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OPEN a ACCESS Non-small cell lung cancer (NSCLC) is a prevalent subtype of lung cancer, whose mortality
is high. Long non-coding RNAs (IncRNAs) have caught rising attentions because of their in-
tricate roles in regulating cancerization and cancer progression. Long intergenic non-protein
coding RNA 461 (LINC00461) has recently shown oncogenic potential in several cancers,
but the function of LINC00461 in NSCLC remains to be investigated. Our study planned
to unveil the regulatory role of LINC00461 in NSCLC. It was validated that LINC00461 was
highly expressed in NSCLC tissues and cell lines and exhibited prognostic significance.
Furthermore, LINC00461 expression in advanced stage was much higher than in early
stage. Loss-of-function experiments suggested that LINC00461 knockdown impaired cell
proliferation, migration, and epithelial-to-mesenchymal transition (EMT). Subcellular frac-
tionation revealed the predominant location of LINC00461 in cytoplasm. Mechanistically,
LINC00461 up-regulated E2F transcription factor 1 (E2F1) expression through sponging
miR-4478. Besides, E2F1 bound to the promoter of LINC00461 to induce its transcription.
Finally, rescue experiments verified that LINC00461 aggravated proliferation, migration, and
EMT through targeting miR-4478/E2F1 axis. In consequence, the present study illustrated
that LINC00461/miR-4478/E2F1 feedback loop promoted NSCLC cell proliferation and mi-
gration, providing a new prognostic marker for NSCLC.

Introduction

Non-small cell lung cancer (NSCLC), taking up approximately 80-85% of lung cancer cases, is a main
histological subtype of lung cancer, and can be further classified into adenocarcinoma and squamous cell
carcinoma [1,2]. Although some NSCLC patients promisingly benefit from early diagnosis and surgical
tumor dissection, most patients remain disappointed by poor outcome with 20% five year survival rate
[3,4]. Thus, further exploration on the molecular mechanism underlying NSCLC is of paramount signif-
icance for therapy development of NSCLC [5-7].
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Mechanistically, IncRNAs could realize their regulatory function through competing endogenous RNA (ceRNA)
network in cytoplasm. Through sponging microRNAs (miRNAs), IncRNAs released downstream mRNAs which tar-
geted by miRNAs [20]. miRNAs, known as small non-coding RNAs with approximately 22 nucleotides, are axiomat-
ically reported to be gene repressors by binding to the 3’ untranslated region (3'UTR) so as to degrade mRNA or
suppress translation [21]. Many miRNAs have been documented to exert repressive function in cancers [22,23], in-
cluding NSCLC [24]. MiR-4478 is newly identified to present down-regulated expression in colorectal cancer [25,26],
but it has rarely been researched in NSCLC.

E2F transcription factor 1 (E2F1) is reputed as a key transcription factor and regulates cell-cycle progression in
cancers [27]. Besides, evidence has proved that E2F1 related to cancer metastasis [28,29]. Dysregulation of E2F1
has been demonstrated in a number of cancers, including lung cancer [30-32]. Importantly, E2F1 has been noted
to activate oncogenes to facilitate tumor progression, and its activation on IncRNAs has been documented in colon
cancer [33].

The present study was proposed to probe the role and molecular mechanism of LINC00461 in NSCLC, and
it was discovered that LINC00461 exhibited a high expression level in NSCLC. Additionally, LINC00461 medi-
ated by E2F1 facilitated NSCLC cell proliferation and migration through targeting miR-4478/E2F1 axis, revealing
LINC00461/miR-4478/E2F1 feedback loop in NSCLC.

Materials and methods

Tissue specimens

Ninety paired cancer and adjacent para-cancerous tissues were collected from Gansu Provincial Hospital of TCM. All
enrolled patients had signed written informed consent. The study was permitted by the Institutional Ethics Committee
of Gansu Provincial Hospital of TCM. All tissues were maintained in liquid nitrogen and stored under —80°C. No
patients received any preoperative therapies. Following the directions of World Medical Association Declaration of
Helsinki, this work has been carried out. The ethical approval ID number is AF/SC-07/02.0.

Cell lines and cell culture

The human normal bronchial epithelial cell line 16HBE, human NSCLC cell lines A549, H1299 (Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences, Shanghai, China); H23 and SPC-A1 (Cell Biology of Shanghai
Institute, Shanghai, China) were used. For cell culture, Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad,
CA, US.A.) were applied for I6HBE, RPMI-1640 Medium (Invitrogen) for H1299, H23, and SPC-A1 cells, and F-12K
Medium (Invitrogen) for A549 cells. All above-mentioned mediums were supplemented with 10% fetal bovine serum
(Invitrogen) and penicillin-streptomycin (Sigma, U.S.A.) in the moist incubator at 37°C with 5% CO5.

Cell transfection

Small interfering RNAs (siRNAs) targeting LINC00461 (siLINC00461#1/2) and short hairpin RNAs (shRNAs)
targeting LINC00461 (shLINCO00461#1/2) were used to knock down LINC00461. The pcDNA3.1/LINC00461 or
pcDNA3.1/E2F1 was used to overexpress LINC00461 or E2F1. siNC, shNC, and pcDNA3.1 vectors were controls.
The microRNA 4478 (miR-4478) mimic and miR-4478 inhibitor were used for miR-4478 overexpression and knock-
down, NC mimic and NC inhibitor as controls. Plasmids sequences used in the present study were listed as below:

siNC: CGAUGUUACAUAACUUAUUAG

siLINC00461#1: CGAUAAGUUAUGUAACAUUAG

siLINC00461#2: GUUAAUUGUAGUAGACAAUGG

shNC: CCGCCGATGTTACATAACTTATTAGCTCGAGCTAATAAGTTATGTAACATCGTTTTTG
shLINCO00461#1: CCGCCGATAAGTTATGTAACATTAGCTCGAGCTAATGTTACATAACTTATCGTTTTTG
shLINC00461#2: CCGCGTTAATTGTAGTAGACAATGGCTCGAGCCATTGTCTACTACAATTAACTTTTTG
NC mimic: GUCAGCCUGCUGAGGAG

miR-4478 mimic: GAGGCUGAGCUGAGGAG

NC inhibitor: CUCCUCAGCAGGCUGAC

miR-4478 inhibitor: CUCCUCAGCUCAGCCUC

All vectors were produced by GenePhamar (Shanghai, China). The introduction of plasmids was accomplished by
Lipofectamine 2000 (Invitrogen) as demanded, and cells were harvested 2 days after transfection.
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Quantitative real-time PCR

To obtain RNA extracts, TRIzol reagent (Invitrogen) was used. The complementary DNA (cDNA) was produced
from extracted RNAs utilizing PrimeScript RT reagent Kit and First-Strand cDNA Synthesis Kit (GeneCopoeia,
Guangzhou, China) with the genomic DNA (gDNA) Eraser kit (Takara, Dalian, China). The PCR reactions were
accomplished utilizing SYBR Premix Ex Taq II (Takara) on a StepOne Plus Real Time PCR System (Life Technolo-
gies). Small nuclear RNA U6 (for miRNA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (for IncRNA
and mRNA) were internal controls. Primers were as follows:

LINCO0461 5'-GACATTTACGCCACAACCCACG-3'
5-AGACAGACCCTCAGATTCCCCA-3

E2F1 5-CCCATCCCAGGAGGTCACTT-3
5-CTGCAGGCTCACTGCTCTC-3'

MiR-4478 5-AGGGCTAGGTGGAAAGACCT-3
5-CCTTCCTGATCGGGACATCG-3

GAPDH 5'-CCACATCGCTCAGACACCAT-8
5-TGACAAGCTTCCCGTTCTCA-8'

ue 5-CTCGCTTCGGCAGCACA-3’

5-AACGCTTCACGAATTTGCGT-3'

Cell counting kit-8 assay

Cell counting kit-8 (CCK-8) cell counting kit (Zoman, Beijing, China) was applied for cell viability detection. Trans-
fected cells were inoculated in 96-well plates (1000 cells/well). 10 pul CCK-8 solution was added at incubation time
points at day 1, 2, 3, and 4. Following further incubation for another hour at 37°C, the optical density (OD) value
(450 nm) was estimated under a microplate reader (EXL800 from BioTek, Winooski, Vermont, U.S.A.).

Transwell migration assay

For detecting cell migration, transwell chambers (pore size at 8 pum) (corning, New York, U.S.A.) were ap-
plied. Non-serum medium with transfected cells (1 x 10°/well) was added to the upper insert, whereas 20%
serum-contained medium was added into the lower insert. After 20 h incubation at 37°C, cells remained in upper
chambers were scrubbed oft by the cotton swab, and migrated cells on the bottom surface were fixed utilizing 4% PFA
and stained utilizing 0.1% crystal violet. Stained cells were evaluated in five randomly chosen fields under the optical
microscope.

Dual-luciferase reporter assay

The pmirGLO Dual-Luciferase vectors were used (Promega) for luciferase reporter assay. The E2F1 3'UTR
or LINCO00461 containing miR-4478 binding sequences were inserted into the pmirGLO vectors to produce
WT-LINC00461 and WT-E2F1. The Mut-LINC00461 and Mut-E2F1 (with mutated binding sites) were gener-
ated as well. MiR-4478 mimic or NC mimic were co-transfected with WT-LINC00461 or Mut-LINC00461, or
WT-E2F1 or Mut-E2F1 into 293T cells (ATCC; Manassas, VA, U.S.A.) utilizing Lipofectamine 2000 (Invitrogen).
The pGL3-LINC00461 promoter was co-transfected with pcDNA3.1/E2F1 or pcDNA3.1 into cells. 48 h following
transfection, luciferase activity was assessed utilizing the Dual-Luciferase Reporter Assay System (Promega). Renilla
luciferase activity was applied as normalized control.

RNA pull-down

Briefly, LINC00461 biotin probe and LINC00461 non-biotin probe were generated by GenePharma (Shang-
hai, China). Then, LINC00461 biotin probe and LINC00461 non-biotin probe were incubated with cell lysate
and streptavidin-coated magnetic beads (Ambion, Life Technologies). The abundance of candidate miRNAs in
biotin-coupled RNA complex was tested by quantitative real-time PCR (RT-qPCR).

Chromatin immunoprecipitation
To evaluate the binding of E2F1 on LINC00461 promoter, a ChIP Assay Kit (Millipore) was used. The extracted chro-
matin DNAs were sonicated into 200-400 bp fragments and subjected to immunoprecipitation with the antibodies
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against IgG (ab205719; Abcam, Cambridge, MA, U.S.A.) or E2F1 (ab179445; Abcam). The precipitated DNAs were
analyzed by RT-qPCR.

Western blot

The cell lysates were obtained by RIPA buffer (Keygen Biotech, Jiangsu, China) with 1% protease inhibitors (Thermo
Scientific, Rockford, IL, U.S.A.). After separation on SDS-polyacrylamide gels (12%), the proteins were loaded onto
polyvinylidene fluoride membranes (Millipore, Billerica, MA, U.S.A.) which were later sealed for 1 h with 5% skim
milk. Subsequently, membranes went through overnight incubation with primary antibodies at 4°C and then 1
h incubation with secondary antibody (Santa Cruz Biotech, CA, U.S.A.). The following primary antibodies were
used: anti-E2F1 (ab179445; Abcam, Cambridge, MA, U.S.A.), anti-N-cadherin (4370S; Cell Signaling Technology),
anti-E-cadherin (4695S; Cell Signaling Technology, Beverly, MA, U.S.A.), anti-Vimentin (ab92547; Abcam), anti-Slug
(ab27568; Abcam), anti-Twist (ab50887; Abcam), and anti-GAPDH (MB001; Bioworld Technology, St Louis Park,
MN, US.A)).

Cytoplasmic/nuclear fractionation

In accordance with the protocols provided by the suppliers, PARIS™ Kit (Invitrogen™, AM1921) was used for nuclear
and cytoplasmic fractionation assay in NSCLC cells. NSCLC cells in fractionation buffer went through centrifugation,
followed by collection of the supernatant. We washed the remaining lysates in fractionation buffer, and cell nuclei
were obtained via cell disruption buffer. Thereafter, RT-qPCR was utilized to detect the cytoplasmic and nuclear
LINCO00461.

Fluorescence in situ hybridization assay

Four percent paraformaldehyde was used to fix SPC-A1 and A549 cells maintained on glass slides, followed by being
permeabilized with 0.5% TritonX-100. LINC00461 probe was utilized for hybridizing SPC-A1 and A549 cells by
the ViewRNA™ ISH Cell Assay Kit (Thermo Fisher Scientific) referring to the manufacturer’s protocol, as described
previously [34]. At last, Leica TCS-SL confocal microscope was used for sample visualization.

Immunofluorescence staining

SPC-A1 and A549 cells were maintained in 6-well plates, and later transfected with shNC or shLINC00461#1/2 for
48 h. Cells were then fixed in 4% paraformaldehyde and incubated at 4°C with E-cadherin and N-cadherin primary
antibodies overnight and anti-rabbit IgG which was fluorochrome-labeled. Prior to confocal microscopy analysis,
DAPI was applied for staining cells.

Statistical analysis

Data presentation was realized by mean % S.D. Statistical analysis was accomplished on the SPSS 18.0 statistical
software (IBM, New York, NY). Student’s ¢-test or one-way/two-way ANOVA analyses were used respectively for
evaluating two-group or multi-group variances. All assays were triplicated. P<0.05 was used to define the significance
of differences.

Results
LINC00461 was up-regulated in NSCLC and silenced LINC00461
inhibited NSCLC cell proliferation, migration, and EMT

First, we explored the expression level of LINC00461 in NSCLC tissues (n=90), and matched para-cancerous tissues
(n=90) was taken as a reference. The results indicated that LINC00461 was up-regulated in NSCLC tissues (Figure
1A). Furthermore, high expression of LINC00461 suggested low overall survival in NSCLC patients (Figure 1B).
The relevance of LINC00461 expression with tumor stage was also examined. It was illustrated that higher level of
LINCO00461 presented in IIT and IV stages (advanced stage) than in I and II stages (early stage) (Supplementary Figure
S1A). Additionally, we detected LINC00461 expression in NSCLC cell lines (H1299, SPC-A1, H23, and A549) and
human normal bronchial epithelial cell line (16HBE). As a result, LINC00461 expression was higher in NSCLC cell
lines, especially in SPC-A1 and A549 cells, than in 16HBE cell line (Figure 1C). Thereafter, we investigated the bi-
ological function of LINC00461 in NSCLC. Using siRNAs or shRNAs targeting LINC00461, LINC00461 expression
was knocked down in SPC-A1 and A549 cells (Figure 1D and Supplementary Figure S1B). Then, loss-of-function
assays were carried out. Through CCK-8 assay, results manifested that the proliferation of SPC-A1 and A549 cells
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Figure 1. LINC00461 was up-regulated in NSCLC cells and silenced LINC00461 inhibited NSCLC cell proliferation, migration,
and EMT

(A) RT-gPCR showed LINC00461 expression in NSCLC tissues and matched non-cancerous tissues. (B) Kaplan-Meier analysis
showed that high LINC00461 level indicated poor prognosis among NSCLC patients. (C) LINC0O0461 expression in NSCLC cell
lines and 16HBE cell line was detected by RT-gPCR. (D) Transfection efficiency of siLINC00461 was determined by qRT-PCR in
SPC-A1 and A549 cells. (E) Cell proliferation in response to shLINC00461 transfection was analyzed through CCK-8 assay. (F)
Transwell assay manifested cell migration responding to LINC00461 silencing. (G) Western blot assay confirmed the protein levels
of E-cadherin, N-cadherin, Vimentin, Slug, and Twist in cells transfected with siLINC00461. *P<0.05, **P<0.01.

was attenuated by shLINC00461 transfection (Figure 1E). Besides, we detected the influence of silenced LINC00461
on cell migration via transwell assay. It was discovered that LINC00461 knockdown hampered the migratory ability
of SPC-A1 and A549 cells (Figure 1F). To investigate the effect of LINC00461 on epithelial-to-mesenchymal transi-
tion (EMT), Western blot analysis was performed. The results indicated that the transfection of siLINC00461 resulted
in an increased level of E-cadherin (epithelial marker) and a declined level of N-cadherin, Vimentin (mesenchymal
markers), Slug and Twist (downstream oncogenic transcriptional activators) (Figure 1G). To further confirm the pro-
motive role of LINC00461 in EMT process, immunofluorescence staining was conducted using shLINC00461. The
results suggested that EMT process was retarded by LINC00461 deficiency (Supplementary Figure S1C). Therefore,
above results suggested that LINC00461 was up-regulated in NSCLC and silenced LINC00461 hampered NSCLC cell
proliferation, migration, and EMT.
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LINC00461 sponged miR-4478 in NSCLC cells

It was reported that the regulatory mechanism that IncRNAs mediated in cancer progression depended on their lo-
calization in cells [35]. To decipher the mechanism of LINC00461 in NSCLC, we performed subcellular fractionation
assay. It was shown that LINC00461 was primarily expressed in cytoplasm (Figure 2A). Fluorescence in situ hybridiza-
tion (FISH) assay further corroborated that LINC00461 was a cytoplasmic RNA (Supplementary Figure S1D). In cy-
toplasm, IncRNAs could act as a ceRNA through competing with downstream mRNAs for miRNAs [20]; therefore, we
searched for the miRNAs that could bind to LINC00461 through LncBase (http://carolina.imis.athena-innovation.gr/
diana_tools/web/index.php?r=Incbasev2%2Findex-predicted). Among those potential LINC00461-associated miR-
NAs, we chose the top 200 miRNAs. Subsequently, RT-qPCR examined differential expression of these miRNAs
in 16HBE (normal control) and three NSCLC cells (SPC-A1, H1299, A549). Results of RT-qPCR confirmed eight
down-regulated miRNAs in NSCLC (Supplementary Figure S2A). RNA pull-down assay demonstrated that miR-4478
was significantly enriched in biotinylated LINC00461 probe while other seven miRNAs did not present signifi-
cant enrichment (Supplementary Figure S2B). Consequently, miR-4478 was identified as a downstream miRNA of
LINC00461 in NSCLC. The binding site between LINC00461 and miR-4478 was depicted in Figure 2B. We vali-
dated that miR-4478 was pronouncedly down-regulated in NSCLC tissues (Figure 2C), and was negatively correlated
with LINC00461 expression in NSCLC samples (Figure 2D). Additionally, miR-4478 presented a low expression level
in NSCLC cell lines (Figure 2E). Next, we overexpressed miR-4478 by miR-4478 mimic in SPC-A1 and A549 cells
(Figure 2F). Luciferase reporter assay confirmed that miR-4478 overexpression remarkably decreased the luciferase
activity of WT-LINC00461 rather than Mut-LINC00461 (Figure 2G). Moreover, overexpression of miR-4478 reduced
LINC00461 expression and knockdown of LINC00461 induced miR-4478 expression (Figure 2H,I). In conclusion,
these results indicated that LINC00461 sponged miR-4478 in NSCLC cells.

LINC00461/miR-4478/E2F1 formed a positive regulatory feedback loop in
NSCLC cells

Subsequently, we searched for the target mRNAs through TarBase (http://carolina.imis.athena-innovation.gr/diana_
tools/web/index.php?r=tarbasev8%2Findex). It was discovered that E2F1 was a putative target for miR-4478. E2F1
has been documented to present a high expression and could aggravate cell proliferation, invasion, and metastasis in
NSCLC [30-32]. Thus, we further investigated E2F1 in NSCLC. The binding site and mutant site of E2F1 on miR-4478
were shown in Figure 3A. RT-qPCR validated that E2F1 was highly expressed in NSCLC tissues (Figure 3B). Moreover,
E2F1 was confirmed to be positively correlated with LINC00461 and negatively associated with miR-4478 (Figure 3C).
Furthermore, E2F1 exhibited higher expression in NSCLC cell lines (Figure 3D). To determine whether E2F1 was
involved in LINC00461-mediated ceRNA network, we overexpressed LINC00461 in NSCLC cells (Figure 3E). Then,
luciferase reporter assay illustrated that the luciferase activity of WT-E2F1 reduced by overexpressed miR-4478 could
be reversed upon LINC00461 overexpression but that of Mut-E2F1 was not affected (Figure 3F). Besides, RT-qPCR
and Western blot analysis demonstrated that up-regulated LINC00461 restored miR-4478 overexpression-mediated
suppression on E2F1 mRNA expression and protein level (Figure 3G,H). All the results suggested that LINC00461
functioned as a ceRNA in NSCLC by targeting miR-4478/E2F1 axis.

Recent researches showed that IncRNAs could form a positive feedback loop with their target genes in ceRNA
network [36,37]. Since E2F1 was identified as a transcription activator [38,39], we wondered whether E2F1 could
transcriptionally activate LINC00461 expression. Using UCSC (http://genome.ucsc.edu/), we found that E2F1 was a
potential transcription factor at LINC00461 promoter (Figure 3I). To confirm this, chromatin immunoprecipitation
(ChIP) assay was conducted. Results revealed the abundant enrichment of LINC00461 promoter in E2F1 precipi-
tates (Figure 3]). To further probe the interaction between E2F1 and LINC00461 promoter, we overexpressed E2F1
in NSCLC cells (Figure 3K). Luciferase reporter assay demonstrated an enhanced luciferase activity of LINC00461
promoter reporter in response to E2F1 overexpression (Figure 3L). Additionally, overexpression of E2F1 induced
LINCO00461 expression in NSCLC cells (Figure 3M). These results indicated that LINC00461/miR-4478/E2F1 formed
a positive regulatory feedback loop in NSCLC.

LINC00461/miR-4478/E2F1 axis regulated NSCLC cell proliferation,

migration, and EMT

To inquire the role of LINC00461/miR-4478/E2F1 axis in NSCLC, we performed rescue experiments. Before the
experiments, the inhibition of miR-4478 in SPC-A1 was determined by RT-qPCR (Figure 4A). According to CCK-8
assay, we observed that E2F1 overexpressing or miR-4478 inhibition restored the attenuated proliferation caused by
LINC00461 silencing (Figure 4B). Then, transwell assay demonstrated that cell migration hindered by LINC00461
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Figure 2. LINC00461 sponged miR-4478 in NSCLC cells

(A) Cellular location of LINC00461 in SPC-A1 and A549 cells was analyzed by subcellular fractionation. (B) The binding site between
LINC00461 and miR-4478 was predicted and the mutant site was constructed. (C) RT-gPCR was applied for detecting miR-4478
expression in NSCLC tissues and matched para-cancerous tissues. (D) Spearman’s correlation curve showed the negative relation
between miR-4478 and LINC00461. (E) RT-qPCR exhibited miR-4478 expression in NSCLC cells. (F) Results of RT-gPCR confirmed
the overexpression efficiency of miR-4478 mimic. (G) The luciferase reporter assay validated the interaction between LINC00461
and miR-4478. (H) Effect of miR-4478 mimic on LINC00461 expression was confirmed. (I) MiR-4478 expression in siLINC00461
transfected cells was detected by RT-gPCR. **P<0.01, **P<0.001.
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Figure 3. LINC00461/miR-4478/E2F1 formed a positive regulatory feedback loop in NSCLC cells
(A) The wide-type or mutant binding site between E2F1 and miR-4478 was illustrated. (B) E2F1 expression in NSCLC tissues
was assessed. (C) Spearman’s correlation analysis presented the correlation between E2F1 and LINC00461 or miR-4478. (D)
RT-gPCR was employed to evaluate E2F1 expression in NSCLC cells. (E) Transfection efficiency of pcDNA3.1/LINC00461 was
validated through RT-gPCR. (F) Luciferase reporter assay demonstrated the luciferase activity of WT-E2F1 or Mut-E2F1 in 293T cells
transfected with NC mimic+pcDNAS.1, miR-4478 mimic+pcDNA3.1, or miR-4478 mimic+pcDNAS3.1/LINC00461. (G,H) RT-gPCR
and Western blot assays indicated E2F1 mRNA expression and protein level in each group. (I) E2F1 was predicted as a potential
transcription factor at LINC00461 promoter via UCSC database. (J) ChIP confirmed the binding of E2F1 to LINC00461 promoter.
(K) Results of RT-gPCR unveiled the overexpression of E2F1 caused by pcDNA3.1/E2F1. (L) Luciferase reporter assay validated the
interaction between LINC00461 promoter and E2F1. (M) Results of RT-gPCR implied the effect of E2F1 on LINC00461 expression.
*P<0.05, **P<0.01, **P<0.001.
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Figure 4. LINC00461/miR-4478/E2F1 axis regulated NSCLC cell proliferation, migration, and EMT

(A) RT-gPCR confirmed the knockdown of miR-4478 by miR-4478 inhibitor. (B) CCK-8 was used to estimate cell proliferation in each
group. (C,D) Transwell migration assay showed cell migration in each group. (E) EMT process in cells transfected with appointed
plasmids was analyzed by Western blot assay. *P<0.05, **P<0.01.

deficiency could be abolished with the transfection of pcDNA3.1/E2F1 or miR-4478 inhibitor (Figure 4C,D). Results
of Western blot assay validated that the accelerated EMT process in LINC00461 silenced cells was impaired by E2F1
overexpression or miR-4478 suppression (Figure 4E). Taken together, LINC00461/miR-4478/E2F1 axis promoted

NSCLC cell proliferation, migration,
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Discussion

Mounting studies have suggested the significant role of IncRNAs in the development of cancers, including NSCLC
[14-16]. Herein, we selected LINC00461 for investigation because it has been demonstrated as an oncogene in multi-
ple cancers, such as breast cancer, myeloma, and glioma [17-19]. In the present study, we firstly found that LINC00461
was up-regulated in NSCLC, and indicated poor prognosis. Additionally, LINC00461 was highly expressed in late
stages. Functionally, LINC00461 silencing hampered proliferation, migration, and EMT in NSCLC cell lines. These
results proved the oncogenic property of LINC00461 in NSCLC.

Former reports suggested that IncRNAs can regulate cancer progression via ceRNA network in cytoplasm, whereby
IncRNAs could prevent miRNAs from targeting downstream messenger RNAs (mRNAs) by acting as miRNA sponges
[20]. In our study, we confirmed the predominant expression of LINC00461 in cytoplasm, indicating that LINC00461
could potentially act as a ceRNA. Then, through bioinformatics tools, we found that miR-4478 was a candidate target
miRNA for LINC00461. Previous studies showed that miR-4478 was down-regulated in colorectal cancer [25,26]. In
concordance, we confirmed the down-regulation of miR-4478 in NSCLC tissues and cells, and revealed the nega-
tive expression correlation between miR-4478 and LINC00461. Thereafter, LINC00461 was proved to interact with
miR-4478 in NSCLC. To be concluded, LINC00461 acted as a sponge of miR-4478 in NSCLC.

E2F1 is defined as a transcription activator and reported to regulate cell cycle, cell growth, and metastasis in can-
cers [27-29]. The oncogenic function of E2F1 in NSCLC was also documented [30-32]. In the present research, we
identified the up-regulation of E2F1 in NSCLC tissues and cell lines. Besides, E2F1 showed a positive expression asso-
ciation with LINC00461 and negative expression relevance to miR-4478. Moreover, E2F1 was verified as a target gene
for miR-4478. Former study revealed that E2F1 could promote cancer progression through transcriptionally activat-
ing some genes [38,39]. Importantly, the transcriptional of E2F1 on IncRNA has been demonstrated in colon cancer
[33]. Interestingly, E2F1 was also identified as a transcription factor at LINC00461 promoter through UCSC database.
We further testified the interaction of E2F1 with LINC00461 promoter and its promotive effect on LINC00461 ex-
pression, suggesting that LINC00461 could be transcriptionally activated by E2F1 in NSCLC. Finally, rescue assays
consolidated the role of LINC00461/miR-4478/E2F1 in NSCLC.

To be concluded, E2F1-activated LINC00461 functioned as an oncogene in NSCLC. In addition, LINC00461
predicted a poor prognosis and promoted NSCLC proliferation, migration, and EMT. All results showed
LINCO00461/miR-4478/E2F1 positive feedback loop in NSCLC, indicating that LINC00461 could be a new prognostic
marker. This finding provided a theoretic basis to explore the promising therapeutic strategies for NSCLC patients.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

The authors declare that there are no sources of funding to be acknowledged.

Author Contribution
Qingxin Meng wrote the manuscript and designed the experiments; Ming Liu prepared the figures; Ruyi Cheng was responsible
for data analysis.

Ethics Approval
All enrolled patients had signed written informed consent. The study was permitted by the Institutional Ethics Committee of Gansu
Provincial Hospital of TCM.

Acknowledgements
Thank you for all members involved in the present study.

Abbreviations

CCK-8, Cell counting kit-8; E2F1, E2F transcription factor 1; EMT, epithelial-to-mesenchymal transition; FISH, fluorescence in
situ hybridization; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IncRNA, long non-coding RNA; NSCLC, non-small cell
lung cancer; RT-gPCR, quantitative real-time PCR.

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

202 udy g uo 3senb Aq ypd°GHE1L-6102-1SA/LE8I8/SHE L6 02HSH/Z/0F/HPd-8jone/dauidsolq/woo ssaidpuepod;/:diy wouy papeojumoq



Bioscience Reports (2020) 40 BSR20191345
https://doi.org/10.1042/BSR20191345

References

1 Molina, J.R., Yang, P., Cassivi, S.D., Schild, S.E. and Adjei, A.A. (2008) Non-small cell lung cancer: epidemiology, risk factors, treatment, and
survivorship. Mayo Clin. Proc. 83, 584-594, https://doi.org/10.1016/50025-6196(11)60735-0

2 Chen, Z., Fillmore, C.M., Hammerman, P.S., Kim, C.F. and Wong, K.-K. (2014) Non-small-cell lung cancers: a heterogeneous set of diseases. Nat. Rev.
Cancer 14, 535-546, https://doi.org/10.1038/nrc3775

3 Chheang, S. and Brown, K. (2013) Lung cancer staging: clinical and radiologic perspectives. Semin. Intervent. Radiol. 30, 99-113,
https://doi.org/10.1055/s-0033-1342950

4 Reck, M., Heigener, D.F., Mok, T., Soria, J.-C. and Rabe, K.F. (2013) Management of non-small-cell lung cancer: recent developments. Lancet North
Am. Ed. 382, 709-719, https://doi.org/10.1016/S0140-6736(13)61502-0

5 Samulin Erdem, J., Skaug, V., Haugen, A. and Zienolddiny, S. (2016) Loss of MKK3 and MK2 copy numbers in non-small cell lung cancer. J. Cancer 7,
512-515, https://doi.org/10.7150/jca.13651

6 Sekimoto, N., Suzuki, Y. and Sugano, S. (2017) Decreased KPNB1 expression is induced by PLK1 inhibition and leads to apoptosis in lung
adenocarcinoma. J. Cancer 8, 4125-4140, https://doi.org/10.7150/jca.21802

7 Boldrini, L., Giordano, M., Niccoli, C., Melfi, F., Lucchi, M., Mussi, A. et al. (2017) Role of microRNA-33a in regulating the expression of PD-1 in lung
adenocarcinoma. Cancer Cell Int. 17, 105, https://doi.org/10.1186/512935-017-0474-y

8 Fatica, A. and Bozzoni, I. (2013) Long non-coding RNAs: new players in cell differentiation and development. Nat. Rev. Genet. 15, 7,
https://doi.org/10.1038/nrg3606

9 Flintoft, L. (2013) Structure and function for IncRNAs. Nat. Rev. Genet. 14, 598, https://doi.org/10.1038/nrg3561

10 Fernando, T.R., Contreras, J.R., Zampini, M., Rodriguez-Malave, N.I., Alberti, M.0., Anguiano, J. et al. (2017) The IncRNA CASC15 regulates SOX4
expression in RUNX1-rearranged acute leukemia. Mol. Cancer 16, 126, https://doi.org/10.1186/s12943-017-0692-x

11 Li, J.-K., Chen, C., Liu, J.-Y., Shi, J.-Z., Liu, S.-P,, Liu, B. et al. (2017) Long noncoding RNA MRCCAT1 promotes metastasis of clear cell renal cell
carcinoma via inhibiting NPR3 and activating p38-MAPK signaling. Mol. Cancer 16, 111, https://doi.org/10.1186/s12943-017-0681-0

12 Lin, A,, Li, C., Xing, Z., Hu, Q., Liang, K., Han, L. et al. (2016) The LINK-A IncRNA activates normoxic HIF1 « signalling in triple-negative breast cancer.
Nat. Cell Biol. 18, 213-224, https://doi.org/10.1038/ncb3295

13 Parasramka, M., Yan, |.K., Wang, X., Nguyen, P., Matsuda, A., Maji, S. et al. (2017) BAP1 dependent expression of long non-coding RNA NEAT-1
contributes to sensitivity to gemcitabine in cholangiocarcinoma. Mol. Cancer 16, 22, https://doi.org/10.1186/s12943-017-0587-x

14 Yuan, S., Liu, Q., Hu, Z., Zhou, Z., Wang, G., Li, C. et al. (2018) Long non-coding RNA MUC5B-AS1 promotes metastasis through mutually regulating
MUC5B expression in lung adenocarcinoma. Cell Death Dis. 9, 450

15 Wan, L., Sun, M., Liu, G.-J., Wei, C.-C., Zhang, E.-B., Kong, R. et al. (2016) Long noncoding RNA PVT7 promotes non—small cell lung cancer cell
proliferation through epigenetically regulating LATS2 expression. Mol. Cancer Ther. 15, 1082

16 Chen, Z,, Li, J.-L., Lin, S., Cao, C., Gimbrone, N.T., Yang, R. et al. (2016) cAMP/CREB-regulated LINCO0473 marks LKB1-inactivated lung cancer and
mediates tumor growth. J. Clin. Invest. 126, 2267-2279, https://doi.org/10.1172/JCI85250

17 Yang, Y., Ren, M., Song, C., Li, D., Soomro, S.H., Xiong, Y. et al. (2017) LINCO0461, a long non-coding RNA, is important for the proliferation and
migration of glioma cells. Oncotarget 8, 84123-84139

18 Deng, M., Yuan, H., Liu, S., Hu, Z. and Xiao, H. (2019) Exosome-transmitted LINC00461 promotes multiple myeloma cell proliferation and suppresses
apoptosis by modulating microRNA/BCL-2 expression. Cytotherapy 21, 96—106

19 Dong, L., Qian, J., Chen, F, Fan, Y. and Long, J. (2019) LINCO0461 promotes cell migration and invasion in breast cancer through miR-30a-5p/integrin
3 axis. J. Cell. Biochem. 120, 4851-4862

20 Noh, J.H., Kim, K.M., McClusky, W.G., Abdelmohsen, K. and Gorospe, M. (2018) Cytoplasmic functions of long noncoding RNAs. Wiley Interdiscip. Rev.
RNA9, 1471, https://doi.org/10.1002/wrna.1471

21 Winter, J., Jung, S., Keller, S., Gregory, R.I. and Diederichs, S. (2009) Many roads to maturity: microRNA biogenesis pathways and their regulation. Nat.
Cell Biol. 11, 228, https://doi.org/10.1038/ncb0309-228

22 Xu, K., Han, B., Bai, Y., Ma, X.Y., Ji, Z.N., Xiong, Y. et al. (2019) MiR-451a suppressing BAP31 can inhibit proliferation and increase apoptosis through
inducing ER stress in colorectal cancer. Cell Death Dis. 10, 152, https://doi.org/10.1038/s41419-019-1403-x

23 Wang, M., Lv, G., Jiang, C., Xie, S. and Wang, G. (2019) miR-302a inhibits human HepG2 and SMMC-7721 cells proliferation and promotes apoptosis
by targeting MAP3K2 and PBX3. Sci. Rep. 9, 2032, https://doi.org/10.1038/s41598-018-38435-0

24 He, Y., Liu, H., Jiang, L., Rui, B., Mei, J. and Xiao, H. (2018) miR-26 induces apoptosis and inhibits autophagy in non-small cell lung cancer cells by
suppressing TGF-31-JNK signaling pathway. Front. Pharmacol. 9, 1509, https://doi.org/10.3389/fphar.2018.01509

25 Ghanbari, R., Mosakhani, N., Asadi, J., Nouraee, N., Mowla, S.J., Poustchi, H. et al. (2015) Decreased expression of fecal miR-4478 and miR-1295b-3p
in early-stage colorectal cancer. Cancer Biomark. 15, 189-195, https://doi.org/10.3233/CBM-140453

26 Ghanbari, R., Rezasoltani, S., Hashemi, J., Mohamadkhani, A., Tahmasebifar, A., Arefian, E. et al. (2017) Expression analysis of previously verified fecal
and plasma dow-regulated microRNAs (miR-4478, 1295-3p, 142-3p and 26a-5p), in FFPE tissue samples of CRC patients. Arch. Iran. Med. 20, 92-95

27 Sharma, A., Yeow, W.-S., Ertel, A., Coleman, I., Clegg, N., Thangavel, C. et al. (2010) The retinoblastoma tumor suppressor controls androgen signaling
and human prostate cancer progression. J. Clin. Invest. 120, 4478-4492, https://doi.org/10.1172/JCI44239

28 Schmidt, A., Niemetz, A., Piitzer, B.M., Engelmann, D., Koczan, D., Pahnke, J. et al. (2010) E2F1 in melanoma progression and metastasis. J. Natl.
Cancer Inst. 102, 127-133, https://doi.org/10.1093/jnci/djp458

29 DeGregori, J. (2002) The genetics of the E2F family of transcription factors: shared functions and unique roles. Biochim. Biophys. Acta 1602, 131-150,
https://doi.org/10.1016/S0304-419X(02)00051-3

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 press

11

202 udy g uo 3senb Aq ypd°GHE1L-6102-1SA/LE8I8/SHE L6 02HSH/Z/0F/HPd-8jone/dauidsolq/woo ssaidpuepod;/:diy wouy papeojumoq


https://doi.org/10.1016/S0025-6196(11)60735-0
https://doi.org/10.1038/nrc3775
https://doi.org/10.1055/s-0033-1342950
https://doi.org/10.1016/S0140-6736(13)61502-0
https://doi.org/10.7150/jca.13651
https://doi.org/10.7150/jca.21802
https://doi.org/10.1186/s12935-017-0474-y
https://doi.org/10.1038/nrg3606
https://doi.org/10.1038/nrg3561
https://doi.org/10.1186/s12943-017-0692-x
https://doi.org/10.1186/s12943-017-0681-0
https://doi.org/10.1038/ncb3295
https://doi.org/10.1186/s12943-017-0587-x
https://doi.org/10.1172/JCI85250
https://doi.org/10.1002/wrna.1471
https://doi.org/10.1038/ncb0309-228
https://doi.org/10.1038/s41419-019-1403-x
https://doi.org/10.1038/s41598-018-38435-0
https://doi.org/10.3389/fphar.2018.01509
https://doi.org/10.3233/CBM-140453
https://doi.org/10.1172/JCI44239
https://doi.org/10.1093/jnci/djp458
https://doi.org/10.1016/S0304-419X(02)00051-3

o = PORTLAND
09 rress

12

Bioscience Reports (2020) 40 BSR20191345
https://doi.org/10.1042/BSR20191345

30 Gu, Y., Cheng, Y., Song, Y., Zhang, Z., Deng, M., Wang, C. et al. (2014) MicroRNA-493 suppresses tumor growth, invasion and metastasis of lung cancer
by regulating E2F1. PLoS One 9, e102602, https://doi.org/10.1371/journal.pone.0102602

31 Yin, J., Fu, W,, Dai, L., Jiang, Z., Liao, H., Chen, W. et al. (2017) ANKRD22 promotes progression of non-small cell lung cancer through transcriptional
up-regulation of E2F1. Sci. Rep. 7, 4430, https://doi.org/10.1038/s41598-017-04818-y

32 Yu, L, Fang, F, Lu, S., Li, X., Yang, Y. and Wang, Z. (2017) IncRNA-HIT promotes cell proliferation of non-small cell lung cancer by association with
E2F1. Cancer Gene Ther. 24, 221, https://doi.org/10.1038/cgt.2017.10

33 Ye, Y., Gu, B., Wang, Y., Shen, S. and Huang, W. (2019) E2F1-mediated MNX1-AS1-miR-218-5p-SEC61A1 feedback loop contributes to the progression
of colon adenocarcinoma. J. Cell. Biochem. 120, 6145-6153, https://doi.org/10.1002/jch.27902

34 Wang, P, Xu, J., Wang, Y. and Cao, X. (2017) An interferon-independent IncRNA promotes viral replication by modulating cellular metabolism. Science
358, 1051-1055, https://doi.org/10.1126/science.aa00409

35 Long, Y., Wang, X., Youmans, D.T. and Cech, T.R. (2017) How do IncRNAs regulate transcription? Sci. Adv. 3, eaa02110,
https://doi.org/10.1126/sciadv.aa02110

36 Chi, R., Chen, X., Liu, M., Zhang, H., Li, ., Fan, X. et al. (2019) Role of SNHG7-miR-653-5p-STAT2 feedback loop in regulating neuroblastoma
progression. J. Cell. Physiol. 234, 13403—13412, https://doi.org/10.1002/jcp.28017

37 Qu, R., Chen, X. and Zhang, C. (2018) LncRNA ZEB1-AS1/miR-409-3p/ZEB1 feedback loop is involved in the progression of non-small cell lung cancer.
Biochem. Biophys. Res. Commun. 507, 450-456, https://doi.org/10.1016/j.bbrc.2018.11.059

38 Schaal, C. and Chellappan, S. (2016) Nicotine-mediated regulation of nicotinic acetylcholine receptors in non-small cell lung adenocarcinoma by E2F1
and STAT1 transcription factors. PLoS One 11, 0156451, https://doi.org/10.1371/journal.pone.0156451

39 Pillai, S., Trevino, J., Rawal, B., Singh, S., Kovacs, M., Li, X. et al. (2015) 3-Arrestin-1 mediates nicotine-induced metastasis through E2F1 target genes
that modulate epithelial-mesenchymal transition. Cancer Res. 75, 1009-1020, https://doi.org/10.1158/0008-5472.CAN-14-0681

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

202 udy g uo 3senb Aq ypd°GHE1L-6102-1SA/LE8I8/SHE L6 02HSH/Z/0F/HPd-8jone/dauidsolq/woo ssaidpuepod;/:diy wouy papeojumoq


https://doi.org/10.1371/journal.pone.0102602
https://doi.org/10.1038/s41598-017-04818-y
https://doi.org/10.1038/cgt.2017.10
https://doi.org/10.1002/jcb.27902
https://doi.org/10.1126/science.aao0409
https://doi.org/10.1126/sciadv.aao2110
https://doi.org/10.1002/jcp.28017
https://doi.org/10.1016/j.bbrc.2018.11.059
https://doi.org/10.1371/journal.pone.0156451
https://doi.org/10.1158/0008-5472.CAN-14-0681

