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Abstract

Long noncoding RNAs (IncRNA) participate in carcinogen-
esis and tumor progression in lung cancer. Here, we report
the identification of a IncRNA signature associated with
metastasis of non-small cell lung cancer (NSCLC). In partic-
ular, elevated expression of LINC00963 (MetaLnc9) in human
NSCLC specimens correlated with poor prognosis, promoted
migration and invasion of NSCLC cells in vitro, and enhanced
lung metastasis formation in vivo. Mechanistic investigations
showed that MetalLnc9 interacted with the glycolytic kinase

Introduction

Lung cancer is the leading cause of cancer-related deaths world-
wide, especially in China (1). As the predominant form of lung
cancer, non-small cell lung cancer (NSCLC) accounts for approx-
imately 85% of lung cancer cases, whereas the frequency of small-
cell lung cancer in many countries has been decreasing over the
last two decades (2). Despite various clinical advances in system-
atic therapies for lung cancer patients, the 5-year survival rate
remains low (3). Approximately 90% of patients diagnosed with
NSCLC die due to distant metastases rather than primary tumor,
and metastasis has been a consistent problem in tumor prognosis
and therapy (4, 5). However, the complicated molecular and
cellular mechanisms involved in lung cancer metastasis remain
poorly understood. The need to identify potential therapeutic
targets to improve NSCLC treatment is urgent.

Long noncoding RNAs (IncRNA) are transcripts longer than
200 bp that do not encode proteins (6) and participate in
controlling fundamental biological processes by regulating gene
expression at almost all levels, including epigenetic (7), transcrip-
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PGK1 and prevented its ubiquitination in NSCLC cells, lead-
ing to activation of the oncogenic AKT/mTOR signaling
pathway. Metalnc9 also interacted with P54nrb/NonO
(NONO) to help mediate the activity of CRTC, a coactivator
for the transcription factor CREB, reinforcing a positive feed-
back loop for metastasis. Taken together, our results establish
Metalnc9 as a driver of metastasis and a candidate therapeu-
tic target for treating advanced NSCLC. Cancer Res; 77(21);
5782-94. ©2017 AACR.

tional, and posttranscriptional levels (8). The aberrant expression
of IncRNAs has been connected to multiple malignancies, includ-
ing cancer (9-12), providing new insights into cancer develop-
ment and progression. For example, Inc-DC plays a critical role
in dendritic cell differentiation by binding to STAT3 (13). HBXIP
and LSD1, which form a complex scaffolded by HOTAIR, activate
c-Myc target genes in breast cancer cells (14). IncRNA CCAT2,
which is overexpressed in colorectal cancer, promotes metastasis,
growth, and chromosomal instability in colon cancer cells
through TCF L2-mediated transcriptional regulation (15).
lincRNA-p21 functions as a suppresser gene in the p53-transcrip-
tion pathway and modulates the Warburg effect by cooperating
with HIF-1o (16). LINC00473 is consistently the most highly
induced gene in LKB-inactivated human primary NSCLC samples
and can be integrated into clinical treatment evaluation (17). Lnc-
Hc binds hnRNPA2B1 to regulate Cyp7al and Abcal expression
in hepatocyte cholesterol metabolism (18). However, the poten-
tial regulation and functions of IncRNAs in NSCLC progression
remain largely unknown.

In our study, a highly metastatic cell line, SPC-A-1sci, was
derived from SPC-A-1 cells (a weakly metastatic cell line) through
in vivo selection in a NOD/SCID mouse model (19). For the
parallel genetic background between these two cell lines, they
were used to perform global IncRNAs profiling with microarray
analysis to screen metastasis-associated IncRNAs that might be
potential therapeutic targets for NSCLC. MetaLnc9 was identified
to be significantly upregulated in highly metastatic cells (SPC-A-
1sci) and NSCLC tumor tissues, and its expression correlated with
distant metastasis and tumor node metastasis. The biological role
of MetaLnc9 in lung cancer cells was assessed genetically both in
vitro and in vivo. MetaLnc9 directly interacted with phosphoglyc-
erate kinase 1 (PGK1) and inhibited its ubiquitin-mediated
degradation, leading to the activation of the AKT/mTOR signaling
pathway in NSCLC cells. Moreover, MetaLnc9 participated in the
NONO/CRTC/CREB1 complex and transcriptionally regulated its
own expression in NSCLC cells. Our expression, functional, and
mechanistic data demonstrate that MetalLnc9 is a potentially
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robust biomarker for NSCLC metastasis and a novel gene regu-
lator in NSCLC cells.

Materials and Methods

Cell lines and cell culture

The human NSCLC cell lines H1299, H292, and human embry-
onic kidney 293T cells used in this study were obtained from the
ATCC in 2010. SPC-A-1 was obtained from Cellular Institute of
Chinese Academy of Science (Shanghai, China) in 2007. SPC-A-
1sciwas, a highly metastatic cell line established by our laboratory,
was derived from SPC-A-1 cells (a weakly metastatic cell line)
through in vivo selection in a NOD/SCID mouse model in 2009.
All of them were routinely cultured at 37°C in a humidified air
atmosphere containing 5% carbon dioxide in DMEM supplemen-
ted with 10% FBS (Biowest), 100 pu/mL penicillin (Sigma-Aldrich),
and 100 pg/mL streptomycin (Sigma-Aldrich). All the cell lines
were used within 20 passages and thawed fresh every 2 months.
These cell lines were Mycoplasma-free and authenticated by quality
examinations of morphology and growth profile.

Human NSCLC samples

The 73-paired human NSCLC and their matched adjacent
noncancerous tissues used to analyze MetaLnc9 RNA levels were
collected from the Department of Lung Cancer, Shanghai Chest
Hospital affiliated to Shanghai Jiao-tong University. The matched
adjacent noncancerous were taken at a distance of at least 3 cm
from the tumor. Upon resection, Human surgical specimens were
immediately frozen in liquid nitrogen and stored at —80°C
refrigerator for further investigation. All human specimens were
approved by the Ethical Review Committee of the World Health
Organization of the Collaborating Center for Research in Human
Production authorized by the Shanghai Municipal Government
and obtained with informed consent from all patients. This study
was approved by the Ethics Committee of Shanghai Jiao-tong
University.

5’ and 3’ rapid amplification of cDNA ends analysis

5’- and 3'-rapid amplification of cDNA ends (RACE) analyses
were performed with 1 ug of total RNA or poly A+ RNA using the
SMARTer RACE 5'/3’ Kit (Clonetech) according to the manufac-
turer's instructions. The gene-specific primers and nested gene-
specific primers used for nested PCR are presented in Supplemen-
tary Table S1 They were designed according to the manual
guidelines.

RNA extraction and qRT-PCR analysis

Total RNA samples from the NSCLC tissue specimens and cell
lines in this study were extracted with TRIzol reagent (Invitrogen,
CA) according to the manufacturer's protocol, and quantified
with Nanodrop 2000 (Thermo). First-strand cDNA was synthe-
sized with the PrimeScript RT Reagent Kit (TaKaRa). Real-time
polymerase chain reaction (qPCR) was performed with SYBR
Green Premix Ex Taq (TaKaRa). Relative RNA expression levels
determined by qPCR were measured by ABI Prism 7900 sequence
detection system (Applied Biosystems). The sequences for the
gene-specific primers used are listed in Supplementary Table S1.
B-Actin was used as the internal control.

Northern blot
Atotal of 10 pug of the total RNA was subjected to formaldehyde
gel electrophoresis and transferred to a Hybond-N+ membrane
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(GE Healthcare) by capillary transfer. Membrane was ultraviolet-
crosslinked. Digoxin-labeled RNA probes were prepared with the
DIG Northern Starter Kit (Roche). The sequences for the primers
are listed in Supplementary Table S1. After 60 minutes of pre-
hybridization in ULTRAhyb-Oligo buffer (Ambion) at 62°C, the
membrane was hybridized for 12 hours at 68°C in ULTRAhyb-
Oligo buffer containing the denatured probe. After washing,
signal on the membrane was detected using phosphorimaging
(Typhoon, Molecular Devices).

Subcellular fractionation

One~107 cells were collected using 2.5% trypsin and washed
once in PBS. According to the PARISTM Kit (Ambion), the cell
pellets were incubated with 500 uL Cell Fractionation Buffer on
ice 10 minutes, then loosened by flicking the tube. The samples
were centrifuged 5 minutes at 4°C with a low speed to keep the
nuclei intact. Put the supernatant in a fresh RNase-free tube to
isolate cytoplasmic RNA. After removing the supernatant, the Cell
Fractionation Buffer was added into the tube to wash the nuclear
pellet once. Atlast, the nuclear pellet was lysed by the ice-cold Cell
Disruption Buffer. Cytoplasmic and nuclear fractions were split
for RNA extraction and qPCR. The sequences for the primers are
listed in Supplementary Table S1.

RNA interference

The siRNA oligonucleotides targeting MetaL.nc9, PGK1, NONO
(Supplementary Table S1) were designed and synthesized by
RiboBio. Cells were transfected with the indicated siRNAs using
Lipofectamine 2000 Reagents (Invitrogen), according to the
manufacturer's protocol. After transfection for 48 hours, the cells
were used for migration, invasion, RNA extraction, and immu-
noblotting assays,

Vector construction

Full-length MetaLlnc9 ¢cDNA was commercially synthesized
(GENEWIZ), then was cloned and inserted into the lentiviral
expression vector pWPXL. To produce lentivirus containing
Metalnc9, 293T cells were cotransfected with the pWPXL-
Metalnc9 and the lentiviral vector packaging system using Lipo-
fectamine 2000. PGK1 CDS and NONO CDS were amplified
using primers depicted in Supplementary Table S1. PGK1 and
NONO were, respectively, inserted into pCMV-Flag vector or
pCDH-CMV-puro vector, short for pCDH. The sequence of the
full-length MetaLnc9 promoter was amplified from —2000 bp to
+310 bp; the deletion plasmids were amplified from —2000 bp,
—1130 bp, —178 bp, and —30 bp to +310 bp. The mutant was
generated by mutating the DNA-binding site (—245 bp to —252
bp). These promoter sequences were all cloned into the pGL3-
basic at the MIul and Xhol sites.

Cell migration and invasion assays

Cell migration and invasion assays were detected in a 24-well
plate with 8-um-pore size chamber inserts (Corning). For migra-
tion assays, 5 x 10” cells were suspended into the upper chamber
per well with the non-coated membrane. For invasion assays, 1 x
10° cells were placed into the upper chamber per well with the
Matrigel-coated membrane, which was diluted with serum-free
culture medium. In both assays, Cells were suspended in 200 uL of
DMEM without FBS. In the lower chamber, 800 puL of DMEM
supplemented with 10% FBS was added. After 18 hours of
incubation at 37°C, the cells, which had migrated to the bottom
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surface of the membrane, were fixed with 100% methanol, and
stained with 0.1% crystal violet for 20 minutes. Then, the cells
were imaged and counted under a CKX41 inverted microscope
(Olympus, Japan).

Xenograft model

Five-week-old BALB/c-nu/nu nude male mice were used for
animal studies, and all animals were maintained in the pathogen-
free (SPF) conditions at shanghai cancer institution. The GFP-Luc
lentiviral vector encoding a fusion gene of GFP and luciferase was
generated by inserting the GFP-Luc gene from the plasmid eGFP-
2A-CBGr99 (kindly provided by Professor Hammerling) into the
BamHI/Xhol sites of a pWPXL vector. To collect the real-time data
of in vivo assays, some special SPC-A-1 cells were transfected with
the GFP-Luc lentiviral vector, nominated as SPC-A-1-GFP-Luc
cells. The SPC-A-1-GFP-Luc cells were introduced with lentivirus
carrying Metalnc9 or the empty control, then injected into the
lateral tail veins of nude mice (12/group). After 6 weeks, all living
mice were subjected to analyze the luciferase signal, with subcu-
taneous injection of the luciferase substrate into the abdomen.
When these mice were sacrificed, the resected lung tissues were
continuously analyzed for the GFP signal. Then the lung tissues
were fixed in 10% neutral PB-buffered formalin. The fixed samples
were embedded in paraffin and stained with hematoxylin and
eosin. All animal experiments were housed and performed
according to the guidelines approved by the Shanghai Medical
Experimental Animal Care Commission.

RNA pulldown and mass spectrometry analysis

Biotin-labeled Metal.nc9 was synthesized using the Biotin
RNA Labeling Mix by T7 RNA polymerase, and then incubated
with the cell lysates for 4 hours. The protein with biotin-labeled
Metalnc9 were pulled down with streptavidin magnetic beads
(Thermo) after incubation overnight. The samples were sepa-
rated using electrophoresis and the specific bands were iden-
tified using mass spectrometry and retrieved in human prote-
omic library. The sequences for the primers are listed in Sup-
plementary Table S1.

RNA Immunoprecipitation

RNA Immunoprecipitation (RIP) experiments were per-
formed using the Magna RIP RNA-Binding Protein Immuno-
precipitation Kit (Millipore), according to the manufacturer's
instructions. Total RNA (input control) and precipitation with
the isotype control (IgG) for each antibody were assayed
simultaneously. Five ug antibody against PGK1 and NONO
were incubated with the supernatants. The coprecipitated RNAs
were pulled down by the protein G beads and then detected by
q-PCR. The sequences for the primers are listed in Supplemen-
tary Table S1.

Immunoblotting assays

The cell lysates were extracted from cultured cells with RIPA
lysis buffer containing protease inhibitors (Byotime). Lysates were
cleared by centrifugation at 4°C for 15 minutes at 12,000 X g.
Protein samples were separated by 6% and 8% sodium dodecyl
sulfate (SDS)-PAGE and transferred to nitrocellulose filter mem-
branes (Millipore). After blocking in PBS/Tween-20 containing
5% nonfat milk, the membranes were incubated with the primary
antibodies (Supplementary Table S1). Subsequent visualization
was detected with SuperSignal West Femto Maximum Sensitivity
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Substrate (Thermo). The antibodies for the assays are listed in
Supplementary Table S2.

Luciferase assays

HEK-293T cells were seeded in 96-well plates at a density of
5,000 cells per well 24 hours before transfection. The cells were co-
transfected with a mixture of 50 ng PGL3-basic-MetaLnc9 pro-
moter, 10 ng Renilla and 50 ng pCDH-CREB1 or control according
to the recommended instruction by using the Lipofectamine
2000. After 48 hours of transfection, Firefly and Renilla luciferase
activity was measured by the Dual-Luciferase Reporter Assay
System (Promega). The relative firefly luciferase activities were
detected, and Renilla luciferase activities served as an internal
control.

Chromatin immunoprecipitation

The cells overexpressing pCDH-Flag-CREB1 were cross-
linked by 1% formaldehyde for 10 minutes, cracked with SDS
lysis buffer followed by ultransonication with 50 minutes, then
incubated with anti-Flag at 4°C overnight. After decrosslinking
of the protein-DNA complex, PCR was used to detect the
precipitated CREB1-binding sites with specific primers (Sup-
plementary Table S1).

Microarray and expression data analysis

We performed global IncRNAs profiling with microarray anal-
ysis to screen metastasis-associated IncRNAs. Data are available
via Gene Expression Omnibus (GEO) GSE101836. Online-avail-
able datasets were downloaded from NCBI. The expression of
Metalnc9 in 464 NSCLC tissues originated from The Genomic
Data Commons Data Portal (https://gdc-portal.nci.nih.gov/).
One hundred and seventeen lung adenocarcinoma patients were
involved in the Tomida' Cohort (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE13213), for NONO expression anal-
ysis. The ChIP-seq data for CREB1 were downloaded from
ENCODE (https://www.encodeproject.org/).

URLs

The coding potential of the MetaLnc9 transcript was analyzed
using PhyloCSF codon substitution frequency analysis (UCSC),
the Coding Potential Assessment Tool (CPAT, http://lilab.
research.bcm.edu/cpat/index.php) and the coding potential
calculator (CPC, http://cpc.cbi.pku.edu.cn/). The Metalnc9
promoter were analyzed in the JASPAR database (http://jaspar.
genereg.net/).

Statistical analysis

Unless stated otherwise, the data are presented as the mean +
SEM from one representative experiment out of three indepen-
dent experiments, and every representative experiment has
three repetitions. Student ¢t test or one-way ANOVA was per-
formed to evaluate differences between two groups or between
more than two groups, respectively. The Wilcoxon tests were
used to analyze MetaLnc9 RNA levels between human NSCLC
samples and the matched non-tumorous lung tissues, and the
Mann-Whitney tests or Kruskal-Wallis tests were used to
analyze MetaLnc9 RNA levels in grouped human samples. ROC
curve analysis was used to determine the efficacy of MetaLnc9
in The Cancer Genome Atlas (TCGA) cohort or NONO expres-
sion in the Tomida' Cohort, then the log-rank Mantel-Cox test
was performed to analyze the correlation between the
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Figure 1.

Metalnc9 is associated with advanced
tumor metastasis in NSCLC. A, Heat
map representation of RNA-
sequencing for gene expression
profiles of highly metastatic cells (SPC-
A-1sci) and low-metastatic cells (SPC-
A-1); For each group, triple biological
repeats were analyzed. The detailed
annotation as listed in Supplementary
Table S3. B, Expression levels of
candidate IncRNAs in highly metastatic
cells (SPC-A-1sci) and low-metastatic
cells (SPC-A-1). C, MetaLnc9 RNA
levels were quantified in 73 pairs of
NSCLC tissues and adjacent normal
tissues using gPCR. D, Fold changes in
Metal.nc9 expression in 73 paired
tissues (NSCLC/noncancerous; up-
expression, >1; no change, -1~1; down-
expression, <1.). E and F, Clinical
significance of MetalLnc9 in patients

with NSCLC; high MetaLnc9 expression 2
was positively correlated with TNM 3 - 0.006
stage (lll+1V; E) and metastasis (lymph % 5
node metastasis and/or distal g ;‘-E 0.004
metastasis; F). G, Kaplan-Meier EE‘
analyses of the correlation between 3 E 0.002
MetalLnc9 RNA levels and overall fg
survival in the 464-patient-TCGA £ 5 0.000 355
cohort. Values represent medians with g = Noncancerous NSCLC
interquartile range in (C, E, and F). The =) nx1)
patients were staged in accordance
with the 71" Edition of the AJCC cancer
tumor node metastasis classification in 2 _
} . 2 P=00429
E. B-Actin served as the control in B = 0008 —_—
B-F. Values are expressed as mean % < =
_ZinB- 0 2 "
+ SEM, n = 3in B-F. ‘8_:;0-004 ’
22 0002 v
®.E 0.000 AELLL ——
& I+ HN+v
{n=3T) (n=386)

expression levels and overall survival. Qualitative variables
were compared using x° tests. P < 0.05 was considered statis-
tically significant. Figures were generated with GraphPad Prism
5 software. All analyses were performed with SPSS software
(version 19.0, Armonk).

Results

MetaLnc9 is overexpressed and associated with poor outcomes
in NSCLC patients

The highly metastatic SPC-A-1sci cell line in our study
was derived from SPC-A-1 using an in vivo metastatic selection
model (Supplementary Fig. S1A), and the two cell lines share
the same genetic background. Using IncRNA microarray assays,
we screened both cell lines for metastasis-associated IncRNAs
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in NSCLC (Fig. 1A; Supplementary Table S3). After verification
by quantitative real-time PCR (qRT-PCR) and functional screen-
ing (Fig. 1B; Supplementary Table S4), Metal.nc9 was selected as a
potential metastasis-related long intergenic noncoding RNA
(lincRNA) for NSCLC. MetaLnc9 locates in chromosomal locus
9q34 (20), and has one transcript containing five exons
(NR_038955, 2123 nt). However, our 5" and 3’ RACE assays and
quantitative real-time PCR revealed that the 1901-nt transcript is
the predominant transcript in NSCLC cell lines and NSCLC
tissues, with a shorter 5 end compared with the annotated
transcript (Supplementary Fig. SIB-S1E). Furthermore, the RNA
level of this 1901-nt transcript was demonstrably higher in
SPC-A-1sci cells than in SPC-A-1 cells according to northern
blotting (Supplementary Fig. S1F). The coding potential of the
1901-nt Metalnc9 transcript was analyzed using PhyloCSF

Cancer Res; 77(21) November 1, 2017

220z ¥snbny 9z uo ysenb Aq ypd z8/8/ereee62/28.5/12/LL/HPd-01d11E/S81190URD/610"S|BUINO[IORE//:d)Y WO pOpeojumOq

5785



Yu et al.

codon substitution frequency analysis, the Coding Potential
Assessment Tool and the coding potential calculator (Supple-
mentary Fig. S2A-S2C). The data strongly suggested that
Metalnc9 is a noncoding RNA. MetalLnc9 was expressed to
varying degrees in NSCLC cell lines (Supplementary Fig. S1E),
being present in both the cytoplasm and nucleus of SPC-A-1sci
cells (Supplementary Fig. S2D).

To assess the clinical significance of Metal.nc9, we analyzed
Metalnc9 RNA levels in 73 pairs of human NSCLC and their
corresponding noncancerous lung tissues. Compared with cor-
responding nontumorous tissues, MetaLnc9 was significantly
upregulated in NSCLC tissues (Fig. 1C). Moreover, the RNA
expression of MetaLnc9 was upregulated in 61.6% (45/73) of
NSCLC cases (Fig. 1D), and its expression was positively
correlated with advanced TNM stages (III and IV) and lymph
node and distal metastasis (Fig. 1E and F; Supplementary Table
S5). The correlation between MetalLnc9 RNA levels and NSCLC
clinicopathological features was confirmed in another 464-
TCGA-patient cohort (https://cancergenome.nih.gov/, Fig.
1G). Importantly, high levels of MetaLnc9 RNA were remark-
ably associated with poor outcomes in the 464-TCGA-patient
cohort (Fig. 1G). Taken together, our data show that MetaL.nc9
is highly expressed in lung cancer and related to clinical severity
and prognosis.

MetaLnc9 enhances the migration and invasion abilities of
NSCLC cells in vitro and in vivo

Aside from its identification as a metastasis-related lincRNA
from the highly metastatic SPC-A-1sci cell line, the relationship
between MetaLnc9 RNA levels and lymph node and distal
metastasis also prompted us to explore the effect of this
lincRNA on NSCLC cell invasion and metastasis. Stable cell
lines (pWPXL-MetaLnc9) were established via lentiviral infec-
tion of NSCLC cells (Supplementary Fig. S3A). MetaLnc9 over-
expression substantially enhanced the migration and invasion
abilities of SPC-A-1 and H292 cells (Fig. 2A and B), but had no
impact on SPC-A-1 and H292 cell growth in wells coated with
or without Matrigel at the end time point of migration and
invasion assays (Supplementary Fig. S3B). Conversely, knock-
ing down endogenous MetaLnc9 in NSCLC cells via two inde-
pendent siRNAs significantly reduced the migration and inva-
sion abilities of SPC-A-1sci and H1299 cells (Fig. 2C and D;
Supplementary Fig. S3C), yet did not change cell proliferation
of SPC-Al-sci or H1299 cells under the indicated conditions
(Supplementary Fig. S3D). These results indicated that the
promotion of migration and invasion by MetaLnc9 was not
due to cell proliferation.

To further investigate the effect of MetaLnc9 on NSCLC cell
metastasis in vivo, SPC-A-1 cells were tagged with the luciferase
gene, which can be easily traced by in vivo imaging systems. The
pWPXL-MetaLnc9 cells and the control cells, both derived
from the tagged cells, were injected into the lateral tail veins
of nude mice (n = 12). After 6 weeks, Bioluminescence
Imaging (BLI) showed a significant increase in tumorigenesis
and lung metastasis in the pWPXL-MetaLnc9 group (Fig. 2E
and F). The mice were then euthanized and their lungs were
dissected out for histological analysis; as expected, a higher
number of lung metastatic nodules was observed in the
pWPXL-MetaLnc9 group compared with the control group
(Fig. 2G and H). Taken together, these results demonstrated
that MetaLnc9 acts as a driver in the metastasis of NSCLC cells.
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MetaLnc9 physically interacts with PGK1 and NONO in
NSCLC cells

To elucidate the molecular mechanism underlying how
Metalnc9 promotes metastasis in NSCLC cells, we next identified
protein partners of Metal.nc9 in NSCLC cells through RNA pull-
down assays. Two independent MetaLnc9 pull-down experiments
showed specific bands at approximately 50 and 60 kD (Fig. 3A).
These protein bands, which were specifically enriched in
MetaLnc9 pull-down assays, were subjected to mass spectrometry,
which identified of 7 potential MetalLnc9-interacting proteins
based on unique peptides (>2) with repeated appearances (Sup-
plementary Table S6). Inmunoblotting independently confirmed
that two of the candidates, PGK1 and P54™/NonO (NONO),
interact directly with MetaLnc9 (Fig. 3B). Moreover, RIP assays
also demonstrated that MetaLnc9 was markedly enriched in pull-
downs with antibodies against PGK1 and NONO, as determined
by measuring coprecipitated RNA by qPCR and RT-PCR with
agarose gel electrophoresis analysis (Fig. 3C and D). These results
indicated that PGK1 and NONO specifically interact with
MetaLnc9 in NSCLC cells.

We next constructed a series of MetaLnc9 deletion mutants
based on its secondary structure (Supplementary Fig. S4A) to map
the precise binding regions for PGK1 and NONO. According to in
vitro RNA pull-down assays, the 1~230 nt fragment in the 5’ arm
of MetaLnc9 mediate its association with PGK1 and NONO (Fig.
3E). On the other hand, RIP assays with full-length and truncated
PGK1 and NONO showed that the substrate-binding domain of
PGK1 and the RRM2 domain of NONO are responsible for their
interaction with MetaLnc9 (Fig. 3F and G). However, these two
proteins did not bind each other (Supplementary Fig. S4B).
Moreover, migration and invasion assays showed that the
1~230 nt fragment of MetaLnc9 is sufficient for its function in
SPC-A-1 and H292 cells (Fig. 3H; Supplementary Fig. S4C),
suggesting that the interaction between MetaLnc9 and its partners,
PGK1 and NONO, might contribute to the promotion of NSCLC
metastasis.

Metalinc9 had no effect on NONO mRNA and protein levels
(Fig. 4A and B). Even though PGK1 mRNA levels were unchanged
(Fig. 4A); however, PGK1 protein levels were dramatically
reduced when Metalnc9 was silenced and increased when
Metalnc9 was overexpressed (Fig. 4B; Supplementary Fig.
$4D). The protein stability and the half-life of PGK1 protein were
dramatically dampened by MetaLnc9 siRNA in SPC-A-1sci and
H1299 cells treated with the protein synthesis inhibitor cyclo-
heximide (CHX), and the protein stability of PGK1 were increased
when MetaLnc9 was upregulated in SPC-A-1 and H292 cells (Fig.
4C and D; Supplementary Fig. S4E and S4F). Moreover, PGK1
protein degradation in SPC-A-1sci and H1299 cells was acceler-
ated by MetaLnc9 siRNA and suppressed by treatment with the
proteasome inhibitor MG132 (Fig. 4E), suggesting that MetaLnc9
inhibits the proteasome-dependent degradation of PGK1 in
NSCLC cells. As expected, the ubiquitination of PGK1 in SPC-
A-1sci cells was enhanced by Metalnc9 knockdown but was
dramatically reduced in SPC-A-1 cells by MetaLnc9 overexpres-
sion (Fig. 4F). These results implicate PGK1 as the downstream
target gene of MetaLnc9. When endogenous PGK1 was effectively
silenced (Fig. 4G; Supplementary Fig. S4G), the migration and
invasion abilities of SPC-A-1sci and H1299 cells were remarkably
reduced (Fig. 4H; Supplementary Fig. S4H). Unsurprisingly,
PGK1 overexpression rescued the inhibitory effect of MetalL.nc9
on NSCLC cell migration and invasion (Fig. 41). Taken together,
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Figure 2.

Metal.nc9 increases NSCLC cell migration, invasion, and metastasis in vitro and in vivo. A and B, Transwell migration and invasion assays in stable pWPXL-MetalLnc9
SPC-A-1and H292 cells. € and D, Transwell migration and invasion assays in SPC-A-Isci and H1299 cells transfected with two independent MetaLnc9 siRNAs.

E and F, Metal.nc9 overexpression increases lung metastases in vivo. Representative bioluminescence images of animals taken before the mice were euthanized. The
color scale depicts the photon flux emitted from these mice (E); the quantitation of lung metastasis was assessed by bioluminescence measurements (F). Two mice
died naturally under pathogen-free (SPF) conditions. G and H, Hematoxylin and eosin (H&E) staining in the lung samples obtained from nude mice after injection
with stable pWPXL-MetalLnc9 SPC-A-1cells (G); statistical analysis of lung metastasis in pWPXL-MetalLnc9 and control groups (H). Values represent the mean & SEM,
n=3in A-D, n =10-12 in E=H; ***, P < 0.001.

our results indicate that Metalnc9 physically interacts with PGK1 ~ MetaLnc9 regulates the AKT/mTOR signaling pathway via PGK1
and NONO and that PGK1 is the functional downstream target To better understanding the molecular mechanisms by which
gene of Metalnc9 in NSCLC cells. Metal.nc9 enhances the metastatic abilities of NSCLC cells, we
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Metal.nc9 physically interacts with PGK1and NONO in NSCLC cells. A, MetaLnc9-sense and MetalL.nc9-antisense probes were biotinylated, transcribed in vitro, and
incubated with SPC-A-1sci whole-cell lysates for RNA pull-down assays. After silver staining, the 50 and 70-kD MetalLnc9-sense-specific bands (arrows),
which repeatedly appeared in two independent assays, were excised and analyzed by mass spectrometry. B, Immunoblotting for specific associations of PGK1 or
NONO with MetalLnc9 from two independent RNA pull-down assays. € and D, RIP assays were performed using antibodies against PGK1 or NONO; gqPCR (C)
and RT-PCR (D) assays were used to detect MetalLnc9. E, Immunoblotting for PGK1 or NONO in samples pulled down with full-length MetaLnc9 (5), truncated
Metalnc9 (1, +1-230 nt; 2, 480-910 nt; 3, 920-1720 nt; 4, 400-1740 nt) or antisense probe (6). F and G, Deletion mapping to identify the domains of PGK1 (F)
or NONO (G) that bind to MetaLnc9. RIP analysis for MetalLnc9 enrichment in cells transiently transfected with full-length or truncated FLAG-tagged constructs.
H, Transwell migration and invasion assays in SPC-A-1 cells stably overexpressing full-length or truncated MetalLnc9. Values represent the mean + SEM,

n=3inCand F-H; ***, P < 0.001.

performed RNA-seq analysis to obtain the transcriptional profiles
of SPC-A-1 cells overexpressing MetaLnc9 (Supplementary Table
§7). To identify signaling pathways involved in NSCLC metasta-
sis, we performed gene set enrichment analysis (GSEA) to reveal
the gene signatures affected by Metalnc9 (Supplementary Table
S8). Metalnc9 regulated multiple biological process in NSCLC
cells (Fig. 5A), especially processes related to cell adhesion.
Functional annotations revealed which genes were involved in
the cell adhesion process (Fig. 5B), and we confirmed that their
mRNA levels were regulated by MetaLnc9 in SPC-A-1 cells (Fig.
5C). The EMT process in SPC-A-1 cells was also confirmed to being
markedly affected (Fig. 5D-F) by MetaLnc9 overexpression.
Moreover, the PI3K/AKT/mTOR pathway was significantly
enriched in GSEA plots, appearing as the top-ranked signaling
pathway (Fig. 5G; Supplementary Table S8). Using qPCR, we

5788 Cancer Res; 77(21) November 1, 2017

confirmed alterations in the top-scoring genes following
MetaLnc9 overexpression (Fig. 5H and I).

We then examined the effects of MetaLnc9 on AKT/mTOR
signaling by immunoblotting. MetaLnc9 knockdown by specific
siRNAs inhibited the phosphorylation of mTOR (Ser2481),
70S6K (Thr389), AKT (Ser473), and ERK (Thr202/Tyr204) in
SPC-A-1sci and H1299 cells, whereas MetaLnc9 overexpression
significantly promoted the phosphorylation of the corresponding
sites of mTOR, 70S6K, AKT, and ERK in SPC-A-1 and H292 cells
(Fig. 5J), whereas total amount of mTOR, 70S6K, AKT, and ERK
protein levels were not significantly altered. As PGK1 is the func-
tional downstream target gene of Metalnc9, we determined that
PGK1 also contributes to the effect of MetaLnc9 on AKT/mTOR
signaling in NSCLC cells (Supplementary Fig. S4I). More-
over, PGK1 over-expression rescued the inhibitory effects of
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Figure 4.

PGKT is the functional downstream target of MetaLnc9 in NSCLC cells through physical interaction. A, PGK1and NONO mRNA levels were quantified by gPCR with
Metalnc9 overexpression in SPC-A-1 cells or knockdown in SPC-A-1Isci cells. B, Immunoblotting for PGK1 and NONO protein levels after MetaLnc9
overexpression in SPC-A-1 cells or knockdown in SPC-A-1sci cells. € and D, SPC-A-1sci cells transfected with MetaLnc9 siRNA and SPC-A-1 cells transfected
with Metalnc9 overexpression were treated with cycloheximide (CHX, 50 ug/mL) for the indicated times. C, Immunoblotting for PGK1 levels in whole-cell
extracts. D, Densitometry analysis of PGK1 protein levels; the relative fold of the level at O hours. E, SPC-A-1sci and H1299 cells transfected with MetalLnc9
siRNA were treated with MG132 (25 umol/L) for 12 hours; immunoblotting for PGK1 levels in the indicated cells. F, Cell lysates form SPC-A-1 cells with MetaLnc9
overexpression or SPC-A-1sci cells with MetaLnc9 knockdown were immunoprecipitated (IP) with either control IgG or PGK1 antibody and then
immunoblotted for ubiquitin and PGKI1. G, Immunoblotting for PGK1 protein levels in SPC-A-1sci cells transfected with two independent PGKI siRNAs.

H, Transwell migration and invasion assays in SPC-A-1sci cells transfected with PGK1 siRNAs. I, Rescue assays for Transwell migration and invasion assays
were performed after MetaLnc9 silencing in SPC-A-1cells transiently expressing PGK1. Values represent the mean & SEM, n =3in A, H, and I. B-Actin served as

the internal control in B and E-G; ***, P < 0.001.

Metalnc9 knockdown on AKT/mTOR signaling in SPC-A-1sci
cells, whereas the activation of AKT/mTOR signaling by MetaLnc9
overexpression was reversed by PGK1 knockdown in SPC-A-1
cells (Fig. 5K). Collectively, these results demonstrate that
Metalnc9 activates the AKT/mTOR signaling pathway by inter-
acting with PGK1.

NONO regulates MetaLnc9 expression and mediates a feedback
loop via CRTC/CREB transcription

Our results demonstrated that NONO interacts with but is not
regulated by MetaLnc9. NONO knockdown could inhibit the
migration and invasion abilities in SPC-A-1sci and H1299 cells
(Supplementary Fig. SSA-S5D) and, consistent with the clinical

www.aacrjournals.org

features of Metal.nc9, patients from Tomida's Cohort with higher
NONO expression levels had poorer overall survival (Supple-
mentary Fig. S5E). Therefore, we evaluated whether NONO has
some other effect on MetaLnc9. Surprisingly, NONO knockdown
dramatically reduced MetaLnc9 RNA levels in SPC-A-1sci and
H1299 cells (Fig. 6A) but did not alter MetaLnc9 RNA stability
following treatment with the RNA synthesis inhibitor dactino-
mycin D (Supplementary Fig. S5F), suggesting a role for NONO in
the transcriptional regulation of MetalLnc9. According to the
chromatin immunoprecipitation sequencing (ChIP-seq) data-
base (21), histone H3K4me3, H3k27ac and RNA polymerase II
(Pol 1I) were enriched near the TSS of MetaLnc9 in A549 cells
(Supplementary Fig. S5G), indicating that the Metalnc9
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Figure 5.

MetalLnc9 regulates the AKT/mTOR signaling pathway with PGK1in NSCLC cells. A, Functional annotation clustering of genes regulated by Metal.nc9 overexpression
in SPC-A-1 cells. Enriched groups listed by their gene ontology term are ranked on the basis of the significant enrichment scores. B, Gene expression

levels of the subsets of genes for the cell adhesion process from SPC-A-1 cells overexpressing MetalL.nc9. Green, black, or red shading in the heat map indicate low,
intermediate, or high gene expression, respectively. C, gPCR assays for the selected genes from the cell adhesion process in SPC-A-1 cells overexpressing
MetalLnc9.D, E,and F, The EMT process in SPC-A-1cells overexpressing MetalL.nc9; GSEA enrichment (D) and gene expression levels (E) of the subsets of genes for the
process; (F) gPCR assays for the selected genes from the process. G, H, and I, PI3K/AKT/mTOR signaling in SPC-A-1 cells overexpressing MetalL.nc9; GSEA
enrichment (G) and gene-expression levels (H) of subsets of genes for the process; qPCR assays for the selected genes from the process (I). J, Immunoblotting
analysis for mTOR (Ser2481), 70S6K (Thr389), AKT (Ser473), and ERK (Thr202/Tyr204) phosphorylation in SPC-A-1sci and H1299 cells transfected with
Metal.nc9 siRNAs or in SPC-A-1and H292 cells stably overexpressing MetalL.nc9. K, Rescue assays for immunoblotting analysis of mTOR (Ser2481), 70S6K (Thr389),
AKT (Ser473), and ERK (Thr202/Tyr204) phosphorylation after MetaLnc9 silencing in SPC-A-1sci cells transiently expressing PGK1 or after PGK1 silencing

in SPC-A-1 cells stably overexpressing MetaLnc9. Values represent the mean &+ SEM, n = 3in C, F, and I. B-Actin served as the internal control in J and K.
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Figure 6.

NONO regulates Metal.nc9 expression through CRTC/CREB transcription and mediates feedback on MetalL.nc9 expression. A, MetalL.nc9 RNA levels were quantified
by gPCR in SPC-A-1sci and H1299 cells with NONO siRNAs. B, Luciferase activity of the 2.5-kb MetaLnc9 promoter in SPC-A-1sci cells transfected with

NONO siRNAs. C, Immunoprecipitation assay to identify the association between NONO and CRTC2 in SPC-A-1sci cells. D, Luciferase activity of the 2.5-kb MetalLnc9
promoter in SPC-A-1Isci cells with stable NONO and/or CREBT1 overexpression. E, Prediction of potential CREBI-binding sites in the 2.5-kb MetaLnc9

promoter in the JASPAR database (http://jaspar.genereg.net/). Top, a diagram of the 2.5-kb MetalL.nc9 promoter with predicted CREB1-binding sites; bottom, the
consensus CREB-binding sequence used for the prediction. F, Identification of crucial CREB1-binding sites in the MetalL.nc9 promoter (left, diagrams of the
full-length 2.5-kb MetalLnc9 promoter and the deletion fragments according to the CREB1 motif; right, luciferase activity of the full-length or truncated promoter in
SPC-A-1sci cells stably overexpressing CREBT1). G, Luciferase activity of the 2.5-kb MetalLnc9 promoter, with or without a mutation in the crucial CREB1-binding
site, in SPC-A-1sci cells stably overexpressing CREB1. Hand I, ChIP assays for the binding of CREB1 to the crucial CREB1-binding site in the 2.5-kb MetalLnc9 promoter.
ChIP products were amplified by gPCR (H) and RT-PCR (I). J, Luciferase activity of the 2.5-kb MetalL.nc9 promoter in SPC-A-1 cells with stable MetalLnc9
overexpression. K, Luciferase activity of the 2.5-kb MetaLnc9 promoter after overexpressing MetaLnc9 in SPC-A-1cells with NONO knockdown. L, Luciferase activity
of the 2.5-kb Metal.nc9 promoter after overexpressing MetalL.nc9 in SPC-A-1 cells with stable CREB1 overexpression. M, Immunoprecipitation assay to

identify the NONO-CRTC2 complex in SPC-A-1cells with stably overexpressing MetaLnc9. N, Immunoblotting for specific binding of CRTC2 to MetaLnc9 in SPC-A-1sci
cells. Values represent the mean + SEM, n = 3in A, B, D, F, G, H, and J-L. B-Actin served as the internal control in M; **, P < 0.01; and ***, P < 0.001.
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promoter is a typical active promoter. We constructed fragment of
the Metalnc9 promoter (—2000 to +310 nt) into a luciferase
reporter vector, and the luciferase activity was obviously sup-
pressed by NONO siRNAs in SPC-A-1sci cells (Fig. 6B). NONO is
a nuclear protein that binds to CRTC coactivators, which is
essential for CREB-mediated transcription (17, 22), and NONO
also been identified to interact with CRTC2 in SPC-A-1sci cells
(Fig. 6C). Interestingly, strong CREB1 signals were detected in
the MetaLnc9 promoter region in A549 cells (Supplementary
Fig. S5G; ENCODE datasets: https://www.encodeproject.org/,
GEO: GSM1010726). CREB enhanced the luciferase activity of
a 2.5-kb region of the MetalLnc9 promoter in SPC-A-1sci cells,
which was further enhanced by cotransfection with CREB1 and
NONO (Fig. 6D), suggesting that CRTC/CREB signal was respon-
sible for regulating MetaLnc9 expression in NSCLC cells, with
NONO involved.

Next, we analyzed the 2.5-kb Metal.nc9 promoter and found
three potential CREB1 binding sites (Fig. 6E; JASPAR database:
http://jaspar.genereg.net/; consensus sequence: 5'-TGACGTCA-
3'). Furthermore, luciferase reporters containing promoter frag-
ments lacking —1,130~—178 nt region did not respond to
CREB1 (Fig. 6F), suggesting the presence of a crucial CREB1-
binding site in this region. These data, combined with the CREB1
motif prediction (Fig. G6E), suggest that the —245~—252 nt
element might contain the CREB1-binding site. Mutating this
—245~—252 nt element blocked the ability of CREB 1 to enhance
the luciferase activity of the 2.5-kb MetaLnc9 promoter (Fig. 6G).
Subsequent ChIP assays verified that CREB1 directly interacts with
abindingsite in the —245~—252 nt region (Fig. 6H and I). Taken
together, our data show that NONO regulates MetaLnc9 tran-
scription through CRTC/CREB transcription.

Because Metalnc9 physically interacted with NONO, we
hypothesized that MetaLnc9 regulates its own expression through
afeedback loop involving CRTC/CREB transcription. As expected,
Metalnc9 overexpression promoted the 2.5-kb promoter activity
of itself in SPC-A-1 cells (Fig. 6J). Furthermore, the increased
luciferase activity by MetaLnc9 overexpression could also be
suppressed by NONO knockdown in these cells (Fig. 6K) but be
stimulated by CREB1 overexpression (Fig. 6L). These data sug-
gested that Metalnc9 had a positive feedback regulation on itself
via NONO/CREB1 complexes-mediated transcription. Moreover,
enhanced Metalnc9 expression promoted the interactions
between NONO and CRTC2 (Fig. 6M), and the interaction
between MetaLnc9 and CTRC2 was confirmed in SPC-A-1sci cells
(Fig. 6N). These data support a model whereby Metal.nc9 acts as a
coactivator with CRTC/CREB in a positive feedback loop that
maintains a high steady-state level of itself.

Discussion

Similar to protein-coding genes, IncRNAs contribute dramat-
ically to many biological processes (23). Recent studies have
revealed that IncRNAs are involved in tumor metastasis progres-
sion (24, 25) and are clinically useful in diagnosis and prognosis
(26). Lung cancer is the leading cause of cancer-related death;
thus, improved predictive biomarkers are necessary to ensure that
cancer patients are provided with the most effective treatments. To
identify a IncRNA signature for NSCLC metastasis, we performed
IncRNA expression profiling on cell lines with different metastatic
abilities and the same genomic background, which were derived
from SPC-A-1 cells using a mouse-screening model (19). Our
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expression and functional data show that MetaLnc9 is an onco-
genic IncRNA in NSCLC cells. Moreover, we provide mechanistic
insights into MetaLnc9 as an AKT/mTOR pathway activator and a
critical regulator of CRTC/CREB target genes via interactions with
protein partners.

MetaLnq9 is significantly upregulated in highly metastatic SPC-
A-1sci cells, which were derived from SPC-A-1 cells via 3-rounds of
in vivo selection in NOD/SCID mice (19). Importantly, high levels
of MetaLnc9 in lung cancer tissues are correlated with poor tumor
TNM stage and tumor metastasis. Our results also strongly sug-
gested that MetaLnc9 is related to the clinical severity of NSCLC
patients, and can be considered as a clinical biomarker of prog-
nosis in NSCLC. Consistently, we confirmed that MetalLnc9
enhanced the migration and invasion of lung cancer cells in vitro
and in vivo and found that interactions of PGK1 and NONO with
MetaLnc9 are responsible for the oncogenic function of this
IncRNA. PGK1, a key component of the glycolytic pathway, is a
rate-limiting enzyme that catalyzes the conversion of 1,3-bispho-
spholgycerate (1,3-BPG) and ADP into 3-phosphoglycerate (3-
PG) and ATP. This PGK-catalyzed reaction is the first ATP-yielding
step of glycolysis and is essential for energy production via the
glycolytic pathway of aerobes and the fermentation of anaerobes
in most living cells (27, 28). Extracellular PGK1 secreted by
tumors acts as a disulfide reductase that can cleave plasminogen,
generating the vascular inhibitor angiostatin in gastric cancer (29,
30). Our results also confirm that PGK1 siRNAs inhibit lung
cancer cell migration and invasion and that PGK1 physically
interacts with the functional fragment of MetaLnc9. We provide
evidence that MetalLnc9 activates the Akt/mTOR pathway in
NSCLC cells, consistent with Akt activation by MetalLnc9 in
prostate cancer cells (31). PGK1 likely promotes tumor cell
invasion by activating the AKT and ERK pathways in prostate
tumor cells (32). It has been well-known that PGK1 plays key role
on glycolytic ATP production (27). There have been several lines
of evidences suggesting that mitochondrial ATP production can
activate the PI3K-AKT pathway through P2 receptors in several cell
types (33, 34). Moreover, an increased cytosolic free calcium level,
the crucial second messenger of the ATP/P2 receptor-signaling
pathway, can activate PI3K by direct association with its p85
regulatory subunit, leading to activation of the AKT/mTOR
pathway (35). Consistently, PGK1 activates the AKT and ERK
pathways in prostate cancer cells, resulting in the promotion of
cell invasion (30). Our results suggest that MetaLnc9 posttransla-
tionally regulates PGK1 by blocking its ubiquitin-mediated deg-
radation. It is not surprising to find that MetaLnc9 could activate
the Akt/mTOR pathway in NSCLC cells, thus promoting the
metastasis of these cells.

Another protein partner of MetaLnc9 detected in NSCLC cells is
P54nrb/NonO (NONO). Unlike PGK1, NONO is a nuclear RNA-
binding protein that is involved in many cellular events, such as
pre-mRNA processing, transcription, and the nuclear retention of
hyperedited RNAs (36, 37). NONO directly binds the 5’ splice site
in pre-mRNAs, as well as the CTD domain of RNA polymerase and
snRNP U5 (38). Recent studies have demonstrated that NONO is
amajor component of nuclear paraspeckles and interacts with the
noncoding RNA NEAT1/Vincl (39, 40). Our study found that
Metalnc9 interacts with both PGK1 and NONO but that the two
proteins did not bind each other. Given the regulatory effect of
Metalnc9 on PGK1 and the distribution of MetalLnc9 (both
cytoplasmic and nuclear), PGK1 (cytoplasmic) and NONO
(nuclear), we speculate that PGK1 is a functional downstream
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Integrated model depicting INcRNA
MetalLnc9 as an activator in NSCLC cell
metastasis. The working model shows
that Metal.nc9 exerts its oncogenic
activity by interacting with and
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PI3K/Akt/mTOR signaling in NSCLC
cells. Moreover, MetalLnc9 interacts
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CRTC-mediated transcription, creating
a positive feedback loop.
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target of MetaLnc9 in the cytosol, whereas NONO may function as
an upstream regulator of this lincRNA in the nucleus. Our data
strongly support a critical role for NONO in the transcriptional
regulation of MetaLnc9 via CRTC/CREB1 (22). Interestingly,
Metalnc9 regulates its own expression through a positive feed-
back loop by promoting the recruitment of NONO and CRTC2.
Moreover, it should be noted that MetaLnc9 over-expression may
have led to the enrichment of cAMP signaling pathway in our
RNA-seq profiling, indicating that MetaLnc9 likely participates in
transcriptional regulation in the NONO/CRTC/CREB complex.
Several CRTC/CREB1 target genes, such as NEDD9, have been
implicated in regulating EMT and the metastasis of NSCLC cells
(41, 42). Another report demonstrated that LINC00473 is also
essential for maintaining LKB1-inactivated lung cancer cell growth
and survival by interacting with NONO and mediating CRTC/
CREB1 transcription (17). However, in our screening, LINC00473
was significantly downregulated in SPC-A-1-sci cells compared
with SPC-A-1 cells, and low levels of LINC00473 correlated with
NSCLC metastasis. Moreover, LKB1 mutation status was not
obviously associated with the expression of Metalnc9 (17). These
results offer clues into the role of MetaLnc9 in LKB1-independent
NSCLC cells and should be investigated further.

In summary, we identified a metastasis-related IncRNA
Metalnc9 that is associated with poor patient survival and that
may be useful for classifying metastasis status in human NSCLC.
MetaLnc9 enhances NSCLC cell metastasis in vitro and in vivo,
supporting the notion that targeting this lincRNA is an effective
therapeutic strategy for NSCLC metastasis. MetaLnc9 interacts
with PGK1 and activates AKT/mTOR signaling in NSCLC cells.
Finally, we identified a function for MetaLnc9 in the transcrip-
tional regulation of CRTC/CREBI target genes by interacting with
NONO (Fig. 7). Collectively, our study offers mechanistic insights
into the oncogenic roles of MetaLnc9 and the pivotal effects of
Metalnc9 as a biomarker and therapeutic target for NSCLC
metastasis.
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