR-4316 and LUCATI in LUAD
tissue samples. In addition, VEGFA was suppressed by miR-4316
and increased upon LUCAT1 overexpression. Importantly, the co-
transfection experiments proved that changes in the levels of
LUCATI, miR-4316 and VEGFA are related to the migration
and invasion of LUAD cells, implying that LUCAT1/miR-4316/
VEGFA axis participated in LUAD progression. Based on these
findings, we concluded that a comprehensive analysis of expression
levels of LUCAT1, miR-4316 and VEGFA may help us identify
patients at high risk of poor prognosis, and providing useful
information of clinical management for them. However, given
the complexity of tumor microenvironment, there exist other
mechanisms involved in progress of LUAD, which required
further investigation.
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Even though growing evidence have shown that glycolysis plays
an important role in the growth and metastasis of multiple solid
cancers (Hu et al,, 2019; Yang et al,, 2020), the complex regulatory
mechanisms of LUAD glycolysis remain elusive. This study proved
that high glucose conditions could enhance the ability of migration
and invasion in LUAC cells. Lin and colleagues found that LUCAT1
was upregulated under high-glucose conditions, and knockdown of
LUCAT1 inhibited the EMT in HG-treated HK-2 cells (Zhang et al.,,
2020). Therefore, we assumed that LUCAT1 might regulate
migration and invasion of LUAD cells by participating in the
process of glucose metabolism. Interestingly, we provided
evidence that overexpression of LUCAT promoted the glucose
consumption and lactate production, and rescue experiments
indicated that the enhanced glucose consumption and lactate
productions could be reversed by miR-4316 mimics or si-
VEGFA. Taken together, our results suggested that LUCAT1 may
promote glycolysis of LUAD cells by acting as a ceRNA to sponge
miR-4316 and upregulate VEGFA.

Although we have demonstrated that VEGFA silencing could
attenuate migration, invasion, glucose consumption and lactate
production of cancer cells, a study limitation should be taken into
consideration. Since the role of VEGFA in lung cancer was
complicated, more independent experimental evidence was
needed to support the hypothesizes about how VEGFA
regulates metastasis and glucose metabolism. Therefore, more
comprehensive studies about the molecular mechanism of
VEGFA activating downstream pathway by direct or indirect
ways will remain to be conducted in the future.

In summary, our study demonstrated that LUCAT1 was
dysregulated in human LUAD serum exosomes and may serve
as a potential biomarker in the diagnosis of LUAD. We also
identified a novel regulatory mechanism that LUCAT1 could
directly interact with miR-4316 in LUAD cells, resulting in
increasing VEGFA to promote LUAD cells metastasis and
glucose metabolism. These observations complemented the
known mechanisms of LUCAT1 in LUAD and indicated a
potential target for development of effective therapeutic
strategies in LUAD patients.

MATERIALS AND METHODS

Patients and Specimens
A total of 160 LUAD serum samples and 134 healthy serum samples
were collected from The Second Hospital of Shandong University
between February 2018 and October 2020. All enrolled patients met
the following inclusion criteria: primary LUAD was confirmed by
histopathology and showed no evidence of other neoplastic diseases
in other organs, serum samples were collected before any antitumor
therapies, such as surgery, chemotherapy or radiotherapy. The
serum samples of controls were prepared from age-matched
healthy volunteers. Clinical features of LUAD patients and
healthy controls were described in Supplementary Table S1. The
tumor stage and grade complied with the 8th Union of International
Control of Cancer (UICC) classification.

Fifty LUAD serum samples were randomly selected, mix them
thoroughly and divide them into five parts, each of which was
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regarded as an independent sequencing sample, serum samples of
healthy people were also processed in the same way. The
remaining samples (including 110 LUAD patients and 84
healthy controls) were selected to verify the expression of
LUCATTI in serum exosomes.

All experiments involved in this study were performed in
accordance with relative regulations and manners. All
participants have written informed consent and this study was
approved by the Clinical Research Ethics Committee of The
Second Hospital, Cheeloo College of Medicine, Shandong
University [Approval number: KYLL-2019(LW)042].

Exosome Purification and Identification
Serum isolated from coagulation promoting vacuum tubes within
2 h was immediately transferred to a 1.5 ml Eppendorf tube and
immediately centrifuged at 1500 g for 5 min and then 13800 g for
5min at 4°C to eliminate cell sediments. ExoQuick™ solution
(EXOQS5A-1; SBI System Biosciences, United States) was mixed
evenly with supernatant according to the manufacturer’s
instructions. Subsequently, incubate at 4°C for 30 min,
followed by centrifuged twice at 4°C (1500g, 30 min and
1500 g, 5 min), supernatants were discarded, and the exosome
pellets were resuspended in 250 pL PBS and stored at —80°C for
further analysis.

The morphology of isolated exosomes was imaged using the
transmission electron microscopy (TEM; G2 spititi FEL; Tecnai).
And the size distribution and concentration of exosomes were
quantified by ZETASIZER Nano series-Nano-ZS instrument
(Malvern, United Kingdom). Total exosome protein was
extracted with RIPA extraction reagent (Thermo Fisher,
United States) according to manufacturer’s instructions.
Western blotting analysis (WB) were performed to detect the
exosomal surface markers: CD9, CD63, and TSG101.

wB

Proteins from cell lysates were extracted with RIPA buffer
(Sigma-Aldrich) according to manufacturer’s instructions,
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to Immobilon-P PVDF
membrane (Millipore, United States). After being blocked with
5% non-fat milk in TBS-Tween, membranes were incubated with
primary specific antibodies and horseradish peroxidase-
conjugated secondary antibodies sequentially. Immunoreactive
bands were detected using the Clarity Western ECL kit (Bio-Rad)
and quantified using Image Lab (Bio-Rad, Hercules, CA,
United States). All antibodies used in this study were shown
in Supplementary Table S2.

High Throughput Sequencing

High throughput sequencing service was provided by CloudSeq
Biotech (Shanghai, China) and original datasheets could be
obtained through access to GEO repository (GSE191209).
Briefly, rRNAs were removed from total RNA using Ribo-Zero
rRNA Removal Kits (Illumina, United States) according to the
manufacturer’s instructions. Subsequently, rRNA-depleted RNAs
were used to constructed RNA libraries with TruSeq Stranded
Total RNA Library Prep Kit (Illumina, United States).
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BioAnalyzer 2100 system (Agilent Technologies, United States)
was performed to control the quality and quantified. Libraries
mentioned above were denatured as single-stranded DNA
molecules, after captured on Illumina flow cells, amplified as
clusters, and finally sequenced on Illumina HiSeq Sequencer for
150 cycles. The differentially expressed RNAs were selected with
log, (fold change) > 1 or log, (fold change) <—1 and with
statistical significance (p value <0.05) by R package-Deseq?.

RNA Extraction and Quantitative Real-Time

Polymerase Chain Reaction Analysis

Total exosomal RNA was extracted from miRNeasyMicro Kit
(Qiagen) according to the manufacturer’s instructions.
Concentration and integrity of exosomal RNA were measured
by NanoDrop spectrophotometer (Thermo Fisher Scientific).
Purified RNA was reversely transcribed into cDNA using the
PrimeScriptTM RT reagent kit (Takara, Dalian, Liaoning, China)
according to manufacturer’s instructions.

The expression of IncRNA/mRNA was detected by CFX96™
Real-Time System (Bio-Rad Laboratories, Hercules, CA,
United States) using Power SYBR Green (Takara, Dalian, China)
and GAPDH was selected as the housekeeping gene. The expression
of miRNA was measured using primer of miR-4316 and U6 was
used as an internal control. All the primer sequences were available
in Supplementary Table S3. The relative expressions of IncRNA/
mRNA/miRNA were calculated using the 27**" method.

in situ Hybridization

The expression level of LUCATT in tissues was detected by ISH using a
specific digoxigenin-labeled LUCAT1 probe on TMAs, which
contained 98 LUAD samples and 82 paired adjacent normal
samples. All detailed clinical information (including age, gender,
tumor-node-metastasis stage) of these LUAD patients were
obtained from Qutdo Biotech (Shanghai, China), and shown in
Supplementary Table S$4. Further, the quantitative scanning
approach was taken to analyse the staining and expression of
LUCAT1 using a Nikon microscope. The results of ISH were
calculated by multiplying the value of positive staining intensity by
the proportion of positively stained cells. In our study, ISH score of <1.0
was regarded as LUCAT1 low-expression group, while >1.0 indicated
LUCAT1 high-expression. All these experiments were approved by the
ethics committee of Shanghai Outdo Biotech Company.

Cell Lines

Immortalized lung epithelial cell line BEAS-2B and LUAD cell lines
(A549, NCI-H1299) were obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). Cell lines were cultured with
1640 (Gibco) supplemented with 10% fetal bovine serum (FBS,
Australia Origin, Gibco). All cell lines were cultured in a humidified
chamber with 5% CO, and 95% air at 37°C.

Cell Transfections

Si-LUCAT1, miR-4316 mimic, si-VEGFA, si-NC, and mimics-
NC were obtained from GenePharma (Shanghai, China).
LUCAT1 overexpression plasmids pcDNA3.1-LUCAT1, NC
plasmids pcDNA3.1-NC were synthesized by Biosune
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(Shanghai, China). Lipofectamine™ 2000 was employed to
accomplish the cell transfections, following guidelines from the
manufacturer. Supplementary Table S5 depicts the sequences of
si-RNA and mimics utilized in this study.

Generation of Stable Cell Lines

To establish stable LUCATI knockdown cells, a lentivirus vector
encoding specific sh-LUCAT1 or sh-NC sequences was
constructed by Vigenebio (Jinan, China), which could express
the green fluorescent protein (GFP) and puromycin resistance
gene. After incubated lentivirus vector with the LUAD cells for at
least 48 h, fluorescence microscope and RT-qPCR were
performed to verify the knockdown efficiency.

Transwell Assays and Wound Healing Test
Cell migration ability was measured by the transwell chambers
(8 um pore size; Costar), and the ability of cell invasion was
evaluated by the transwell chambers with Matrigel (BD
Biosciences, San Jose, CA, United States) in the upper
chamber. After incubation at 37°C, 5% CO, for 24 h, the lower
chambers were fixed in methanol, stained with 0.1% crystal violet,
and imaged by Inversion Microscope (Zeiss, Germany). Cell
numbers for cell invasion in three random fields were counted.

For wound healing assays, cells were seeded into 6-well plates,
and a 200 pL pipette tip was used to create an artificial scratch when
incubated to 100% confluence. Subsequently, the cells were cultured
in serum-free medium, wound closure images were captured in the
same field at 0 and 24 h. The fraction of cell coverage across the line
were used to calculate the cell healing rates.

Animal Experiments

For the in vivo tumor metastasis experiments, BALB/c nude mice
were divided into two groups (n = 5) to establish the lung metastasis
model. 1 x 10° NCI-H1299 cells stably transfected with sh-LUCAT1
or shRNA-NC in 0.1 ml PBS were subcutaneously injected into the
tail vein of the mice above. Six weeks after injection, the mice were
euthanatized and dissected. Lungs of the mice in two groups were
removed and photographed, metastatic nodules in lungs were
counted by naked eye and investigators were blinded to the
group allocation. The criteria used to identify metastatic nodules
were as follows: whitish and uniformly colored, round, more than
1 mm in diameter, and the appearance quality was different from the
surrounding normal tissue. After tissue were fixed in
paraformaldehyde, embedded in paraffin, hematoxylin and eosin
(HE) staining were performed to confirm the metastatic nodes. The
animal studies were carried out in accordance with NIH Guidelines
for the Care and Use of Laboratory Animals and approved by the
Animal Care Committee of The Second Hospital, Cheeloo College of
Medicine, Shandong University. The ethics approval number of
Animal experiments was KYLL-2019(LW)043.

RNA Fluorescence in situ Hybridization

Cy3-labeled LUCAT1 and U6 sense probe were obtained from
GenePharma (Shanghai, China). Fluorescence processed RNA
FISH assay in Situ Hybridization Kit (GenePharma, Shanghai,
China) were performed according to the manufacturer’s
instructions. Briefly, NCI-H1299 and A549 cells were washed,
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fixed and treated by 0.1% Triton X-100. After incubated with
labelled FISH probe pre-mixed solution overnight in the dark,
4,6-diamidino-2-phenylindole (DAPI) (Solarbio, Beijing, China)
was used to stain the cell nucleus for 10 min. Finally, fluorescence
images were produced by a confocal microscope (Carl Zeiss
Microscopy, LLC, United States). All the probe sequences used
in this study were available in Supplementary Table S6.

Luciferase Reporter Assay

For luciferase reporter assays, we constructed wild-type (WT)
LUCATI1/VEGFA reporter plasmid in which the putative miR-
4316-binding site in the LUCAT1sequence, and mutated-type
(MUT) LUCAT1/VEGFA reporter plasmid in which the
putative miR-4316-binding site in the LUCATI1sequence
was mutated by base mutations with pmirGLO promoter
vector. Luciferase reporter vectors were stably co-transfected
with miRNA-4316 mimic or mimic-NC by Lipofectamine™
2000 Transfection Reagent (Invitrogen, United States)
according to the manufacturer’s guidelines. Luciferase
intensity was measured using a dual-luciferase reagent
(Promega) according to the manufacturer’s instructions.
Renilla luciferase intensity was used as the control.
Sequence of luciferase reporter associated with this article
were listed in Supplementary Table S7.

Glucose Consumption and Lactate

Production Assays

A549 cells were seeded into six-well plates at a density of 1 x 10°
cells/well and cultured overnight. Glucose assay kits (Solarbio)
and lactate assay kits (Solarbio) were used to detect the glucose
consumption and lactate production in A549 cells, according to
the manufacturer’s instructions, respectively. All data were
normalized by the cell numbers.

Glucose Conditions

A549 cells were cultured in RPMI-1640 medium (Gibco,
Shanghai, China) supplemented with 10% fatal bovine serum
(FBS) (Sagecreation, Beijing, China). After reaching 70-80%
confluence, A549 cells were washed and then growth arrested
in serum-free RPMI-1640 medium for 24 h to synchronize the
cell growth. Then, d-glucose (Solarbio, Beijing, China) at a final
concentration of 33mM, or 2-Deoxy-D-glucose (2-DG)
(Solarbio) at a concentration of 0.5 mmol/L were added to the
culture medium for an additional 48 h until further use.

Statistical Analysis

The experimental data were statistically analysed using Graph
Pad Prism 6.0 and SPSS 13.0 software. The mean values of two
groups were assessed by Student’s t test or the Mann-Whitney
U test as appropriate. Kaplan-Meier plots and log-rank tests
were used for the survival analysis. The diagnostic
performance of LUCAT1 was performed on MEDCALC
15.2.2 (Med-Calc, Belgium). Statistical significance was
achieved when p values were less than 0.5. All results were
expressed as the means * standard deviation (SD) of three
independent experiments.

LUCAT1 Promotes LUAD Progression

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ncbi.nlm.nih.
gov/, GSE191209.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Clinical Research Ethics Committee of The Second
Hospital, Cheeloo College of Medicine, Shandong University.
The patients/participants provided their written informed
consent to participate in this study. The animal study was
reviewed and approved by Animal Care Committee of The
Second Hospital of Shandong University.

AUTHOR CONTRIBUTIONS

LW, YX, and JW contributed substantially to the study design, data
analysis, and interpretation, performed experiments, and drafted the
manuscript. PL and CW revised the manuscript. LW, YX, YiZ, and
SL prepared the figures and performed experiments. YaZ, YHZ, and
JL provided clinical information and collected serum samples. PL
and CW initiated, organized and supervised the study. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81972007, 82002228, 82130067,
82122041), the Key Research and Development Program of
Shandong Province (2019GHZ003, 2020CXGC011304, and
2019GSF108091), Shandong  Provincial ~Natural — Science
Foundation (ZR2020QH280), Taishan Scholars Climbing
Program of Shandong Province (NO.tspd20210323), Young
Taishan  Scholars ~ Program  of  Shandong  Province
(NO.tsqn201909176), Qilu Young Scholars Program of Shandong
University, Shandong Collaborative Innovation Center for R&D and
Transformation of New Tumor Biomarkers Foundation
(CXZX2019006), and Innovation Team Foundation of Jinan City
(2019GXRC004, 2021GXRC020).

ACKNOWLEDGMENTS

Our work benefited from the database of TCGA. We are grateful to
all the staff for their efforts to expand and improve the databases.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.833579/
full#supplementary-material

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2022 | Volume 10 | Article 833579


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fcell.2022.833579/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.833579/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wang et al.

REFERENCES

Changyong, E., Yang, J., Li, H, and Li, C. (2019). LncRNA LOC105372579
Promotes and  Epithelial-Mesenchymal
Hepatocellular Carcinoma via Activating miR-4316/FOXP4 Signaling.
Cancer Manag. Res. 11, 2871-2879. doi:10.2147/CMAR.S197979

Claesson-Welsh, L., and Welsh, M. (2013). VEGFA and Tumour Angiogenesis.
J. Intern Med. 273 (2), 114-127. doi:10.1111/joim.12019

Denisenko, T. V., Budkevich, I. N., and Zhivotovsky, B. (2018). Cell Death-Based
Treatment of Lung Adenocarcinoma. Cell Death Dis. 9 (2), 117. doi:10.1038/
$41419-017-0063-y

Elf, S. E,, and Chen, J. (2014). Targeting Glucose Metabolism in Patients with
Cancer. Cancer 120 (6), 774-780. do0i:10.1002/cncr.28501

Feng, J., Li, J., Wu, L, Yu, Q., Ji, J., Wu, J,, et al. (2020). Emerging Roles and the
Regulation of Aerobic Glycolysis in Hepatocellular Carcinoma. J. Exp. Clin.
Cancer Res. 39 (1), 126. doi:10.1186/s13046-020-01629-4

Helmlinger, G., Sckell, A., Dellian, M., Forbes, N. S., and Jain, R. K. (2002). Acid
Production in Glycolysis-Impaired Tumors Provides New Insights into Tumor
Metabolism. Clin. Cancer Res. 8 (4), 1284-1291.

Hirata, H., Hinoda, Y., Shahryari, V., Deng, G., Nakajima, K., Tabatabai, Z. L., et al.
(2015). Long Noncoding RNA MALAT1 Promotes Aggressive Renal Cell
Carcinoma through Ezh2 and Interacts with miR-205. Cancer Res. 75 (7),
1322-1331. doi:10.1158/0008-5472.CAN-14-2931

Hirsch, F. R, Scagliotti, G. V., Mulshine, J. L., Kwon, R., Curran, W. ], Jr., Wu, Y.-
L, et al. (2017). Lung Cancer: Current Therapies and New Targeted
Treatments. Lancet 389 (10066), 299-311. doi:10.1016/S0140-6736(16)
30958-8

Hu, Q. Qin, Y, Ji, S., Xu, W., Liu, W, Sun, Q., et al. (2019). UHRF1 Promotes
Aerobic Glycolysis and Proliferation via Suppression of SIRT4 in Pancreatic
Cancer. Cancer Lett. 452, 226-236. doi:10.1016/j.canlet.2019.03.024

Huang, Z., Zhou, ].-K., Peng, Y., He, W., and Huang, C. (2020). The Role of Long
Noncoding RNAs in Hepatocellular Carcinoma. Mol. Cancer 19 (1), 77. doi:10.
1186/s12943-020-01188-4

Huarte, M. (2015). The Emerging Role of IncRNAs in Cancer. Nat. Med. 21 (11),
1253-1261. doi:10.1038/nm.3981

Jia, Y., Duan, Y., Liu, T., Wang, X., Lv, W., Wang, M,, et al. (2019). LncRNA TTN-
AS1 Promotes Migration, Invasion, and Epithelial Mesenchymal Transition of
Lung Adenocarcinoma via Sponging miR-142-5p to Regulate CDK5. Cell Death
Dis. 10 (8), 573. doi:10.1038/s41419-019-1811-y

Krawczyk, P., Powrozek, T., Olesinski, T., Dmitruk, A., Dziwota, J., Kowalski, D.,
et al. (2017). Evaluation of miR-506 and miR-4316 Expression in Early and
Non-invasive Diagnosis of Colorectal Cancer. Int. J. Colorectal Dis. 32 (7),
1057-1060. doi:10.1007/s00384-017-2814-8

Kretz, M., Siprashvili, Z., Chu, C., Webster, D. E., Zehnder, A., Qu, K,, et al. (2013).
Control of Somatic Tissue Differentiation by the Long Non-coding RNA
TINCR. Nature 493 (7431), 231-235. doi:10.1038/nature11661

Li, Y., Shi, X, Yang, W., Lu, Z., Wang, P., Chen, Z,, et al. (2016). Transcriptome
Profiling of IncRNA and Co-expression Networks in Esophageal Squamous Cell
Carcinoma by RNA Sequencing. Tumor Biol. 37 (10), 13091-13100. doi:10.
1007/s13277-016-5227-3

Liang, L., Hui, K., Hu, C., Wen, Y., Yang, S., Zhu, P,, et al. (2019). Autophagy
Inhibition Potentiates the Anti-angiogenic Property of Multikinase Inhibitor
Anlotinib through JAK2/STAT3/VEGFA Signaling in Non-small Cell Lung
Cancer Cells. J. Exp. Clin. Cancer Res. 38 (1), 71. doi:10.1186/s13046-019-
1093-3

Liu, L, Bi, N., Wy, L., Ding, X., Men, Y., Zhou, W., et al. (2017). MicroRNA-29¢
Functions as a Tumor Suppressor by Targeting VEGFA in Lung
Adenocarcinoma. Mol. Cancer 16 (1), 50. doi:10.1186/s12943-017-0620-0

Liu, C, Wang, L, Li, Y. W,, Cui, Y. S, Wang, Y. Q,, and Liu, S. (2020). Long
Noncoding RNA LUCAT1 Promotes Migration and Invasion of Prostate
Cancer Cells by Inhibiting KISS1 Expression. Eur. Rev. Med. Pharmacol. Sci.
24 (13), 7213. doi:10.26355/eurrev_202007_21864

Liu, J., Ren, L., Li, S., Li, W., Zheng, X,, Yang, Y., et al. (2021). The Biology,
Function, and Applications of Exosomes in Cancer. Acta Pharm. Sin. B 11 (9),
2783-2797. doi:10.1016/j.apsb.2021.01.001

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long Non-coding RNAs:
Insights into Functions. Nat. Rev. Genet. 10 (3), 155-159. doi:10.1038/nrg2521

Proliferation Transition in

LUCAT1 Promotes LUAD Progression

Mohankumar, S., and Patel, T. (2016). Extracellular Vesicle Long Noncoding RNA
as Potential Biomarkers of Liver Cancer. Briefings Funct. Genomics 15 (3),
249-256. doi:10.1093/bfgp/elv058

Mousa, H., Yuan, M., Zhang, X., Li, X, Shopit, A., Almoiliqy, M., et al. (2020).
MicroRNA-4316 Inhibits Gastric Cancer Proliferation and Migration via
Directly Targeting VEGF-A. Cancer Cell Int. 20, 62. doi:10.1186/s12935-
020-1132-3

Ponting, C. P., Oliver, P. L., and Reik, W. (2009). Evolution and Functions of Long
Noncoding RNAs. Cell 136 (4), 629-641. doi:10.1016/j.cell.2009.02.006

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA
Hypothesis: the Rosetta Stone of a Hidden RNA Language? Cell 146 (3),
353-358. doi:10.1016/j.cell.2011.07.014

Shen, Q., Xu, Z., and Xu, S. (2020). Long Non-coding RNA LUCAT1 Contributes
to Cisplatin Resistance by Regulating the miR-514a-3p/ULKI1 axis in Human
Non-small Cell Lung Cancer. Int. J. Oncol. 57 (4), 967-979. doi:10.3892/ijo.
2020.5106

Sun, Y., Jin, S.-D., Zhu, Q., Han, L., Feng, J., Lu, X.-Y,, et al. (2017). Long Non-
coding RNA LUCAT1 is Associated with Poor Prognosis in Human Non-small
Cell Lung Cancer and Regulates Cell Proliferation via Epigenetically Repressing
P21 and P57 Expression. Oncotarget 8 (17), 28297-28311. doi:10.18632/
oncotarget.16044

Tian, H., Lian, R, Li, Y,, Liu, C, Liang, S., Li, W, et al. (2020). AKT-induced
IncRNA VAL Promotes EMT-independent Metastasis through Diminishing
Trim16-dependent Vimentin Degradation. Nat. Commun. 11 (1), 5127. doi:10.
1038/541467-020-18929-0

Torre, L. A, Bray, F,, Siegel, R. L., Ferlay, J., Lortet-Tieulent, J., and Jemal, A.
(2015). Global Cancer Statistics, 2012. CA Cancer J. Clin. 65 (2), 87-108. doi:10.
3322/caac.21262

Travis, W. D., Brambilla, E., Nicholson, A. G., Yatabe, Y., Austin, J. H. M., Beasley,
M. B,, etal. (2015). The 2015 World Health Organization Classification of Lung
Tumors: Impact of Genetic, Clinical and Radiologic Advances since the 2004
Classification. J. Thorac. Oncol. 10 (9), 1243-1260. doi:10.1097/]JTO.
0000000000000630

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding
the Warburg Effect: the Metabolic Requirements of Cell Proliferation. Science
324 (5930), 1029-1033. doi:10.1126/science.1160809

Wang, F., Zu, Y., Huang, W., Chen, H,, Xie, H., and Yang, Y. (2018). LncRNA
CALML3-AS1 Promotes Tumorigenesis of Bladder Cancer via Regulating
ZBTB2 by Suppression of microRNA-4316. Biochem. Biophys. Res.
Commun. 504 (1), 171-176. doi:10.1016/j.bbrc.2018.08.150

Wang, M., Mao, C., Ouyang, L., Liu, Y., Lai, W., Liu, N., et al. (2019). Long
Noncoding RNA LINC00336 Inhibits Ferroptosis in Lung Cancer by
Functioning as a Competing Endogenous RNA. Cell Death Differ. 26 (11),
2329-2343. doi:10.1038/s41418-019-0304-y

Wang, C, Li, Y., Yan, S., Wang, H., Shao, X,, Xiao, M,, et al. (2020). Interactome
Analysis Reveals that IncRNA HULC Promotes Aerobic Glycolysis through
LDHA and PKM2. Nat. Commun. 11 (1), 3162. doi:10.1038/s41467-020-
16966-3

Wu, R, Li, L, Bai, Y., Yu, B, Xie, C., Wu, H,, et al. (2020). The Long Noncoding
RNA LUCAT1 Promotes Colorectal Cancer Cell Proliferation by Antagonizing
Nucleolin to Regulate MYC Expression. Cell Death Dis. 11 (10), 908. doi:10.
1038/s41419-020-03095-4

Xing, C., Sun, S.-g., Yue, Z.-Q., and Bai, F. (2021). Role of IncRNA LUCATI in
Cancer. Biomed. Pharmacother. 134, 111158. doi:10.1016/j.biopha.2020.111158

Yang, J., Ren, B., Yang, G., Wang, H., Chen, G., You, L., et al. (2020). The
Enhancement of Glycolysis Regulates Pancreatic Cancer Metastasis. Cell. Mol.
Life Sci. 77 (2), 305-321. doi:10.1007/s00018-019-03278-z

Yoon, J.-H., You, B.-H., Park, C. H., Kim, Y. J., Nam, J.-W., and Lee, S. K. (2018).
The Long Noncoding RNA LUCAT1 Promotes Tumorigenesis by Controlling
Ubiquitination and Stability of DNA Methyltransferase 1 in Esophageal
Squamous Cell Carcinoma. Cancer Lett. 417, 47-57. doi:10.1016/j.canlet.
2017.12.016

You, ], Li, J., Ke, C, Xiao, Y., Lu, C,, Huang, F., et al. (2021). Oncogenic Long
Intervening Noncoding RNA Linc00284 Promotes C-Met Expression by
Sponging miR-27a in Colorectal Cancer. Oncogene 40 (24), 4151-4166.
doi:10.1038/s41388-021-01839-w

Yu, H,, Xu, Y., Zhang, D., and Liu, G. (2018). Long Noncoding RNA LUCAT1
Promotes Malignancy of Ovarian Cancer through Regulation of miR-612/

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

May 2022 | Volume 10 | Article 833579


https://doi.org/10.2147/CMAR.S197979
https://doi.org/10.1111/joim.12019
https://doi.org/10.1038/s41419-017-0063-y
https://doi.org/10.1038/s41419-017-0063-y
https://doi.org/10.1002/cncr.28501
https://doi.org/10.1186/s13046-020-01629-4
https://doi.org/10.1158/0008-5472.CAN-14-2931
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.1016/j.canlet.2019.03.024
https://doi.org/10.1186/s12943-020-01188-4
https://doi.org/10.1186/s12943-020-01188-4
https://doi.org/10.1038/nm.3981
https://doi.org/10.1038/s41419-019-1811-y
https://doi.org/10.1007/s00384-017-2814-8
https://doi.org/10.1038/nature11661
https://doi.org/10.1007/s13277-016-5227-3
https://doi.org/10.1007/s13277-016-5227-3
https://doi.org/10.1186/s13046-019-1093-3
https://doi.org/10.1186/s13046-019-1093-3
https://doi.org/10.1186/s12943-017-0620-0
https://doi.org/10.26355/eurrev_202007_21864
https://doi.org/10.1016/j.apsb.2021.01.001
https://doi.org/10.1038/nrg2521
https://doi.org/10.1093/bfgp/elv058
https://doi.org/10.1186/s12935-020-1132-3
https://doi.org/10.1186/s12935-020-1132-3
https://doi.org/10.1016/j.cell.2009.02.006
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.3892/ijo.2020.5106
https://doi.org/10.3892/ijo.2020.5106
https://doi.org/10.18632/oncotarget.16044
https://doi.org/10.18632/oncotarget.16044
https://doi.org/10.1038/s41467-020-18929-0
https://doi.org/10.1038/s41467-020-18929-0
https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21262
https://doi.org/10.1097/JTO.0000000000000630
https://doi.org/10.1097/JTO.0000000000000630
https://doi.org/10.1126/science.1160809
https://doi.org/10.1016/j.bbrc.2018.08.150
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1038/s41467-020-16966-3
https://doi.org/10.1038/s41467-020-16966-3
https://doi.org/10.1038/s41419-020-03095-4
https://doi.org/10.1038/s41419-020-03095-4
https://doi.org/10.1016/j.biopha.2020.111158
https://doi.org/10.1007/s00018-019-03278-z
https://doi.org/10.1016/j.canlet.2017.12.016
https://doi.org/10.1016/j.canlet.2017.12.016
https://doi.org/10.1038/s41388-021-01839-w
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wang et al.

HOXA13 Pathway. Biochem. Biophys. Res. Commun. 503 (3), 2095-2100.
doi:10.1016/j.bbrc.2018.07.165

Zhai, S., Xu, Z., Xie, J., Zhang, J., Wang, X,, Peng, C,, et al. (2021). Epigenetic
Silencing of LncRNA LINC00261 Promotes C-Myc-Mediated Aerobic
Glycolysis by Regulating miR-222-3p/HIPK2/ERK axis and Sequestering
IGF2BP1. Oncogene 40 (2), 277-291. doi:10.1038/s41388-020-01525-3

Zhang, L., Liu, S.-K,, Song, L., and Yao, H.-R. (2019a). SP1-induced Up-Regulation
of IncRNA LUCAT1 Promotes Proliferation, Migration and Invasion of
Cervical Cancer by Sponging miR-181a. Artif. Cell Nanomedicine
Biotechnol. 47 (1), 555-563. doi:10.1080/21691401.2019.1575840

Zhang, S., Zhang, X, Sun, Q,, Zhuang, C,, Li, G., Sun, L, et al. (2019b). LncRNA
NR2F2-AS1 Promotes Tumourigenesis through Modulating BMI1 Expression
by Targeting miR-320b in Non-small Cell Lung Cancer. J. Cell Mol. Med. 23 (3),
2001-2011. doi:10.1111/jemm.14102

Zhang, L.-C, Wei, Z.-B., and Tang, S.-F. (2020). Knockdown of the Long
Noncoding RNA LUCAT1 Inhibits High-Glucose-Induced Epithelial-
Mesenchymal Transition through the miR-199a-5p-ZEB1 Axis in Human
Renal Tubular Epithelial Cells. BioMed Res. Int. 2020, 1-8. doi:10.1155/
2020/8895003

Zhao, W., Cao, L., Ying, H., Zhang, W, Li, D., Zhu, X,, et al. (2019). Endothelial
CDS2 Deficiency Causes VEGFA-Mediated Vascular Regression and Tumor
Inhibition. Cell Res. 29 (11), 895-910. doi:10.1038/s41422-019-0229-5

Zheng, A., Song, X., Zhang, L., Zhao, L., Mao, X., Wei, M, et al. (2019a). Long Non-
coding RNA LUCAT1/miR-5582-3p/TCF7L2 axis Regulates Breast Cancer
Stemness via Wnt/B-Catenin Pathway. J. Exp. Clin. Cancer Res. 38 (1), 305.
doi:10.1186/s13046-019-1315-8

Zheng, Z.-Q., Li, Z.-X., Zhou, G.-Q,, Lin, L., Zhang, L.-L., Lv, J.-W., et al. (2019b).
Long Noncoding RNA FAM225A Promotes Nasopharyngeal Carcinoma

LUCAT1 Promotes LUAD Progression

Tumorigenesis and Metastasis by Acting as ceRNA to Sponge miR-590-3p/
miR-1275 and Upregulate ITGB3. Cancer Res. 79 (18), 4612-4626. doi:10.1158/
0008-5472.CAN-19-0799

Zhu, Y., Gu, L,, Lin, X,, Cui, K,, Liu, C,, Lu, B,, et al. (2020). LINC00265
Promotes Colorectal Tumorigenesis via ZMIZ2 and USP7-Mediated
Stabilization of p-catenin. Cell Death Differ. 27 (4), 1316-1327. doi:10.
1038/s41418-019-0417-3

Zou, G., Zhang, X., Wang, L., Li, X, Xie, T., Zhao, J., et al. (2020). Herb-sourced
Emodin Inhibits Angiogenesis of Breast Cancer by Targeting VEGFA
Transcription. Theranostics 10 (15), 6839-6853. doi:10.7150/thno.43622

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Xie, Wang, Zhang, Liu, Zhan, Zhao, Li, Li and Wang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

17

May 2022 | Volume 10 | Article 833579


https://doi.org/10.1016/j.bbrc.2018.07.165
https://doi.org/10.1038/s41388-020-01525-3
https://doi.org/10.1080/21691401.2019.1575840
https://doi.org/10.1111/jcmm.14102
https://doi.org/10.1155/2020/8895003
https://doi.org/10.1155/2020/8895003
https://doi.org/10.1038/s41422-019-0229-5
https://doi.org/10.1186/s13046-019-1315-8
https://doi.org/10.1158/0008-5472.CAN-19-0799
https://doi.org/10.1158/0008-5472.CAN-19-0799
https://doi.org/10.1038/s41418-019-0417-3
https://doi.org/10.1038/s41418-019-0417-3
https://doi.org/10.7150/thno.43622
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Characterization of a Novel LUCAT1/miR-4316/VEGF-A Axis in Metastasis and Glycolysis of Lung Adenocarcinoma
	Introduction
	Results
	Lung Cancer-Associated Transcript 1 Was Upregulated in Lung Adenocarcinoma Serum Exosomal Samples and May Serve as a Biomarker
	Lung Cancer-Associated Transcript 1 Was Significantly Up-Regulated in Lung Adenocarcinoma Tissues and Cell Lines
	Lung Cancer-Associated Transcript 1 Was Required for Efficient Metastasis of Lung Adenocarcinoma in vitro
	Lung Cancer-Associated Transcript 1 Knockdown Repressed Lung Adenocarcinoma Cell Metastasis in vivo
	Lung Cancer-Associated Transcript 1 Bound Directly to miR-4316 and Negatively Regulated the Expression of miR-4316
	VEGFA Was a Direct Target of miR-4316 and Regulated by Lung Cancer-Associated Transcript 1
	Lung Cancer-Associated Transcript 1/miR-4316/VEGF-A Axis Was Involved in Lung Adenocarcinoma Progression
	Lung Cancer-Associated Transcript 1 Regulated Lung Adenocarcinoma Cell Glycolysis via miR-4316/VEGF-A Axis

	Discussion
	Materials and Methods
	Patients and Specimens
	Exosome Purification and Identification
	WB
	High Throughput Sequencing
	RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction Analysis
	in situ Hybridization
	Cell Lines
	Cell Transfections
	Generation of Stable Cell Lines
	Transwell Assays and Wound Healing Test
	Animal Experiments
	RNA Fluorescence in situ Hybridization
	Luciferase Reporter Assay
	Glucose Consumption and Lactate Production Assays
	Glucose Conditions
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


