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Long non-coding RNAs (lncRNAs) have received much attention concerning their expression mechanisms in tumor 
formation. It is known that lncRNAs are involved in the occurrence, development, and prognosis of various tumors, 
including lung cancer. In our study, one non-coding RNA, LNC11649 (649 nt in length), was identified in non-small cell 
lung cancer (NSCLC) by PacBio third-generation sequencing technology. Both northern blot and quantitative PCR analyses 
confirmed the presence of LNC11649 in NSCLC tissues and cells with high expression. Its sequence was found to be highly 
homologous to lncRNA MALAT1. Knocking down MALAT1 could lead to a significant downregulation of LNC11649 
content, revealing the possibility that LNC11649 could originate from MALAT1 reprocessing. RNA immunoprecipita-
tion and electrophoretic mobility shift assays confirmed an interaction between LNC11649 and the MSI1 protein. Further 
experiments revealed that LNC11649 promoted the cytoplasmic distribution of MSI1 through its interaction with MSI1 and 
then activated the Akt signaling pathway to regulate the proliferation and migration of NSCLC cells. Our study reveals the 
possibility that LNC11649 plays a cancer-promoting role as a reprocessed form of MALAT1 in NSCLC cells and suggests 
that the MALAT1/LNC11649/MSI1/Akt regulatory axis becomes a potential therapeutic target for lung cancer. 
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Lung cancer ranks first in morbidity and mortality 
among malignant tumors and constitutes the leading cause 
of cancer-related deaths globally [1, 2]. Based on histopa-
thology, lung cancer can be divided into two major types: 
small cell lung cancer and non-small cell lung cancer 
(NSCLC). Due to the lack of specific clinical symptoms in 
the early stage of lung cancer, lung cancer diagnosis usually 
occurs in the late stage, and the 5-year survival rate for 
these patients is only 16–18%. The biological process of 
the occurrence and evolution of lung cancer is regulated 
by many factors. Understanding lung cancer related regula-
tory factors and exploring the molecular mechanism 
of this cancer is of great significance in providing early 
detection, diagnosis, and treatment of lung cancer. Long 
non-coding RNAs (lncRNA) are a class of RNA molecules 
with transcripts longer than 200 nucleotides with estab-
lished cell or tissue specificity [3]. LncRNAs have been 
confirmed to play regulatory roles in gene expression at 
epigenetic, transcriptional, and post-transcriptional levels. 
It has been documented that lncRNAs can participate in 
various cytological processes, including chromatin modifi-

cation, regulation of gene expression, and cell differentia-
tion [4]. They can also affect tumor metastasis and invasion, 
tumor cell proliferation, apoptosis, and tumor angiogen-
esis, regulate tumor drug resistance, and promote or inhibit 
the occurrence and development of lung cancer, providing 
a new strategy for the treatment of lung cancer [5, 6]. In 
addition, lncRNAs can also be used as potential biomarkers 
for early diagnosis and disease prognosis of multiple malig-
nant tumors, including lung cancer [7].

Metastasis-associated lung adenocarcinoma transcript  1 
(MALAT1) is one of the most widely studied nuclear-
restricted lncRNAs and has generated much attention 
in recent years due to its abundance, rather ubiquitous 
expression, and apparent role in various disease manifesta-
tions. MALAT1, also known as nuclear-enriched abundant 
transcript 2, was first identified during microarray screening 
of tumors in patients with NSCLC and was found to be 
upregulated in tumors with a high propensity for metas-
tasis [8]. Since this initial study, overexpression of this 
lncRNA has been reported in more than 20 solid tumors or 
lymphomas. Its high level of expression has been linked to 
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tumor progression and metastasis [8–12]. Elevated expres-
sion levels of MALAT1 have been shown to be associated 
with poor prognosis in various solid and hematopoietic 
cancers [13–15]. In addition, the overexpression of MALAT1 
has been associated with metastasis in lung, breast, and liver 
cancers [9, 16, 17]. In mouse models of metastatic cancer, 
MALAT1 deletion or knockdown resulted in a significant 
reduction in differentiation and metastasis of the primary 
tumor [9]. Furthermore, in a lung cancer homing model, 
both the knockdown and knockout of MALAT1 reduced 
the homing of lung cancer cells to the lung [18]. Similar 
observations have been reported in colorectal, esophageal, 
gallbladder, cervical, and prostate cancers, where MALAT1 
knockdown abrogated tumor growth and/or metastasis in the 
respective cell line-derived or PDX mouse models [19–21]. 
In many of these studies, MALAT1 knockdown affected the 
transcription or pre-mRNA splicing of key genes involved in 
migration and cell adhesion.

The MALAT1 gene is localized on human chromosome 
11q13.1 and mouse chromosome 19qA. It is located in a 
gene-dense region with very high synthetic evolutionary 
conservation [22]. MALAT1 exhibits significant sequence 
conservation, with overall >50% conservation in vertebrates 
and >80% at the 3‘ end of the transcript [23]. This is one of the 
main features of MALAT1, as few lncRNAs show such a high 
level of evolutionary conservation. The primary transcript 
of MALAT1 is processed into the well-characterized nuclear 
conserved MALAT1 transcript and produces a small tRNA-
like RNA from its 3’ end [24]. Post-processing of the nuclear 
retained MALAT1 transcript results in no polyadenylation 
at the 3’ end; however, it contains a genomically encoded 
poly(A)-rich extension that pairs with an upstream U-rich 
region and then adopts a unique triple-helical structure [25, 
26]. This triple-helical structure has been shown to confer 
MALAT1 stability and nuclear localization in the absence 
of a true poly(A) tail. Despite the relative stability afforded 
to MALAT1 by the triple-helical structure, however, human 
MALAT1 is approximately 8,700 nt long, and maintaining 
an intact structure at such a length is theoretically quite 
challenging. Indeed, there is evidence for the existence of 
different spliceosomes of MALAT1 beyond its full length 
[27]. Ageeli et al. also observed that specific triplex-disrup-
tive mutations lead to the degradation of MALAT1 and a 
loss of nuclear accumulation [28]. These studies suggest 
the possibility of the existence of other short fragments of 
the conserved MALAT1 splice with a complex expression 
pattern of transcriptional variants.

The latest generation of sequencing technology, PacBio, 
is a single-molecule real-time sequencing technology devel-
oped by Pacific Bioscience in the USA [29], with no require-
ment for PCR amplification in the sequencing process. 
Compared with second-generation sequencing techniques, 
PacBio offers advantages such as much longer read lengths 
than those obtained with second-generation methods and 
no GC preference, which can significantly improve genome 

assembly quality. Furthermore, the most significant advan-
tage of PacBio in the study of transcriptomics is that it can 
obtain full-length or near full-length transcripts, which is of 
great significance for the identification of alternative splicing 
[30, 31], the analysis of lncRNA [32], and the discovery of 
new genes [30]. In addition, it can supplement and even lead 
to the discovery of new mechanisms based on the original 
research.

We attempted to explore the possibility of the existence of 
MALAT1 transcript variants by RNA sequencing in NSCLC 
tissues and corresponding paracancerous tissues using PacBio 
sequencing technology. In this study, we selected one of the 
sequences with the highest number of reads and proposed to 
perform a preliminary exploration of the functional mecha-
nism in NSCLC cells.

Patients and methods

Tissue samples. The collected tissue samples were 
obtained from patients who underwent thoracic surgery 
at the Department of Oncology, Liangxiang Hospital of 
Beijing Fangshan District, from January 2018 to March 
2019. Samples were separated and quickly placed in liquid 
nitrogen, then transported and stored in a refrigerator at 
–80 °C. The inclusion criteria for patients were adenocar-
cinoma or squamous cell carcinoma, absence of multiple 
primary tumors, absence of preoperative antitumor 
therapy, clear TNM stage, and complete clinical records. 
The clinic characteristics of the 21 patients are listed in 
Supplementary Table S1. The study was approved by the 
Clinical Research Ethics Committee of Liangxiang Hospital 
of Beijing Fangshan District (approval no. Jinglianglun-
PD201652), and written informed consent was obtained 
from each participant in the study.

Data source and processing. The RNA expression data 
(level 3) were downloaded from TCGA data portal (https://
portal.gdc.cancer.gov/). RNA-seq data (lncRNA and mRNA) 
from 108 non-tumor tissues and 1,037 non-small cell lung 
cancer tissues were included. The RNAseq data in FPKM 
(Fragments Per Kilobase Per Million) format is converted 
into LOG2. Statistical analysis and visualization were 
performed using R (version 3.6.3). This study was conducted 
in accordance with the publication guidelines provided by 
TCGA (http://cancergenome.nih.gov/publications/publica-
tionguidelines).

The cellular localization of lncRNA was defined based 
primarily on the Locate-R subcellular localization database 
(http://locate-r.azurewebsites.net/) [33]. Online RBPmap 
(http://rbpmap.technion.ac.il/index.html) and catRAPID 
(http://service.tartaglialab.com/page/catrapid_group) were 
used to determine potential binding proteins for LNC11649 
[34, 35].

Sequencing analysis. Tissue RNA was extracted by TRIzol 
(Thermo Fisher Scientific, Inc., MA, USA). According to the 
manufacturer’s instructions, 4 μg mixed RNA and PacBio 
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Sequel systems (Pacific Biosciences, CA, USA) were used 
for full-length transcriptional sequence sequencing. Using 
Clontech Smarter PCR cDNA synthesis kit and Pacific 
Biosciences luePippin Size Selection system (PN100-092800-
03), the Iso-Seq library was prepared according to the isomer 
sequencing (Iso-Seq) protocol. Genex Health Co., Ltd. 
(Beijing, China) completed the follow-up sequencing and 
analysis.

Cell culture and transfection. Human NSCLC cell lines 
A549 (SCSP-503), H2170 (SCSP-602), HCC827 (SCSP-538), 
and SW900 (SCSP-53153) were purchased from the Center 
for Basic Medical Cells, Peking Union Medical College. The 
human normal bronchial epithelial cell line (BEAS-2B, cat. 
no. CL-0496) was purchased from Shanghai YiYan Biotech-
nology Co., Ltd. (Shanghai, China). MALAT1 knockout 
cell line H2170 was purchased from Ubigene (Guangdong, 
China). All cell lines were maintained in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS; Thermo 
Fisher Scientific), 2 mM glutamine (Gibco, Waltham, MA, 
USA), and 1% penicillin/streptomycin (Gibco) at 37 °C 
with 5% CO2. MK2206 (2 μM) was purchased from Selleck 
(Selleck Chemicals, Shanghai, China) and was used to treat 
indicated groups of cells in culture.

Cell transfection was performed with Lipofectamine 
3000 reagent (Thermo Fisher Scientific). Transfections 
were performed with siRNAs (10 nM) or plasmids (10 ng/
μl) in 24-well or 96-well pretreated culture plates according 
to the manufacturer’s recommendations. The lentiviral 
vectors of LNC11649 wild type (LV6-LNC11649) and 
mutant (LV6-LNC11649-mut) were constructed by GenePh-
arma (Shanghai GenePharma Co., Ltd, China). NC siRNA: 
5’-UUGUACUACACAAAAGUACUG-3’; MALAT1 siRNA: 
5’-GGAAAGTAAAGCCCTGAACTA-3’; LNC11649 siRNA: 
5’-GGGAGTGGTAGGATGAAACAA-3’;  MSI1  siRNA: 
5’-GGTGACTCGAACGAAGAAGAT-3’. All siRNAs were 
designed and synthesized by GenePharma (GenePharma 
Co., Ltd., Shanghai, China).

Quantitative real-time polymerase chain reaction 
(qRT-PCR). Total RNA was extracted with TRIzol reagent 
(Thermo Fisher Scientific). RNA concentration was 
quantified by spectrophotometry at 260 nm (Nanodrop, 
Wilmington, DE, USA). cDNA was generated by reverse 
transcription with the PrimeScript™ RT kit (TaKaRa Bio Inc., 
Shiga, Japan). The mixture was incubated at 37 °C for 60 min, 
followed by incubation at 95 °C for 5 min. Real-time PCR 
was performed using TB Green® Premix Ex Taq™ (TaKaRa) 
and ABI 7500 Real-Time PCR System (Applied Biosystems, 
Warrington, UK). The data were processed using the 2–ΔΔCT 

method [36]. GAPDH was used as an endogenous control.
Primer sequences are listed below: GAPDH forward, 

5’-GGAGCGAGATCCCTCCAAAAT-3’; GAPDH reverse, 
5’-GGCTGTTGTCATACTTCTCATGG-3’;  LNC11649 
forward, 5’-CATGACGCAGGGAGAATTGC-3’; LNC11649 
reverse, 5’-GCCTTCCCGTACTTCTGTCTT-3’; MALAT1 
forward, 5’-GTCATAACCAGCCTGGCAGT-3’; MALAT1 

reverse,  5’-CGAAACATTGGCACACAGCA-3’;  MSI1 
forward,  5’-AATACTTCGGCCAGTTCGGG-3’;  MSI1 
reverse, 5’-AGTCACCATCTTGGGCTGTG-3’;

RNA fluorescence in situ hybridization. For RNA FISH, 
cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) 
for 10 min at room temperature. Cells were then washed 
twice with PBS and then fixed and permeabilized with 100% 
methanol for 10 min at room temperature. Methanol was 
aspirated, and the hybridization probes (10 ng) in RNA FISH 
buffer (2× SSC, 10% formamide, and 10% dextran sulfate) 
were added directly to the cells. MALAT1 and LNC11649 
were detected using FITC or Cy3-labeled DNA probe comple-
mentary to the template (RiboBio, Guangzhou, China). The 
hybridization probes used in RNA FISH experiments are 
a mixture of multiple oligonucleotide probes of 20–50 nt 
length against the target [37]. The probes were incubated 
with the cell samples overnight in a humidified chamber at 
37 °C. The samples were then washed 6 times with 2×SSC. 
Hoechst 33342 (Thermo Fisher Scientific, 5 μg/ml) was used 
to label cell nuclei. Finally, cells were mounted in ProLong® 
Gold anti-fading reagent and observed with a fluorescence 
microscope (IX71, Olympus, Japan).

Western blot analysis. Cell lysates were prepared using 
Cell Lysis Buffer (Cell Signaling) containing a protease inhib-
itor cocktail. The same amount of sample protein (50 μg) was 
loaded on an SDS-PAGE gel. Firstly, the sample was electro-
phoresed and transferred to PVDF membranes (Bio‐Rad, 
Hercules, CA, USA). Secondly, the membrane was blocked 
with 3% skim milk (Yili Company, Chifeng, China) in PBS at 
room temperature for 2 h, and incubated with the following 
primary antibodies at 4 °C overnight. The bound antibody 
was detected by a horseradish peroxidase-labeled secondary 
antibody, and an enhanced chemiluminescence substrate 
was used (Thermo Fisher Scientific). The positive signal 
of the target protein was observed by Tanon 2500 image 
analyzer (Shanghai, China). The primary antibodies for 
MSI1 (ab52865, 1:1000), Lamin B1 (ab16048, 1;1000), Akt 
(ab8805, 1:1000), p-Akt (phospho T308, ab38449, 1:1000), 
and GAPDH (ab9485, 1:1000) were purchased from Abcam 
(Cambridge, UK). HRP-coupled goat anti-rabbit secondary 
antibody (#98164, 1:5000 dilution) was from Cell Signaling 
Technology (Beverly, MA, USA).

Immunofluorescence. 4% formaldehyde was used to fix 
the cells for 10 min. After washing, the cells were rehydrated 
with 4% BSA (BSA-PBS) solution at room temperature and 
blocked for 1 hour. Then, MSI1 primary antibody (ab52865, 
Abcam, 1:250) diluted in 4% BSA (BSA-PBS) was added 
and incubated for 1 h at room temperature. After washing 
in PBS, the secondary antibody was incubated with Alexa 
Fluor 488-labeled secondary antibody diluted in 4% BSA 
(BSA-PBS) for 1 h at room temperature, then washed in 
PBS, and mounted on a coverslip with ProLong Gold with 
4’-6-diamidino-2-phenylindole (DAPI, Thermo Fisher 
Scientific, 1 mg/ml). Images were captured using a fluores-
cence microscope (IX71, Olympus, Japan).



MALAT1/LNC11649/MSI1/AKT REGULATORY AXIS FUNCTIONS IN NSCLC 1325

tion Kit (Thermo Fisher Scientific). A total of 10 µg of RNA 
from the indicated cells was subjected to formaldehyde gel 
electrophoresis and transferred to Hybond-N+ membranes 
(GE Healthcare). Biotin-labeled cDNA probes complemen-
tary to the template were obtained from RiboBio (Guang-
zhou, China). After prehybridization for 60 min, hybridiza-
tion was continued for 12 h at 68 °C in a hybridization buffer 
containing denatured probes. After washing according to the 
protocol, hybridization results were detected using a Tanon 
2500 image analyzer (Tanon, Shanghai, China).

RNA immunoprecipitation. pEXP-LNC11649 plasmids 
were transfected into A549 cells using Lipofectamine 
3000. Forty-eight hours later, RNA immunoprecipitation 
(RIP) experiments were conducted with the Magna RIP™ 
RNA-Binding Protein Immunoprecipitation Kit (Millipore, 
Bedford, MA, USA), and the primary antibodies (2 μg) or 
immunoglobulin G [IgG] control with protein G magnetic 
beads. After washing, RNAs bound to proteins were eluted 
and subjected to qRT-PCR analysis (see qRT-PCR protocol). 
RNA fold enrichment to input was calculated and normalized 
to IgG. The primary antibodies for HNRNPA1 (sc-32301), 
HNRNPA2B1 (sc-374053), MSI1 (sc-135721, 1:1000), 
and SRSF9 (sc-293314) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA), and the antibodies 
for PABPN1 (ab75855) and TRA2A (ab138448) were from 
Abcam (Cambridge, UK).

Cycloheximide chase assay. Cycloheximide chase assay 
was performed as previously described [38]. In brief, cells 
were treated with cycloheximide (20 µg/ml) for the indicated 
time periods (0, 2, 4, 6, and 8 h). Following treatment, cells 
were harvested at specific times, washed in PBS, and lysed 
in lysis buffer (150 mM NaCl, 50 mM Tris (pH 7.5), 0.5% 
NP-40, and protease inhibitors (Sigma-Aldrich)). BCA 
Protein Assay kit (Thermo Fisher Scientific) was used to 
measure protein concentration. Western blot was performed 
as described earlier.

RNA stability assay. Groups of cells were treated with 5 μM 
actinomycin D (Sigma-Aldrich) to inhibit the transcription 
of mRNA. Cells were collected at 0, 4, 8, and 12 h post-treat-
ment, and total RNA was extracted and used for qRT-PCR.

Xenograft tumor models. All mouse experiments were 
entrusted to Beijing Viewsolid Biotech Co., Ltd. with animal 
ethics approval number VS212601441. A549 cell line with 
stable expression of LNC11649 was obtained by screening 
with G418 (500 μg/ml, Sigma-Aldrich, St. Louis, MO, USA) 
in the selective medium under pressure for 4 weeks. A549 cells 
(2×106) were subcutaneously inoculated into one side of the 
back of the non-obese diabetic-severe combined immunode-
ficiency (NOD-SCID) mice. The following animal humane 
endpoints were established: tumors exceeding 10% of mice’s 
body weight, tumors that festered or became infected, and 
mice who could not eat or drink on their own. The tumor 
models were euthanized when they reached experimental or 
humane endpoints. 2.5 l of CO2 was used for 5–7 minutes 
to euthanize the mice. After four weeks, the tumors were 

Cell viability assay. Cell proliferation was detected by 
CCK-8 and EdU assays. CCK-8 assay was used to detect the 
cell proliferation rate. In short, 4×103 transfected cells/well 
were re-seeded into 96-well plates and incubated for 1, 2, 
3, and 4 d, respectively. Ten μl of CCK-8 reagent (Dojindo, 
Japan) was added to each well and incubated for 2 h. Then, 
a multimode reader (PerkinElmer, USA) was used to verify 
the OD450 nm value of each well. EdU assay was performed 
using an EdU assay kit (RiboBio). The cells were seeded in 
96-well plates and treated with transfection for 24 hours. 
Then, 50 µM EdU was added into the culture medium. 
After incubation at 37 °C for 2 h, the cells were fixed with 
4% paraformaldehyde. According to the standard procedure, 
cells were incubated with an anti-EdU working solution and 
DAPI for 30 min. The experimental results were observed 
under a fluorescence microscope (IX71, Olympus, Japan) 
and randomly recorded in different visual fields.

Migration and invasion assay. Cell migration was evalu-
ated by Transwell assay using Transwell chambers (8 μm 
pore size; Corning, NY, USA). Briefly, the treated cells of 
each group were inoculated into the upper chamber with a 
serum-free medium according to the number of 3×104 cells, 
and 800 μl medium containing 20% fetal bovine serum was 
added to the lower chamber. After continuous culture for 24 
h, the small chamber was taken out and washed three times 
with PBS. The remaining cells were fixed with methanol 
for 15 min, stained with crystal violet, observed under a 
fluorescence microscope, and photographed in more than 
5 visual fields randomly. Invasion assays were conducted 
similarly. The cell invasion assay was also similar except that 
50 μl of Matrigel (Sigma-Aldrich) diluted 1:8 in a serum-free 
medium was added to each well overnight before seeding the 
cells on the membrane.

Electrophoretic mobility shift assay (EMSA). Purified 
recombinant MSI1 protein was purchased from Sino Biolog-
ical (Sino Biological Inc., Beijing, China). Biotin-labeled 
RNA probes (LNC11649-WT and LNC11649-MUT) were 
transcribed in vitro with biotin RNA labeling mix (Roche, 
St. Louis, MO, USA) and T7 RNA polymerase (Promega, 
Madison, WI, USA) according to manufacturer’s instruc-
tions. LNC11649-mut has a “UAGAA” deletion mutation 
at 218-222 nt. EMSA was performed using the LightShift 
chemiluminescence EMSA kit (Thermo Fisher Scientific) 
as recommended by the manufacturer. In the presence or 
absence of the unlabeled probes (1 pmol), the labeled probe 
(20 fmol) was incubated with the MSI1 protein (200 ng) in a 
binding buffer for 30 min. All EMSA tests were performed 
on 5% polyacrylamide gel in Tris/borate/EDTA buffer (45 
mM Tris-borate and 1 mM EDTA, Sigma-Aldrich). EMSA 
gels were electro-blotted onto Hybond-N+ membranes (GE 
Healthcare, Chicago, IL, USA). Membranes were exposed 
to Tanon 2500 image analyzer with a CCD camera (Tanon, 
Shanghai, China) for luminescence detection.

Northern blot. Northern blotting was performed using the 
North2South™ Chemiluminescent Hybridization and Detec-
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harvested, and tumor masses were measured and weighed. 
The tumor volume was calculated according to the formula: 
Tumor volume = 0.5236 × (length × width2). All animal 
experiments were approved by the Laboratory Animal Ethics 
Committee of Beijing Viewsolid Biotech Co., Ltd. (approval 
no. VS212601441). Animal procedures followed the guide-
lines issued by the China Animal Protection Association.

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism 7.0 (GraphPad Software). Data 
are presented as means ± standard deviation (SD). Sets 
containing two groups of data are analyzed using double-
tailed Student’s t-test or Mann-Whitney U test. The sets with 
more than two groups of data were analyzed by one-way 
ANOVA with Dunnett post hoc analysis or two-way ANOVA 
with Tukey post-hoc analysis. If the p-value <0.05, the differ-
ence is considered to be statistically significant.

Results

Abnormally high expression of lncRNA LNC11649 in 
NSCLC tissues and cells. Using PacBio sequencing analysis 
in lung cancer and corresponding adjacent tissues, a previ-
ously unreported high-abundance lncRNA with the highest 
number of reads (240 reads) (Figure 1A, Supplementary 
Table S2,) was identified in our preliminary analysis. It is 
649 nt in length and was temporarily named LNC11649. 
According to quantitative PCR analysis in the collected 21 
pairs of NSCLC tissues and corresponding adjacent tissues, 
abnormally high expression of LNC11649 was verified in 
lung cancer tissues (Figure 1B). A subsequent compara-
tive analysis was performed concerning the expression of 
LNC11649 in normal lung epithelial cells (BEAS-2B) and 
various NSCLC cells (A549, HCC827, H2170, and SW900). 
Consistently, as observed in tissues, the relative content of 
LNC11649 in lung cancer cells was significantly higher than 
that found in BEAS-2B cells (Figure 1C). In addition, when 
all group comparisons were made, it did not yield the conclu-
sion that the level of LNC11649 was significantly higher in 
lung squamous carcinoma cells than in lung adenocarcinoma 
cells, e.g., HCC827 vs. SW900 (p=0.3371). Similarly, in lung 
cancer tissues (n=21), containing 6 cases of lung squamous 
carcinoma and 15 cases of lung adenocarcinoma, the conclu-
sion that LNC11649 was higher in lung squamous carcinoma 
tissues than in lung adenocarcinoma was not obtained.

Correlation between LNC11649 and lncRNA MALAT1. 
Subsequent analyses demonstrated that LNC11649 was 
located on chromosome 11 (65499045-65499693) and that 
lncRNA MALAT1 was also located on chromosome 11 
(65497738-65506512), suggesting that LNC11649 might 
only be a degradation fragment of lncRNA MALAT1. 
LNC11649 was further detected in lung cancer tissues using 
Northern blot analysis. It was found that a probe designed 
for LNC11649 could detect bands of 700 and approxi-
mately 7,000 nt (Figures 2A, 2B), while the length of mature 
MALAT1 was approximately 7,000 nt in length. Next, the 

expression of MALAT1 was knocked down using siRNA in 
lung cancer H2170 cells (Figure 2C). Both quantitative PCR 
and northern blot results demonstrated that LNC11649 was 
significantly downregulated along with the downregulation 
of MALAT1 expression (Figures 2D, 2E). In the MALAT1 
knockout cell line H2170, the overexpression of wild-type 
MALAT1 resulted in a strong detection signal for LNC11649. 
However, overexpression of mutant MALAT1 (deletion of a 
649 nt nucleic acid fragment) was not effective in detecting 
the presence of LNC11649 (Figures 2F, 2G). These results 
suggest that LNC11649 with a length of 649 nt might origi-
nate from MALAT1. Restated, LNC11649 might be a short 
fragment of MALAT1.

Notably, MALAT1 was initially found to be upregulated 
in NSCLC with a high propensity for metastasis [8], but 
overall, there was no abnormal differential expression in 
NSCLC tissues compared to normal tissues based on TCGA 
database (Figure 2H). Similarly, intact MALAT1 expression 
was not significantly different in A549, HCC827, H2170, 
and SW900 cells compared with BEAS-2B cells (Figure 2I). 
However, LNC11649, as a short segment of MALAT1, is 
highly expressed in lung cancer tissues and cells (Figures 1B, 
1C), which seems to be more tumor-specific than MALAT1.

LNC11649 has biological functions in lung cancer 
cells. With reference to the above findings, was LNC11649 
only a degradation product of MALAT1 or a functional 

Figure 1. Expression characteristics of LNC1164 in tissues and NSCLC 
cells. A) Sequence for LNC1164 obtained by PacBio sequencing analy-
sis. B) Expression of LNC1164 in lung cancer and adjacent tissues using 
quantitative PCR. Compared with adjacent tissue, n=21, paired Student’s 
t-test, **p<0.01 C) Expression of LNC1164 in NSCLC cells and normal 
lung epithelial cells using quantitative PCR. One-way ANOVA with Dun-
nett post hoc analysis. Compared with BEAS-2B cells, *p<0.05; **p<0.01
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Figure 2. Correlation analysis between LNC11649 and lncRNA MALAT1. A) Schematic of the correlation between LNC11649 and lncRNA MALAT1 
sequences and the design of hybridization probes based on the sequences. B) Relative expression of LNC11649 in lung cancer tissues and correspond-
ing adjacent tissues was demonstrated using northern blot analysis. T1-3 refers to tumor tissues, and N1-3 refers to normal corresponding adjacent 
tissues. C) Silencing effect of siRNA on MALAT1 in H2170 cells was demonstrated using quantitative PCR. Compared with the NC-si group, **p<0.01 
D) Relative content of LNC11649 after MALAT1 knockdown by siRNA in H2170 cells demonstrated by quantitative PCR. Compared with the NC-si 
group, **p<0.01 E) Relative content of LNC11649 after MALAT1 knockdown by siRNA in H2170 cells was demonstrated using northern blot analysis. 
F, G) Overexpression of wild-type or mutant MALAT1 in MALAT1 knockout cell lines and detection of the relative expression levels of MALAT1 and 
LNC11649 using quantitative PCR. H) Relative expression of the MALAT1 gene in different NSCLC samples and normal control tissues based on 
TCGA database. I) Relative expression of the MALAT1 gene in various NSCLC cells and normal lung epithelial cells was demonstrated using quantita-
tive PCR. One-way ANOVA with Dunnett post hoc analysis (F, G, and I). **p<0.01
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RNA fragment in lung cancer cells? Online Locate-R (http://
locate-r.azurewebsites.net/) was then used for the sequence 
analysis, and the corresponding prediction results revealed 
that LNC11649 could be located in the cytoplasm (Figure 
3A). Subsequently, cytoplasmic/nuclear RNA extraction 
and quantitative PCR results demonstrated that MALAT1 
was localized in the nucleus, while LNC11649 was distrib-
uted abundantly in the cytoplasmic region (Figure 3B). In 
addition, the results of RNA-FISH experiments in H2170 
cells produced similar results (Figure 3C).

We attempted to overexpress LNC11649 in A549 and 
HCC827 cells that contain lower amounts of LNC11649 
(Figure 4A, Supplementary Figure S1A). The prolifera-
tion (Figures 4B–4D, Supplementary Figures S1B–S1D), 
migration, and invasion ability of lung cancer cells were 

significantly upregulated (Figures 4E, 4F; Supplementary 
Figures S1E, S1F) along with an increase in LNC11649 
content. Further, to assess the in vivo effects of LNC11649, 
we constructed a mouse model of xenograft tumors using 
A549 cells that were transfected stably with LNC11649. 
Tumor volumes and weights were significantly higher in the 
LNC11649 group than in the control group (Figures 4G–4I). 
These experimental results suggest that LNC11649 is biologi-
cally functional and contributes to the malignant phenotype 
of NSCLC cells.

Interaction between LNC11649 and RNA-binding 
proteins (RBPs). To further understand the biological 
function of LNC11649, we attempted to determine the 
proteins with which it interacts. Online RBPmap (http://
rbpmap.technion.ac.il/index.html) and catRAPID (http://

Figure 3. Subcellular localization analysis of LNC11649. A) Prediction of cell localization of LNC11649 by Locate-R. B) Quantitative PCR analysis of 
the subcellular location of MALAT1 and LNC11649 in H2170 cells. GAPDH and U1 snRNA were used as a cytoplasm and nuclear localization marker, 
respectively. C) In situ hybridization analysis of the subcellular location of MALAT1 and LNC11649 in H2170 cells. Green: FITC-labeled; red: Cy3-
labeled; blue: Hoechst 33342. Scale bar=20 μm.
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service.tartaglialab.com/page/catrapid_group) were used to 
determine potential binding proteins for LNC11649, and 
nine candidate proteins were identified (ANKHD1, G3BP2, 
HNRNPA1, HNRNPA2B1, MSI1, PABPN1, RBM3, SRSF9, 
and TRA2A) (Supplementary Table S3). Then, the online 
GEPIA tool (http://gepia.cancer-pku.cn/) was used to extract 
lung cancer-related data from TCGA database to analyze 
the expression differences of the candidate proteins. Conse-

quently, six proteins, including HNRNPA1, HNRNPA2B1, 
MSI1, PABPN1, SRSF9, and TRA2A, showed significantly 
higher relative expression levels in NSCLC tissue than in 
normal tissue (Figure 5A). Subsequently, due to the overex-
pression of LNC11649 in A549 cells, an RNA-IP experiment 
was performed using specific antibodies against candidate 
proteins. The results revealed that the MSI1 antibody signifi-
cantly enriched LNC11649 (Figure 5B) but failed to effec-

Figure 4. Functional analysis of LNC11649. A) A549 cells were transfected with a lentiviral control vector (LV6-control) or an LNC11649 lentiviral 
vector (LV6-LNC11649) for 48 h. Quantitative PCR was performed to detect the relative contents of LNC11649. **p<0.01 B) Detection of cell activity at 
different time points by CCK-8 after transfection with LNC11649 expression plasmid or control plasmid (1 μg/well in the 24-well plate) in A549 cells. 
**p<0.01, compared with the LV6-control group. C, D) Detection of cell proliferation by EdU staining after transfection with LNC11649 expression 
plasmid or control plasmid in A549 cells for 24 h (Scale bar=50 µm). Compared with the LV6-control group, **p<0.01 E, F) Detection of cell migration 
and invasion by Transwell assays after transfection with LNC11649 expression plasmid or control plasmid in A549 cells for 24 h (Scale bar=50 µm). 
Compared with the LV6-control group, **p<0.01 G) Representative images of tumor-bearing mice and images of xenograft tumors in each group are 
shown (n=5). H) Tumor volumes and I) weights were measured for both groups. Unpaired Student’s t-test, **p<0.01
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Figure 5. Identification of RNA-binding proteins (RBPs) that interact with LNC11649. A) Analysis of the relative expression levels of predicted genes 
that potentially interact with LNC11649 in different NSCLC samples and normal control tissues based on TCGA database analyses. Data: RNAseq data 
in level 3 HTSeq-FPKM format from TCGA (https://portal.gdc.cancer.gov/) Lung Adenocarcinoma/Lung Squamous Carcinoma (LUAD/LUSC) proj-
ect. Compared with normal control tissues, ***p<0.001. B) RNA-IP experiments with specific antibodies against potential RBPs and detection of the 
enrichment of LNC11649 by quantitative PCR. **p<0.01, compared with IgG. C) RNA-IP assays were performed for MALAT1. *p<0.05 and **p<0.01, 
compared with IgG. D) Comparison of the enrichment of MSI1 antibody to wild-type and LNC11649-mut using quantitative PCR. Compared with 
IgG, **p<0.01 E) Interaction of MSI1 protein with wild-type and LNC11649-mut using EMSA in vitro. One-way ANOVA with Dunnett post hoc analy-
sis (B, C, and D), **p<0.01
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tively enrich MALAT1 (Figure 5C). LNC11649-mut was 
constructed after deletion mutation at the MSI1 binding 
site (uagaa). The enrichment abundance of LNC11649-mut 
precipitated with MSI1 antibody was significantly lower than 
that of LNC11649-wt (Figure 5D). In addition, the results of 
electrophoretic mobility shift assay experiments with human 
recombinant MSI1 protein indicated that MSI1 could bind to 
LNC11649-wt but not LNC11649-mut (Figure 5E).

The interaction of LNC11649 with MSI1 affects the 
stability of each. Overexpression or knockdown of LNC11649 

(Fig. 6A) in A549 cells did not affect the relative content 
of MSI1 mRNA (Figure 6B) but significantly altered the 
relative content of the MSI1 protein (Figure 6C), suggesting 
a possible post-transcriptional regulation of MSI1 expression 
by LNC11649. Cycloheximide chase assays were performed 
to characterize the stability of the MSI1 protein in A549 cells. 
The results indicate that the knockdown of LNC11649 signif-
icantly reduced the stability of the MSI1 protein (Figures 6D, 
6E). Alternatively, when MSI1 was overexpressed in A549 
cells (Figure 6F), the relative amount of LNC11649 was 

Figure 6. The interaction of LNC11649 with MSI1 affects the stability of each. A) A549 cells were transfected with LNC11649 lentiviral vector (LV6-
LNC11649) or LNC11649 siRNA for 48 h. Quantitative PCR was performed to detect the relative content of LNC11649. **p<0.01 B) After transfection 
with an LV6-LNC11649 vector or with LNC11649 siRNA in A549 cells for 48 h, the relative amounts of MSI1 were detected using quantitative PCR. C) 
After transfection with an LV6-LNC11649 vector or with LNC11649 siRNA in A549 cells for 48 h, the relative amount of MSI1 protein was detected by 
western blot analysis. D) After transfection with an LV6-LNC11649 vector or with LNC11649 siRNA in A549 cells for 24 h, MSI1 protein stability was 
assessed using a cycloheximide (CHX) chase assay. The cells were treated with CHX (20 μg/ml), and western blot analysis was performed using 50 μg of 
cell lysates. E) At each time point, the density of the MSI1 protein bands was normalized to the density of the corresponding GAPDH bands. The level 
of remaining MSI1 protein at each time point was calculated as a ratio relative to the initial MSI1 protein level. **p<0.01 F) After transfection with an 
MSI1 overexpression vector (pCMV-MSI1) or with MSI1 siRNA in A549 cells for 48 h, the relative amount of MSI1 protein was detected by western blot 
analysis. G, H) After transfection with an MSI1 overexpression vector (pCMV-MSI1) or with MSI1 siRNA in A549 cells for 48 h, the relative amounts 
of LNC11649 and MALAT1 were detected by qPCR. **p<0.01 I) A549 cells were transfected with NC siRNA or with MSI1siRNA for 24 h and continued 
to be treated with actinomycin D. At different time points, the relative content of LNC11649 was analyzed using quantitative PCR. One-way ANOVA 
with Dunnett post hoc analysis (A, B, G, and H), and two-way ANOVA with Tukey post-hoc analysis (E, I), **p<0.01
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significantly upregulated (Figure 6G). Conversely, the knock-
down of MSI1 (Figure 6F) decreased the relative content of 
LNC11649 (Figure 6F). However, either overexpression 
or knockdown of MSI1 did not significantly change the 
relative content of MALAT1 (Figure 6H), suggesting that 
MSI1 is not involved in regulating the initial transcript level 
of LNC11649. Next, quantitative PCR analysis was used to 
examine the stability of LNC11649 after RNA transcription 
was inhibited using actinomycin D in A549 cells. The results 
indicate that the knockdown of MSI1 resulted in a significant 
downregulation of the stability of LNC11649 (Figure 6I). 
The above experimental results demonstrate that interaction 
between LNC11649 and MSI1 favors the stability of each.

Activation of the Akt signaling pathway by LNC11649 
through interaction with MSI1. Interestingly, we found that 
LNC11649 can be involved in regulating the cellular local-
ization of MSI1. MSI1 was mainly located in the nucleus in 
A549 cells (Figures 7A, 7B), which, however, began to show 
an increasing trend of distribution in the cytoplasm with an 
increase in the LNC11649 content (Figures 7A, 7B), while 
no similar effect was observed following the overexpres-
sion of LNC11649-mut. Lang et al. reported that overex-
pression of MSI1 could activate the Akt pathway in NSCLC 
cells [39]. In our study, the phosphorylation level of Akt 
was found to be significantly upregulated with an increase 
in the cytoplasmic distribution of MSI1 (Figure 7C), which, 
however, exhibited no obvious change with the overexpres-
sion of LNC11649-mut. Furthermore, an increase in cell 
proliferation and migration induced by the overexpression of 
LNC11649-wt could be effectively inhibited by the Akt inhib-
itor MK2206 (Figures 7D–7F). As suggested by the aforemen-
tioned results, LNC11649 could change the cell localization 
of MSI1 through its interaction with MSI1 and then activate 
the Akt signaling pathway (Figure 8), thus promoting the 
malignant phenotypic characteristics of NSCLC cells.

Discussion

Human MALAT1 is approximately 8,700 nt long. The 
primary transcription product, MALAT1, can form a tRNA-
like clover-leaf secondary structure at hundreds of bases 
upstream of its polyadenylic acid site, which can be specifi-
cally recognized and bound by RNase P. It is then spliced at 
its upstream end to form two fragments: MALAT1 mature 
transcript with a size of 7,072 nt and a more minor transcript 
near the 3’ end. The latter transcript is then transported 
to the cytoplasm and processed by RNase Z splicing. The 
CCA-adding enzyme adds CCA to its 3’ end, which can form 
a mature tRNA-like transcript with a size of 61 nt and enter 
the cytoplasm [25, 40]. At present, MALAT1 is considered to 
be a highly stable lncRNA. Despite the absence of a poly-A 
tail at the 3’ end of its mature transcript, it can produce a 
unique triple-helical structure. Such structures can play a 
protective role at the 3’ end of MALAT1 against splicing by 
exonucleases [41]. In our study, the LNC11649 sequence was 

detected using third-generation sequencing technology that 
originated from MALAT1, with confirmation of the actual 
existence of LNC11649 by northern blot analysis, revealing 
the possibility of MALAT1 being reprocessed. MALAT1 is 
also characterized by a high level of expression, which can 
be equivalent to highly transcribed housekeeping genes 
even in normal tissues, such as β-actin [22]. In view of 
the results of the analysis of gene expression data for lung 
cancer in TCGA database, there was no significant difference 
in MALAT1 expression between lung cancer and normal 
tissues. Furthermore, no apparent differences were observed 
in the transcripts of MALAT1 between several NSCLC cells 
and normal lung epithelial cells, while overexpression of 
LNC11649 was detected in lung cancer tissues and cells.

Since its discovery, MALAT1 appears to be upregu-
lated only in tumors with a higher propensity to metasta-
size, including NSCLC [8–12]. The overall expression of 
MALAT1 in NSCLC (both high and low metastasis) in TCGA 
database is demonstrated in Figure 2H in the manuscript. 
The high expression of LNC11649 RNA in NSCLC is not 
directly derived from the difference in the expression 
content of MALAT1 but from the difference in its repro-
cessing in tumor and normal tissues. We performed parallel 
experiments in cancerous and corresponding paracancerous 
tissues. Both quantitative PCR and northern blot results 
showed that LNC11649 was present in cancer tissues at a 
high level (Figures 2B, 2C). The results of multiple samples 
and multiple experiments were able to illustrate the speci-
ficity of the presence of LNC11649 in tumor tissues. These 
results reveal that LNC11649, as a reprocessed product of 
MALAT1, has lung cancer cell specificity and selectivity. 
Unfortunately, there is a lack of understanding of the 
processing process at present.

In addition to affecting splicing and transcription, 
MALAT1 has also been reported to act as a ceRNA 
(competing endogenous RNA) or miRNA sponge to inhibit 
miRNAs and participate in miRNA network regulation 
under various conditions [42]. However, most miRNAs are 
enriched and functional in the cytoplasm [43]. To date, no 
studies have confirmed that intact MALAT1 has the ability 
to shuttle between the nucleus and the cytoplasm. How 
can MALAT1, located in the nucleus, inhibit the function 
of cytoplasmic miRNA is a contradictory and debatable 
problem. MALAT1 is a classic lncRNA with nuclear local-
ization, while LNC11649 is localized in the cytoplasm. We 
initially predicted that LNC11649 would be capable of inter-
acting with dozens of miRNAs, including miR-150-5p and 
miR-145-5p (Supplementary Table S4), which have typical 
oncogenic effects in NSCLC [44–47]. In our study, although 
interactions of LNC11649 with the predicted miR-150-5p 
and miR-145-5p were not identified in our preliminary 
research, the possibility of LNC11649 interacting with 
other miRNAs could not be excluded directly at this stage. 
In addition, it also remains to be clarified with respect to 
the possibility that MALAT1 may be reprocessed into other 
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Figure 7. Activation of the Akt signaling pathway by LNC11649 through interaction with MSI1. A) Comparison of the distribution of MSI1 in the cyto-
plasm and nucleus by western blot analysis following the extraction of the cytoplasmic and nuclear proteins, respectively, after overexpression of wild-
type or LNC11649-mut in A549 cells for 24 h. GAPDH and Lamin B1 were used as reference proteins for the cytoplasm and nucleus, respectively. The 
gray values were analyzed with ImageJ software. The bar chart compares the expression of relative gray values. B) Subcellular localization of MSI1 by 
immunofluorescence analysis after overexpression of wild-type or LNC11649-mut in A549 cells for 24 h. Magnification, 200×; Scale bar=20 µm. C) The 
relative contents of Akt and phosphorylated Akt in cells in each group using western blot analysis after overexpression of the wild-type or LNC11649-
mut in A549 cells for 24 h. D) Detection of cell activity in each group using the CCK-8 assay at different time points after the transfection of A549 cells 
with an LNC11649 expression plasmid and Akt inhibitor MK2206 (1.5 μM) for 24 h. Compared with LNC11649-wt, **p<0.01 E, F) Detection of cell mi-
gration in each group by Transwell assays after the transfection of A549 cells with the LNC11649 expression plasmid and Akt inhibitor MK2206 (1.5 μM) 
for 24 h. Magnification, 200×; Scale bar=50 µm. Compared with LNC11649-wt, **p<0.01 One-way ANOVA with Dunnett post hoc analysis (D, F).

lncRNA sequences to be a ceRNA that can be localized to 
the cytoplasm. These hypotheses may partially address the 
current confusion that MALAT1 participates in competitive 
inhibition with miRNA.

The Musashi (MSI) family is an evolutionarily conserved 
group of RBPs that includes two members of Musashi-1 
(MSI1) and Musashi-2 (MSI2) [48]. MSI1 is mainly expressed 
in the embryonic kidney, brain, liver, and lung and in the 
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adult brain, pancreas, breast, and small intestine. MSI1 has 
been recognized to be a stem cell marker that mediates a 
balance between cell self-renewal and differentiation. Simul-
taneously, it is also involved in tumorigenesis and has been 
identified to be highly expressed in various tumor types 
such as gastric cancer, esophageal cancer, cervical cancer, 
colorectal cancer, and glioblastoma [48–50]. Furthermore, 
it has been reported that MSI1 can be used as a therapeutic 
target and diagnostic marker for lung cancer [51]. As an RBP, 
MSI1 has been shown to regulate the translation activity of 
many target genes related to tumor development, including 
Numb and Notch signaling pathways. For example, Lang 
et al. reported that the overexpression of MSI1 in NSCLC 
cells can promote Akt phosphorylation and activate the Akt 
signaling pathway [39]. Our experiments further demon-
strated that the Akt signaling pathway could be activated 
more effectively and significantly when MSI1 interacted with 
LNC11649 and tended toward cytoplasmic localization. The 
interaction of RNA with proteins depends not only on the 
ribonucleotide sequence of RNA but also on the structures of 
RNA. Our experimental results showed that MSI1 was able to 
bind LNC11649 but did not interact with MALAT1, presum-

ably because the complex high-level structure of MALAT1 
obscured the nucleic acid binding sites of MSI1 or hindered 
MSI1 binding in terms of spatial structure. So far, it is unclear 
to us that the high expression of LNC11649 leads to the 
dominant cytoplasmic localization of MSI1. It is unknown 
whether LNC11649 interacts with MSI1 in the cytoplasm 
first, limiting the nuclear translocation of MSI1, or whether 
LNC11649 binds preferentially to MSI1 in the nucleus before 
directing the cytoplasmic translocation of MSI1. The exact 
mechanism requires further in-depth exploration.

Furthermore, although our experimental results demon-
strate the presence and function of the MALAT1/LNC11649/
MSI1/Akt regulatory axis in NSCLC, the status of this regula-
tory axis in other cancer types is unknown to us so far, 
especially the newly discovered phenomenon of LNC11649 
as a secondary processing product of MALAT1. The gener-
alizability of LNC11649 in other cancers needs to be further 
verified in detail.

In conclusion, LNC11649, obtained from PacBio 
sequencing analysis, may originate from the reprocessing 
of lncRNA MALAT1. This result provides new insights into 
the stability of MALAT1, i.e., the stability of MALAT1 is 

Figure 8. A diagram showing that LNC11649 changes the cellular localization of MSI1 and activates the Akt signaling pathway through its interaction 
with MSI1.
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relative, and LNC11649 generated by secondary processing 
is not “waste” but functional. Furthermore, our studies 
confirm that LNC11649 can interact with MSI1 to activate 
the Akt signaling pathway and thus regulate the proliferation 
and migration of lung cancer cells. Our findings reveal the 
possibility that LNC11649 functions as a reprocessed form 
of MALAT1 that have a role in tumor promotion in NSCLC 
cells. Finally, the MALAT1/LNC11649/MSI1/Akt regulatory 
axis could become a potential therapeutic target for lung 
cancer.

Supplementary information is are available in the online ver-
sion of the paper.
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Supplementary Figure S1. Functional analysis of LNC11649 in HCC827 cells. A) LNC11649 lentiviral vector was transfected into HCC827 cells for 
48 h. The relative expression content of LNC11649 was measured by quantitative PCR. **p < 0.01 B) Detection of cell activity at different time points 
by CCK-8 after transfection of LNC11649 expression plasmid or control plasmid (1 μg/well in the 24-well plate) in HCC827 cells. **p<0.01 C, D) De-
tection of cell proliferation by EdU staining after transfection of LNC11649 expression plasmid or control plasmid in HCC827 cells for 24 h (Scale, 
50 µm). Compared with LV6-control group, **p<0.01. E, F) Detection of cell migration and invasion by transwell assay after transfection of LNC11649 
expression plasmid or control plasmid in HCC827 cells for 24 h (Scale, 50 µm). Compared with LV6-control group, **p<0.01

Supplementary Tables S1–S4 are available in the online version for download.
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