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Abstract

Recently, pancreatic ductal adenocarcinoma (PDAC) has
emerged as one of the most aggressive malignant tumors with
the worst prognosis. Previous studies have demonstrated that
long noncoding RNAmetastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) is increased in pancreatic cancer and is
identified as a diagnostic biomarker. Nonetheless, the molecular
mechanism of elevated MALAT1 levels and tumor aggressiveness
remains unknown. In this study, MALAT1 was found to be highly
expressed inPDAC tissues, and elevated expressionwas associated
with poorer prognoses. In addition, MALAT1 was positively
linearly correlated with the expression of LC3B mRNA. Further-
more, several molecules involved in cellular autophagic flux were
modulated following the downregulation of MALAT1, including

LC3, P62, and LAMP-2. Mechanistically, we found that MALAT1
interacted with RNA binding protein HuR, and silencing of
MALAT1 greatly enhanced the posttranscriptional regulation
of TIA-1 and had further effects on inhibiting autophagy.
MALAT1 was speculated to regulate tumorigenesis via HuR-
TIA-1–mediated autophagic activation. Hence, we investigated
the biological properties of MALAT1 in terms of tumor prolif-
eration and metastasis by promoting autophagy in vitro. In
brief, these data demonstrate that MALAT1 could facilitate
the advanced progression of tumors in vivo. Our study high-
lights the new roles of MALAT1 on protumorigenic functioning
and anticancer therapy via activating autophagy in pancreatic
cancer. Mol Cancer Ther; 15(9); 2232–43. �2016 AACR.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most

aggressive malignancies. The overall 5-year survival of PDAC
ranges from 3% to 5%, even with curative tumor resection and
chemotherapy (1). The grave prognosis associated with PDAC is
primarily due to delayed diagnoses and a lack of effective treat-
ment, which emphasizes the importance of identifying PDAC in
earlier stages and establishing better therapeutic targets (2).

Long noncoding RNA (lncRNA) is a class of ncRNA with a
length of more than 200 NTs. So far, a large number of lncRNAs
have been recognized by high-throughput transcriptome analysis
(HTTA). They play important regulatory roles in the expression of
nearby genes, the activation and localization of proteins, and the
organization of small RNAs (3). LncRNAs are also critical regu-
lators in tumor-related apoptosis, autophagy, and tumor metas-
tasis (4–6).Metastasis-associated lung adenocarcinoma transcript

1 (MALAT1), also known as noncoding nuclear-enriched abun-
dant transcript 2 (NEAT2), is highly conserved among mammals
and is strongly expressed in the nucleus. MALAT1 was first
identified as a sign of metastasis in lung cancer (7). Similarly,
early reports demonstrated that MALAT1 was highly expressed in
pancreatic cancer hepatocellular carcinoma, prostate cancer, and
othermalignancies (8–10). Few studies have confirmed the strong
association between MALAT1 and poor pancreatic cancer prog-
noses (11). However, the molecular mechanism for its cancer-
promoting effect is yet to be defined.

Autophagy is an evolutionarily conserved catabolic process and
mechanism for the degradation of cellular proteins, which is
functional in cell growth regulation and intracellular homeostasis
(12, 13). Autophagy seems complicated and has both protumori-
genic and tumor-suppressive roles in pancreatic cancer. It has also
been described as amoderator of cellular invasion andmetastasis
by impacting cell biological phenotypes (14–16). Increasing
evidence suggests that lncRNAs regulate the process of autophagy
bymeans of interacting with RNA-binding proteins (RBP), as well
as by suppressing the induction of miRNAs (17). However, the
existence of this regulatory effect in pancreatic cancer is still under
investigation.

In this study, we correlated the clinical significance of MALAT1
expressionwith the level of autophagy inPDACsamples. Then,we
explored the roles of MALAT1 in tumor progression and found
that MALAT1 upregulated cellular autophagy in pancreatic cancer
cell lines. Furthermore, our study also demonstrated thatMALAT1
directly interacts with HuR and alters the biological process of
autophagy via enhancing the regulation of TIA-1 posttranscrip-
tionally. Our study eventually suggested that MALAT1 may accel-
erate the proliferation and metastasis of cancer cells through the
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stimulation of autophagy. MALAT1 functioned as a protumori-
genic oncogene in pancreatic cancer in vitro and in vivo.

Materials and Methods
Cell culture

Bxpc-3 and Panc-1 and human pancreatic duct epithelial
(HPDE) cells were purchased from the ATCC from 2010. All cell
lines were authenticated by short tandem repeat (STR) and
genotyped upon re-expansions and tested within 6 months of
authentication. Aspc-1, CFPAC, and SW1990 were purchased
from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China) and used within 6 months after the
cells were ordered. Aspc-1, Bxpc-3, and Panc-1 were cultured in
RPMI1640 medium (Hyclone), and CFPAC, SW1990, and HPDE
were cultured in DMEM (Gibco), all supplemented with 10% FBS
(Gibco), 1% penicillin, and streptomycin at 37�C with 5% CO2.

Patients and specimens
This study was approved by the Ethics Committee of the First

Affiliated Hospital of Harbin Medical University. The 52 PDAC
specimens used in this experiment were obtained from patients
who underwent pancreaticoduodenectomy for pancreatic head
cancer in the Department of Pancreatic and Biliary Surgery (The
First Affiliated Hospital of Harbin Medical University, Harbin,
Heilongjiang, China) from January 2008 to January 2010. All
patients underwent standard resection without receiving chemo-
therapy or radiotherapy preoperatively or postoperatively. The
patients' detailed clinicopathologic characteristics are listed in
Supplementary Table S1.

RNA isolation, reverse transcription, and quantitative real-time
PCRqRT-PCR

RNA isolation and the PCR amplification conditions were
followed as previously described (18). Quantitative real-time
(qRT-PCR; SYBR Green Assay, Roche Diagnostics GmbH) was
performed on Applied Biosystems 7500 Real-Time PCR System.
The relative expression levels of mRNAs were calculated and
quantified using the 2�DDCT method after normalization for the
expression of the control, and GAPDH served as the endogenous
control. The primer sequences were designed by Primer 5.0 and
purchased from Invitrogen.

Electron microscopy
Electron microscopy was performed as described previously

(18, 19). Fresh tissues were fixed in 2.5% glutaraldehyde and
postfixed in 1%osmium tetroxide buffer. The tissueswere embed-
ded in spur resin and thin sections were cut. The sectioned grids
were stained with a saturated solution of uranylacetate and lead
citrate. Sections were examined at 80 kV using a JEOL 1200EX
transmission electron microscope.

GFP-mRFP-LC3 staining
The GFP-mRFP-LC3 lentivirus was purchased fromGenechem.

Pancreatic cancer cell lines cultured on coverslips were transfected
with negative control and GFP-mRFP-LC3 lentiviral vector, and
were then selected with puromycin for a week. The stably trans-
fected cells were cultured in dishes and transfected with si-
MALAT1 for 6 hours. The cells were viewed under a fluorescence
microscope. The green dots indicate autophagosomes, whereas
the red dots indicate both autophagosomes and autolysosomes.

The yellow dots that result from merging the red and green
channels indicate autophagosomes, while the red dots that not
overlay with green dots are indicative of autolysosomes. The
number of GFP and mRFP dots was determined by manual
counting of the fluorescent puncta in five high-power fields
(40�, Olympus).

RNA pull-down assay
The full-length MALAT1 fragment cleaved by the EcoRI enzyme

was excised from the vector pCRII-TOPO. RNA transcript probes
were synthesized using a MEGAscript T7 kit (Ambion), following
the protocol provided by the manufacturer. A biotinylated RNA
probe synthesized in a20mLMEGAscript transcription reactionby
adding 1.25mL 20 mmol/L biotinylated UTP, Biotin-16-UTP
(Roche). The synthesized RNA probes were purified using an
RNeasy Protect Mini kit (Qiagen). Whole cells were grown to
90% confluence and washed three times with PBS. Then, the cells
were resuspended in CHAPS buffer (10 mmol/L Tris-HCl pH 7.4,
1 mmol/L MgCl2, 1 mmol/L EGTA, 0.5% CHAPS, 10% glycerol,
0.1 mmol/L PMSF, 5 mmol/L 2-ME) and incubated 30minutes
on ice for lysing. The cell lysateswereobtainedby centrifugation at
10,000� g for 10minutes at 4�C. The supernatants were collected
and the protein concentration was determined using the Bio-Rad
protein assay (Bio-Rad). The reactionmixture contained 200mg of
cell extracts and 3mg of biotinylated MALAT1 50-UTR RNA probe.
The reaction mixture's final volume was adjusted to 100mL with
RNA mobility shift buffer (5 mmol/L HEPES, 40 mmol/L KCl,
0.1 mmol/L EDTA, 2 mmol/L MgCl2, 2 mmol/L dithiothreitol,
1URNasin and 0.25mg/mL heparin). Themixturewas incubated
for 15minutes at 30�C, and then added to 400 mL of Streptavidin
MagneSphere Paramagnetic Particles (Promega) for binding at
room temperature for 10minutes. Then, the RNA–protein com-
plexeswerewashed seven timeswith theRNAmobility shift buffer
without heparin. After washing, 30mL of 2�SDS-PAGE sample
buffer was added to the reaction mixture. The retrieved proteins
were detected using standard Western blot analysis.

RNA-binding immunoprecipitation
The cells (1� 107) were lysed with 500 mL of lysis buffer (10

mmol/L Tris-HCl pH 7.4, 1 mmol/L MgCl2, 1 mmol/L EGTA,
0.5% CHAPS, 10% glycerol, 0.1 mmol/L PMSF, 5 mmol/L 2-ME)
for 20 minutes on ice. The cell lysates were collected after centri-
fugation. The RNA–protein immunocomplexes were formed by
incubating 500 mL of cell lysates with 5 mg of anti-TIA-1 (Santa
Cruz Biotechnology), anti-HuR (ProteinTech), or isotype control
IgG (Sigma) at 4�C for 2hours andwere brought downby50mLof
protein A/G Plus agarose beads. After the beads were washed, the
complexes were incubated with 20 U of RNase-free DNase I and
further incubated with 0.1% SDS and 0.5 mg/mL Proteinase K to
remove DNA or proteins. Finally, qRT-PCR analyses of the RNA
isolated from the immunoprecipitation (IP)material were further
assessed. The primers to amplify MALAT1 are described in the
Supplementary Information.

Immunofluorescence
Tumor cells transfected with Lv-MALAT1 lentivirus and the

negative control vector were seeded on 24-well plates. The
cells were fixed with 4% paraformaldehyde for 30 minutes and
were permeabilized with 0.5% Triton X-100 for 20 minutes.
After incubation for 2 hours with anti-TIA-1 (Santa Cruz
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Biotechnology) and anti-HuR (ProteinTech), the cells were
washed with PBS for three times. Then, the cells were incubated
with secondary antibodies for 1 hour (Beyotime), and 4'6-
diamino-2-phenylindole (DAPI, Beyotime) was added to stain
the cell nuclei. Finally, the cells were detected by laser scanning
confocal microscope (40�, Olympus).

Colony formation assay
The colony formation assay was performed as described pre-

viously (18). Five hundred cells transfected with Lv-MALAT1 and
negative control lentiviral vectors were cultured in 6-well plates.
The chloroquine (CQ, Sigma) groups and Lv-MALAT1 plus CQ
groups were exposed to media with 10 mmol/L CQ immediately.
The mediumwas changed every 3 days. After day 14, the colonies
were counted after fixation in 4% paraformaldehyde for 10
minutes with 1% crystal violet staining. The colonies were
counted manually in five fields (10�, Olympus).

EdU retention assay
Proliferation cells were stained with EdU using the Cell-Light

EdU DNA Cell Proliferation Kit (RIBOBio). The cells of the Lv-
MALAT1 and negative control groups were seeded in 6-well plates
and exposed to media with 10 mmol/L CQ for 24 hours. The cells
were treated with 10 mmol/L EdU for 2 hours at 37�C. Then, the
cells were fixed with 4% paraformaldehyde for 30 minutes and
treatedwith 0.5%TritonX-100 for 20minutes.Next, the cellswere
exposed to 100 mL 1�Apollo reaction cocktail for 30minutes and
were stained with Hoechst 33342 for 30 minutes. The cells were
visualized with a fluorescent microscope (10�, Olympus).

Wound healing assay, migration, and invasion assays
Cells cultured in 6-well plate were allowed to form a confluent

monolayer for 24hours, followed by the treatmentwith 10mg/mL
Mitomycin C (Sigma) for 2 hours. The monolayer was scratched
with a sterile pipette tip (200mL). The cellswerewashed twicewith
PBS and incubated in serum-free RPMI1640 medium. The cells
were photographed after 0, 24, and 48 hours. The wound areas
were photographed with a microscope (10�, Olympus). The
percentage of wound closure was estimated by ImageJ software.

Migration and invasion assays were performed as described
previously (20). The cells were plated in 24-well BioCoat Matrigel
Invasion Chambers (Corning). The cells on the top surface of the
filter were carefully removed with a cotton swab after 48 hours.
The cell numbers on each membrane were counted in five high-
power fields using a microscope (20�, Olympus).

Western blot assay
Western blot analysis was performed as described previously

(21–23). Whole-cell lysates with approximately 40 mg of proteins
were resolved on 10% and 12% SDS-PAGE and were subjected to
Western blot assay using the antibodies listed in the Supplemen-
tary Information. After appropriate secondary antibody incuba-
tion, the bands were visualized with theMolecular Imager System
(Bio-Rad) using an enhanced chemiluminescence method
(Thermo Scientific).

Orthotopic tumor model
Female nude mice between the ages of 4 to 6 weeks were

purchased from the Shanghai Experimental Animal Center of the
Chinese Academy of Sciences. This study protocol was approved

by the Institutional ReviewBoard of the First AffiliatedHospital of
Harbin Medical University. First, The Bxpc-3-Luc cells were trans-
fected with Lv-MALAT1 and the negative control vector. A total of
5�106 cells in 200 mL PBSwere injected into the left flank of nude
mice. Two weeks after injection, the primary Lv-MALAT1 and
negative control group tumors were harvested and cut into 1mm3

pieces. Then, two groups of mice were anesthetized with intra-
peritoneal injections of 0.5% pentobarbital (100 g/mL). The
pieces of tumors from different groups were translocated into
the pancreatic tail and fixed by 5-0 Prolene sutures. The perito-
neum and abdominal wall were carefully closed with individual
surgical sutures. The animals were imagedweekly using the small-
animal imaging system (Berthold Technologies). The numbers of
visible metastatic lesions more than 1mm3 in the gut, mesentery,
liver, and spleen were recorded 5 weeks after xenograft proce-
dures. Finally, all animals were euthanized and their pancreases
were removed.

Immunohistochemical staining
The immunohistochemical staining protocol has been

described previously (19, 22, 23). The paraffin-embedded tissue
sections (5 mm) were immunostained with anti-LC3B (Cell
Signaling Technology), anti-MMP3 (Santa Cruz Biotechnology),
anti-MUC4 (Santa Cruz Biotechnology), anti-CD31 (Santa Cruz
Biotechnology), and anti-Ki-67 (Santa Cruz Biotechnology). The
numbers of positive cells were counted in five high-power fields
using a microscope (Olympus).

Statistical analysis
Statistical analysis was performed with SPSS 19.0 software

(IBM). The relationships between MALAT1 and LC3B mRNA
levels, the clinicopathologic parameters, and overall survival (OS)
were analyzed by Pearson analysis, univariate analysis, multivar-
iate analysis, and the Kaplan–Meier survival analysis. ANOVA and
a Student t-test were used to evaluate statistical significance. The
data are shown as the mean� SD, and differences are considered
significant when �, P < 0.05; ��, P < 0.01; ���, P < 0.001; and non-
significant when P > 0.05.

Results
The upregulation of MALAT1 is associated with poor prognosis
in PDAC patients

Previously, MALAT1 expression was correlated with clinical
characteristics and the prognosis of pancreatic cancer patients.
Thus, 52 patients who underwent pancreaticoduodenectomy for
PDAC originating from the pancreatic head were included in our
studies. The expressionofMALAT1 inPDAC tissueswas compared
with normal tissues (10/52 patients) by qRT-PCR assays (Fig. 1A).
The clinical association analysis indicated that MALAT1 expres-
sion was significantly associated with TNM stage and distant
metastasis in PDAC (Fig. 1B; Supplementary Table S2). According
to the Kaplan–Meier analysis, we demonstrated that patients with
high-MALAT1 expression levels may have a shorter OS than those
with lower levels (Fig. 1C). To confirm the independent prog-
nostic significance of MALAT1, a multivariate analysis was per-
formed to establish the relationship betweenMALAT1 expression
and clinical and pathologic characteristics. The results showed
that higher MALAT1 expression and elevated carbohydrate anti-
gen 19-9 (CA19-9) levels in the serum were independent prog-
nostic factors for pancreatic head cancer (Supplementary Table
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S3). Furthermore, MALAT1 mRNA levels were exhibited in five
pancreatic cancer cell lines compared with HPDE (Fig. 1D).

The upregulation of MALAT1 is relevant to elevated autophagic
activation in vitro and in vivo

Historically, autophagy has been shown to be associated with
poor clinical outcomes in pancreatic cancer, and the inhibition of
autophagy has been shown to attenuate pancreatic cancer growth
in vitro and in vivo (24, 25). Our group has extensively studied the
impact of autophagic activity on protumorigenic roles via the JNK
pathway in pancreatic cancer (18). In this study, electron micros-
copy was performed to assess autophagosome formation in
PDAC, and our findings show that the levels of autophagy were
consistently higher compared with those in adjacent tissues
(Fig. 2A). This result was also supported by Western blot analyses
(Fig. 2B). Overall, our data demonstrated that the elevated acti-
vation of autophagy might be positively associated with tumor
progression in PDAC. To determine the correlation between
MALAT1 expression and autophagy, the expression of MALAT1
and LC3B mRNA in 46 PDAC samples was quantitatively ana-
lyzed by qRT-PCR assays. As shown in Fig. 2C, LC3BmRNA levels
were positively related to the elevation of MALAT1 in PDAC
tissues (r ¼ 0.5736, P < 0.001).

To estimate the relationship between MALAT1 and autopha-
gic flux in vitro, siRNAs and lentiviral vectors were used to limit
MALAT1 expression in Bxpc-3 and Panc-1 cells (Supplementary
Fig. S1). Western blot assays were carried out to detect the
autophagosome-associated lipidated isoform of LC3, which
reflects the increased abundance of autophagosome in the
cytoplasm. Our results showed that LC3B II/I levels were
significantly reduced while P62 levels were highly elevated in
Lv-MALAT1 groups, compared with the control and negative
control groups (Fig. 2D and E). Meanwhile, we evaluated
autophagic activation via IHC in vivo, and found that LC3B
expression was downregulated in the Lv-MALAT1 group com-
pared with the negative control group in the pancreatic ortho-

topic tumor model (Fig. 2F and Supplementary Fig. S2).
Autophagy is executed as a homeostatic mechanism for main-
taining cellular integrity and stability (26). A group of genes
required for the regulation of autophagy were also associated
with the pathogenesis and therapy of various tumors. Autop-
hagy-related genes (ATG), including Atg6 (BECLIN1), Atg5,
and Atg7, are involved in complex mechanisms of regulating
pancreatic cancer progression (27). Thus, Western blot assays
were subsequently assessed to analyze the expression of
BECLIN1, Atg5, and Atg7 among different groups. As shown
in Fig. 2G, none of these ATGs had noteworthy changes with
the reduction of MALAT1 expression. Altogether, we speculate
that elevated MALAT1 expression is associated with autophagic
activation. However, the upregulation of MALAT1 may not
participate in the initial stages of autophagy.

Silencing of MALAT1 blunts autophagic flux
To test the hypothesis that the lack of MALAT1might blunt the

autophagic flux in pancreatic cancer, a scaffold protein P62which
is degraded by autophagic activation wasmeasured in Bxpc-3 and
Panc-1 cell lines (28). In addition, lysosomal-associated mem-
brane protein-2 (LAMP-2), a lysosome marker that indicates the
proper fusion of autophagosomeswith lysosomes and involves in
the degradation of autophagic vesicles, was also gauged (12). As
shown in Fig. 2H and I, the level of P62 was upregulated while
LAMP-2 expression was lowered in the Lv-MALAT1 groups. These
data revealed that the knockdown of MALAT1 might depress
autophagy by inhibiting the fusion of autophagosomes and
lysosomes. As autophagic flux is a dynamic process, it is imper-
ative to distinguish between the enhanced autophagosome for-
mation and the decreased autophagosome clearance. The GFP-
mRFP-LC3 staining could be utilized to localize and assess
autophagic flux, which is not limited by pH changes in the cellular
environment. TheGFP signal is sensitive to the acidic condition of
the lysosome lumen, whereas mRFP is much more stable. There-
fore, we generated a lentiviral vector carrying GFP-mRFP-LC3 to

Figure 1.

The expression of MALAT1 in PDAC
tissue samples and pancreatic cancer
cell lines. A, the expression of MALAT1
in 10 normal tissue samples and 52
PDAC tissue samples was detected by
qRT-PCR assays (P ¼ 0.0001). The
ratio of eachmRNA relative to GAPDH
mRNA is listed below each blot.
B, comparison of MALAT1 mRNA
expression of 52 PDAC patients in
stages I and II and stages III and IV
(P < 0.0001). C, Kaplan–Meier
analyses of overall survival (OS) for
MALAT1 expression in PDAC from two
independent cohorts (P ¼ 0.0029).
D, comparison of MALAT1 expression
in Aspc-1, SW1990, Panc-1, Bxpc-3,
CFPAC, and HPDE. ��� , P < 0.001.
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assay autophagic flux, autophagosome biogenesis, maturation,
and lysosomal degradation. The colocalization of both GFP and
mRFP fluorescence indicates an autophagosome or phagophore
that has not fusedwith a lysosome. As shown in Fig. 2J andK, both
the GFP/RFP and RFP dots were significantly reduced in the Lv-
MALAT1 groups, indicating that the silencing of MALAT1
decreased the incorporation of LC3 into both autophagosomes
and autolysosomes. Clearly, these data demonstrated that the loss
ofMALAT1 reduced the accumulation of autophagosomes as well
as inhibited the autophagicflux in the cytoplasm,whichmay limit
pancreatic cancer progression.

MALAT1 directly interacts with HuR
To decipher the molecular mechanism between MALAT1 and

autophagy, we focused on two RBPs: TIA-1 andHuR. TIA-1 (T-cell
intracellular antigen-1) acts on pre-mRNA splicing and inhibits
mRNA translation by binding to the 30UTR of mRNA. Recent
studies revealed that TIA-1 functions as a tumor suppressor gene
and that TIA-1 depletionmay enhance autophagic activation (29,
30). HuR, a member of the ELAVL family, has been reported to
contribute to the stabilization of ARE-containing mRNAs. HuR
may determine the impact of TIA-1 expression via binding with
TIA-1 30 UTR (31, 32). As shown in Fig. 3A and B, the knockdown
of MALAT1 had no significant influence on TIA-1 accumulation
while the expression levels of HuR and LC3B II/I were greatly
declined. Furthermore, RNA pull-down assay and ribonucleopro-
tein immunoprecipitation (RIP) analyses were performed to
investigate the interaction betweenMALAT1 and two RBPs. There
is no evidence suggesting that MALAT1 could bind with TIA-1,
whereas direct interaction was found between MALAT1 and HuR
(Fig. 3C and D).

MALAT1 regulates autophagic flux through modulating
TIA-1 function

TIA-1 andHuRare bothmajor regulators ofmRNA stability and
translation. In some instances, self-regulatory schemes were
reported for specific mechanisms, providing a concept of post-
transcriptional control in the RBPs family. To test whether the
regulation of autophagy was mediated by TIA-1, a series of
Western blot analyses were performed. As shown in Fig. 3E and
F, Supplementary Fig. S3A–C and Supplementary Fig. S4A, the
depletion of TIA-1 alone resulted in higher expression levels of
LC3B II/I compared with the negative control and Lv-MALAT1
groups, while Lv-MALAT1 blocked the effect of si-TIA-1 on
enhancing LC3B II/I expression. We simultaneously found that
silencing TIA-1 had no impact on HuR expression compared with
the negative groups. Furthermore, cotransfection of Lv-MALAT1
and si-HuR were performed to explore the relationship between
HuR and TIA-1 (Supplementary Fig. S3D–F). Our results
demonstrated that the accumulation of TIA-1 was increased in

HuR-silenced cells, which depleted LC3B II/I expression. Inter-
estingly, knockdownboth ofMALAT1 andHuR suggested that the
elimination of MALAT1 could not repress autophagic activation
without HuR assistance (Fig. 3G and H and Supplementary
Fig. S4B). HuR served as a critical mediator for the process of
MALAT1-medicated autophagy.

To gain a more mechanistic perspective of the modulated
expression between HuR and TIA-1, the pEGFP-HuR plasmid
was constructed to increase the intracellular HuR expression
(Supplementary Fig. S5). We found that overexpression of HuR
restained TIA-1 accumulation and then induced LC3B II/I
expression, while the overexpressed HuR had no effects on
MALAT1 expression (Fig. 4A and B and Supplementary Fig. S6).
These findings indicated that the abundance of HuR promoted
autophagic activation in pancreatic cancer cells. For additional
analyses of the relationship between TIA-1 and HuR, immu-
nofluorescent (IF) staining was performed. The abovemen-
tioned results were reconfirmed afterwards. Regardless of the
absence of HuR, MALAT1-silenced cells did not improve the
expression of TIA-1, but enhanced its capabilities posttranscrip-
tionally. In addition, the collocation of TIA-1 and HuR was
exhibited by IF staining assays, providing rational evidence for
their interaction in the cytoplasm (Fig. 4C). Indeed, all of these
results indicated that a lack of MALAT1 inhibited autophagic
activation through the suppression of HuR. Downregulation of
MALAT1 inhibited autophagic activation through enhancing
the regulation of TIA-1 at posttranscriptional level. The post-
transcriptional regulation of TIA-1 relied on the interaction
between MALAT1 and HuR. MALAT1 had no effect on the
expression of TIA-1.

MALAT1 promotes tumor proliferation andmetastasis through
the stimulation of autophagy in vitro

Autophagy acts as a dynamic regulator of tumorigenesis via
different molecular mechanisms, including control of tumor
cell metabolism, promotion of tumor cell survival, regulation
of cellular invasion and metastasis, and drug resistance (33,
34). Hence, we investigated whether the effects of MALAT1 on
tumorigenesis were critically mediated by the autophagy pro-
cess. The autophagy inhibitor, CQ, which blocks the fusion of
autophagosome with lysosome by raising the intralysosomal
pH, was selected. Simultaneously, we confirmed that CQ could
not regulate MALAT1 expression in the two cell lines (Supple-
mentary Fig. S7). Colony formation assays demonstrated that
the Lv-MALAT1 groups and the CQ groups yielded fewer and
smaller colonies compared with the negative control groups,
while CQ could not enhance the function of Lv-MALAT1 on
inhibiting tumor proliferation (Fig. 5A). In addition, MALAT1-
silenced cells showed lower proliferative capacity determined
by EdU retention assays compared with the negative control

Figure 2.
The upregulation of MALAT1 was relevant to elevated autophagic activation in vitro and in vivo. Sliencing of MALAT1 blunted autophagic flux.A, electronmicroscopy
showed the different autophagic activation in three pairs of adjacent tissues and PDAC tissues (bars, 1 mm). B, Western blot analyses of LC3B and P62 in three
pairs of human normal tissues and PDAC tissues. C, qRT-PCR assays examined the expression of both MALAT1 and LC3B mRNA in each of 49 PDAC tissues,
and the relevance is listed in each blot (r ¼ 0.5067, P ¼ 0.0004). D and E, comparison of LC3B and P62 expression in untreated, transfected with the negative
control lentiviral vector, and Lv-MALAT1 groups by Western blot analyses. GAPDH served as the internal control. F, the expression of LC3B was analyzed via
the IHC staining in negative control and Lv-MALAT1 groups (original magnification, 20�). G, the autophagy-related genes BECLIN1, ATG5, and ATG7 were
detected by Western blot analyses. H and I, the expression of P62 and LAMP-2 in three different groups was determined by Western blot assays. J and K, the
immunofluorescence assays were performed in pancreatic cancer cells that were transfected with or without flag-tagged mRFP-GFP-LC3 lentiviral vector in
three different groups. The numbers of GFP and mRFP dots were determined by fluorescent puncta in 5 high-power fields (bars, 10 mm). The statistical significance
between different groups was calculated with Student t test. � , P < 0.05; �� , P < 0.01.
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and CQ groups. Inhibition of autophagy could not synergize
with Lv-MALAT1 on blocking DNA replication (Fig. 5B). To
explore whether the elimination of MALAT1 limited pancreatic
cancer metastasis with the assistance of autophagic activation,
wound-healing assay and Transwell assays were carried out.
Our data demonstrated that MALAT1 depletion limited cancer
cells migration and invasion, and that the suppression of
autophagy could not cooperate with Lv-MALAT1 on tumor
metastasis in vitro (Fig. 5C and D and Supplementary Fig.
S8). Moreover, the expression of matrix metalloprotein 3
(MMP-3) and Mucin 4 (MUC4) was evaluated and confirmed
the results described above (Fig. 5E and Supplementary Fig.
S9). Further study revealed that MALAT1 had no impact on
tumor angiogenesis (Supplementary Fig. S10). All in all, these
data indicated that MALAT1 could promote pancreatic cancer
proliferation and metastasis via the stimulation of autophagy.

The downregulation of MALAT1 inhibits tumor proliferation
and metastasis in orthotopic tumor model

A xenograft tumor model was developed to further assess the
tumor-promoting effect of MALAT1 and its in vivo effect on the
progression of pancreatic cancer. The animals were imaged
weekly and the volume of tumors was recorded at 35 days
(Fig. 6A). Compared with the negative control groups, the
average volume of tumors in the Lv-MALAT1 group increased
more slowly (Fig. 6B). Next, the metastasis nodes were eval-
uated in the gut, mesentery, liver, and spleen, and less nodes
were found in Lv-MALAT1 group (Fig. 6C–E). Furthermore, the
proliferative marker Ki-67 was detected in pancreatic orthoto-
pic tumor via immunohistochemical staining, and presented
at lower levels in the Lv-MALAT1 group (Fig. 6F). We then
focused on the expression of MMP-3 and MUC4, which was
measured in the aforementioned studies. The IHC staining

Figure 4.

Overexpression of HuR-activated autophagy via lessening TIA-1 aggregation. A and B, the overexpression of HuR inhibited TIA-1 expression and facilitated
autophagic activation. C, the immunofluorescence staining exhibited the collocation and expression of TIA-1 and HuR in the cytoplasm (bars, 20 mm). �� , P < 0.01;
��� , P < 0.001.

Figure 3.
MALAT1 directly interacted with HuR and regulated autophagic activation by accelerating the TIA-1 accumulation. A and B, Western blot analyses were assessed to
reveal the expression of TIA-1, HuR, and LC3B in three different groups. C, the RNA pull-down assay suggested MALAT1 may not bind with TIA-1, but could directly
interact with HuR. Cell extracts were prepared and mixed with nonbiotinylated MALAT1 or biotinylated MALAT1, respectively. The complexes were boiled and
dissolved and TIA-1 and HuR protein was determined by Western blot analysis. The inputs were cell extracts without pull-down assay. D, the ribonucleoprotein
immunoprecipitation (RIP) analyses were performed and the relative enrichments of MALAT1 RNA were determined by RT-PCR assays in Input, TIA-1,
and HuR groups. The results were generated after normalization to GAPDHmRNA levels. E and F, the expression of TIA-1, HuR, and LC3Bwas tested byWestern blot
assays in the Lv-MALAT1, si-TIA-1, and cotransfected with both Lv-MALAT1 and si-TIA-1 groups. G and H, Western blot assays were conducted in groups
of the Lv-MALAT1, si-HuR, and cotransfected with both Lv-MALAT1 and si-HuR. The expression of HuR, TIA-1, and LC3was detected. ��� , P <0.001; ns, not significant.
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results suggested that MMP-3 and MUC4 expression were
reduced as a result of MALAT1 depletion (Fig. 6G). Our data
suggest that the lack of MALAT1 inhibits tumor proliferation
and metastasis in vivo.

Discussion
MALAT1 serves as an oncogenic lncRNA determining the

malignancy phenotypes of various cancers. It has been identi-
fied as an indicator of poor prognoses in lung, renal, bladder,
and glioma cancers, as well as the invasion of the esophagus
and colon. In previous studies, MALAT1 was identified as a
target regulated by different proteins and miRNAs to restrain a
subset of tumor proliferation, invasion, and metastasis (35–
39). MALAT1 is restrained in the nucleus and its 3'-end can be
modified by RNase P and RNase Z cleavage, which yield an
additional tRNA-like cytoplasmic miscRNA (40). It also accom-
modates alternative splicing of a subset of pre-mRNAs by
adjusting serine/arginine splicing factor activity. Taken alto-
gether, these results provide a potential new approach for
investigating the fundamental role of MALAT1 in tumorigenesis
and cancer development.

Previous studies have shown that the overexpression of
MALAT1 is related to the poor prognoses in pancreatic cancer
patients (11). However, the mechanisms for MALAT1 in cancer
development are not clearly understood. In our study, 52 PDAC
tissue samples were selected to reflect a typical scenario, as almost
90% of pancreatic cancer present with the pathologic character-
istic of PDAC. On the other hand, all selected cancers originated
from the pancreatic head, whichmaximized homogeneity in both
metastasis and recurrence. MALAT1 was measured with a higher
discrepancy between the PDAC tissues and normal tissues. Ongo-
ing efforts are aimed at testing the correlation between elevated
MALAT1 levels and the clinical and pathologic features of PDAC
patients. It is plausible that the upregulation of MALAT1 was
significantly associated with PDAC TNM stage and distant metas-
tasis. Further study revealed that increased MALAT1 expression
and elevated CA19-9 levels in the serum were independent pre-
dictors of short OS as assessed by Kaplan–Meier analyses and Cox
proportional hazard regression analyses. Our findings, together
with other groups, suggest that MALAT1 is involved in PDAC
pathogenesis and is a specific predictor for poor prognoses.

A previous study reported that MALAT1 is upregulated in
pancreatic cancer cells, and that the induction of MALAT1

Figure 5.

MALAT1 promoted tumor proliferation andmetastasis through the stimulation of autophagy in vitro.A, the colony formation assays of Bxpc-3 and Panc-1 cell lines in
the negative control, Lv-MALAT1, CQ, and Lv-MALAT1 plus CQ groups are presented. Data are reported as mean � SD for three independent experiments.
B, the proliferative capacity of pancreatic cancer cells was determined by EdU retention assays (original magnification, 20�).C andD,migration and invasion assays
were performed to detect the effects of Lv-MAlAT1, CQ, and Lv-MALAT1 plus CQ on tumor metastasis. The cells that invaded through the membrane were
counted in five random fields under 20� objective lens. Data are presented asmean� SD.E, the expression of LAMP-2, MUC4, andMMP-3was examined byWestern
blot assays.
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facilitates cell growth, migration, and invasion in vitro (10).
Besides, our findings highlight the multiformity and complex-
ity of MALAT1 in gene regulation and autophagocytosis in
pancreatic cancer. First, the correlation was observed in differ-
ent layers of interactions between MALAT1 and LC3B mRNA in
PDAC tissues. LC3 reveals the specific labeling of autophago-
some membranes in addition to the cytoplasmic labeling,
which could be incorporated into protein aggregates indepen-
dent of autophagy (41). Two forms of LC3, LC3 I and LC3 II, are
widely used to monitor the process of autophagy. LC3 I is
cytosolic, whereas LC3 II is membrane bound. The enhance-
ment in the amount of LC3 II corresponds to the elevation of
autophagosome formation. Our study provides evidence that

MALAT1 could exert a complex influence on autophagy during
pancreatic cancer development.

Our study suggests that silencing of MALAT1 limits the forma-
tion of autophagosomes in vitro and in vivo, which introduces new
insights into the molecular underpinning of MALAT1 on mod-
ulating autophagic activation. As an alternative to the difficult
genetic approach of autophagy in tumor progression, autophagy-
related genes, BECLIN1, Atg5, and Atg7 were initially detected.
The biochemical properties of BECLIN1 are observed in two
fundamentally important cell biological pathways: autophagy
and apoptosis (42). Therefore, the undifferentiated differentia-
tion of BECLIN1 between different groups indicated that
MALAT1-mediated autophagy might be independent of the

Figure 6.

The downregulation of MALAT1 inhibited tumor proliferation and metastasis in orthotopic tumor model. A, representative bioluminescence imaging (following
intraperitoneal injection of 0.1 mg/g luciferin) of mice at the day of 7, 14, 21, 28, and 35. B, the average volumes of orthotopic tumors in the negative control group
and Lv-MALAT1 group were recorded at 35 days. C–E, at day 35, all mice were killed and the metastatic nodules in the gut, mesentery, liver, and spleen are
exhibited. The metastatic nodules in colon are presented with hematoxylin and eosin (H&E) staining (original magnification, 10�). F, the H&E staining was
performed and the expression of Ki-67 was analyzed in paraffin-embedded tissue sections of orthotopic pancreatic cancer models through immunohistochemical
staining (original magnification, 10�). G, the expression of MMP-3 and MUC4 was analyzed in orthotopic tumors (original magnification, 10�). H, schematic
presentation of the mechanism underlying MALAT1 facilitated pancreatic cancer proliferation and metastasis via the stimulation of autophagy. �� , P < 0.01;
��� , P < 0.001.
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process of apoptosis. Autophagy is needed for the clearance of
ubiquitin-positive aggregates. Atg5 and Atg7 function as two key
components in ubiquitin-like systems of autophagy execution.
Both are not associated with LC3 processing but appear to be
specifically involved in autophagosome formation from the late
endosome and the trans-Golgi (43). Our study elucidated that
MALAT1-mediated autophagic activation and autophagosome
formation are not indispensable for Atg5 and Atg7. Consistently,
autophagosomes immediately fuse with lysosomes and finally
become autolysosomes during the last stage of autophagy (44).
P62 has been suggested to act as a chaperone during the degra-
dation of autophagosomes (28). LAMP-2 is essential for the
degradation of autophagosomal content via the proper fusion of
lysosomes with autophagosomes in the last stage of autophagic
flux. Importantly, our study found that P62 was notably elevated
while LAMP-2 was decreased in the Lv-MALAT1 groups. Mean-
while, MALAT1 silencing remarkably reduced the degradation of
LC3 and colocalization in pancreatic cancer cells. All of these data
support the notion thatMALAT1does not influence the formation
of autophagosome or the fusion of autophagosomes and lyso-
somes, but the degradation of autophagosomes.

In addition, we observed that MALAT1 activated autophagy
via altering HuR expression and TIA-1 function. TIA-1 func-
tioned as ancient DNA/RNA trans-acting regulator to broaden
the transcriptome and proteome diversity (45, 46). It also
triggered a series of biological processes, including cell inva-
sion, migration, apoptosis, and autophagy (5, 27, 28, 47). HuR
genetically and functionally synergizes with negative posttran-
scriptional modulator TIA-1 to inhibit the biosynthesis of
specific mediators (33). The silencing of MALAT1 reduced the
expression of HuR and LC3B II/I, while the decreased expres-
sion of MALAT1 did not appear to be involved in the significant
elevation of TIA-1. In this regard, the interaction between
MALAT1 and HuR provides experimental support to examine
whether the translational activation of autophagy was imposed
by HuR and its synergy with TIA-1. In the absence of TIA-1,
autophagy activity was increased, while MALAT1 silencing
could not abolish the rapid enhancement mediated by TIA-1
degradation. On the other hand, the expression of TIA-1 was
enhanced in the absence of HuR, whereas the process of
autophagy was impeded. It is possible that overexpression of
HuR downregulated restored TIA-1 protein levels and converse-
ly enhanced LC3B II/I expression. These findings support the
concept that MALAT1 inhibition enhanced the effect of TIA-1
via the interaction between MALAT1 and HuR. Downregulation
of MALAT1 has no effect on the TIA-1 expression, but the lower
level of HuR caused by MALAT1 silencing enhanced the regu-
lation of TIA-1 at the posttranscriptional level. In brief, HuR
acts as an endogenous messenger between MALAT1 and TIA-1
in the cytoplasm.

In the past decade, several genetic links providing increasing
evidence that autophagy plays multiple tumorigenic functions in
pancreatic cancer have emerged. Our finding suggested that a lack
of MALAT1 blocks pancreatic cancer proliferation, invasion, and
migration in vitro and in vivo. Further research revealed that

MALAT1 silencing generates these biological behaviors by inhi-
biting the degradation of autophagosomes, and CQ could not
block the effect ofMALAT1 on tumor proliferation andmetastasis
in vitro. In closing, we speculated that MALAT1-silenced cells
strongly lowers the protumorigenic function through reducing
autophagy. Targeting MALAT1 may be a potential therapeutic
approach to prevent pancreatic cancer proliferation and metas-
tasis (Fig. 6H).

In summary, we define the role of a lncRNA, MALAT1, as both
predictive marker and therapeutic target in pancreatic cancer.
MALAT1 promotes tumor proliferation and metastasis through
activating autophagy. MALAT1 is increased to interact with HuR
and stimulate its expression. The upregulation of HuR promotes
autophagic activation through regulating TIA-1 effect in posttran-
scriptional level. Our findings provide greater insights into the
function of MALAT1 in the aggressive progression of pancreatic
cancer, aswell as contribute to the understanding of theoncogenic
process.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed by all authors.

Authors' Contributions
Conception and design: L. Li, H. Chen, Y. Gao, Y.-W. Wang, X.-W. Bai, B. Sun
Development of methodology: L. Li, H. Chen, Y. Gao, Y.-W. Wang, G.-Q.
Zhang, S.-H. Pan, X.-W. Bai, B. Sun
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): L. Li, G.-Q. Zhang, S.-H. Pan, R. Kong, G.Wang, B. Sun
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): L. Li, H. Chen, Y. Gao, L. Ji, Y.-H. Jia, B. Sun
Writing, review, and/or revision of the manuscript: L. Li, Y. Gao, G. Wang,
B. Sun
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): L. Li, Y.-W. Wang, S.-H. Pan, B. Sun
Study supervision: S.-H. Pan, X.-W. Bai

Acknowledgments
The authors would like to thank Dr. Yue Li from The First Affiliated Hospital

of Harbin Medical University and Professor Deli Dong from Harbin Medical
University for their selfless assistance.

Grant Support
This work was supported by National Nature Scientific Foundation of China

(No. 81372613, 81170431, 81302057, 81370565, 81470887; to B. Sun, H.
Chen, G. Wang, and X.W. Bai), The National High Technology Research and
Development Program of China (2014AA020609; to B. Sun), The Scientific
Research Foundation of Graduate School of Harbin Medicial University
(YJSCX2015-18HYD; to L. Li), Specialized Research Fund for the Doctoral
Program of Higher Education (20122307110012; to G. Wang), New Century
Support Foundation for Elitist of Heilongjiang Province in China (1253-NCET-
017; to G. Wang), Wei-Han Yu Scientific Foundation of Harbin Medicial
University (to G. Wang).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received January 20, 2016; revised May 10, 2016; accepted June 4, 2016;
published OnlineFirst July 1, 2016.

References
1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin

2014;64:9–29.
2. Hidalgo M.Pancreatic cancer. N Engl J Med 2010;362:1605–17.

3. Wilusz JE, Sunwoo H, Spector DL. Long noncoding RNAs:
functional surprises from the RNA world. Genes Dev 2009;23:
1494–504.

Li et al.

Mol Cancer Ther; 15(9) September 2016 Molecular Cancer Therapeutics2242

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/9/2232/2330737/2232.pdf by guest on 19 M
ay 2023



4. Nie FQ, Sun M, Yang JS, Xie M, Xu TP, Xia R, et al. Long noncoding RNA
ANRIL promotes non-small cell lung cancer cell proliferation and inhibits
apoptosis by silencing KLF2 and P21 expression. Mol Cancer Ther
2015;14:268–77.

5. Ge D, Han L, Huang S, Peng N, Wang P, Jiang Z, et al. Identification of a
novel MTOR activator and discovery of a competing endogenous RNA
regulating autophagy in vascular endothelial cells. Autophagy 2014;10:
957–71.

6. Zhang ZZ, Shen ZY, Shen YY, Zhao EH, Wang M, Wang CJ, et al. HOTAIR
long noncoding RNA promotes gastric cancer metastasis through sup-
pression of poly r(C)-binding protein (PCBP) 1. Mol Cancer Ther
2015;14:1162–70.

7. Gutschner T, H€ammerle M, Eissmann M, Hsu J, Kim Y, Hung G, et al. The
noncoding RNAMALAT1 is a critical regulator of themetastasis phenotype
of lung cancer cells. Cancer Res 2013;73:1180–89.

8. Luo JH, Ren B, Keryanov S, Tseng GC, Rao UN, Monga SP, et al. Tran-
scriptomic and genomic analysis of human hepatocellular carcinomas and
hepatoblastomas. Hepatology 2006;44:1012–24.

9. Ren S, Liu Y, XuW, Sun Y, Lu J,Wang F, et al. Long noncoding RNAMALAT-
1 is a new potential therapeutic target for castration resistant prostate
cancer. J Urol 2013;190:2278–87.

10. Jiao F, HuH, Yuan C,Wang L, JiangW, Jin Z, et al. Elevated expression level
of long noncoding RNA MALAT-1 facilitates cell growth, migration and
invasion in pancreatic cancer. Oncol Rep 2014;32:2485–92.

11. Pang EJ, Yang R, Fu XB, Liu YF. Overexpression of long non-coding RNA
MALAT1 is correlated with clinical progression and unfavorable prognosis
in pancreatic cancer. Tumor Biol 2015;36:2403–7.

12. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A,
Adeli K, et al. Guidelines for the use and interpretation of assays for
monitoring autophagy. Autophagy 2012;8:445–544.

13. Galluzzi L, Pietrocola F, Levine B, Kroemer G. Metabolic control of
autophagy. Cell 2014;159:1263–76.

14. Balic A, Sørensen MD, Trabulo SM, Sainz B Jr, Cioffi M, Vieira CR, et al.
Chloroquine targets pancreatic cancer stem cells via inhibition of CXCR4
and Hedgehog signaling. Mol Cancer Ther 2014;13:1758–71.

15. Marchand B, Arsenault D, Raymond-Fleury A, Boisvert FM, Boucher MJ.
Glycogen synthase kinase-3 (GSK3) inhibition induces prosurvival autop-
hagic signals in human pancreatic cancer cells. J Biol Chem 2015;290:
5592–605.

16. Rosenfeldt MT, O'Prey J, Morton JP, Nixon C, MacKay G, Mrowinska A,
et al. p53 status determines the role of autophagy in pancreatic tumour
development. Nature 2013;504:296–300.

17. Wang K, Liu CY, Zhou LY, Wang JX, Wang M, Zhao B, et al. APF lncRNA
regulates autophagy and myocardial infarction by targeting miR-188-3p.
Nat Commun 2015;6:6779.

18. Jia G, Kong R, Ma ZB, Han B, Wang YW, Pan SH, et al. The activation
of c-Jun NH2-terminal kinase is required for dihydroartemisinin-
induced autophagy in pancreatic cancer cells. J Exp Clin Cancer Res
2014;33:8.

19. Lv JC,Wang G, Pan SH, Bai XW, Sun B. Lycopene protects pancreatic acinar
cells against severe acute pancreatitis by abating the oxidative stress
through JNK pathway. Free Radic Res 2015;49:151–63.

20. Cheng ZX, Sun B, Wang SJ, Gao Y, Zhang YM, Zhou HX, et al. Nuclear
Factor-kB-dependent epithelial to mesenchymal transition induced by
HIF-1a activation in pancreatic cancer cells under hypoxic conditions.
PLoS One 2011;6:e23752.

21. Wang Y, Zhou Y, Zhou H, Jia G, Liu J, Han B, et al. Pristimerin causes G1
arrest, induces apoptosis, and enhances the chemosensitivity to gemcita-
bine in pancreatic cancer cells. PLoS One 2012;7:e43826.

22. Wang Y, Zhou Y, Jia G, Han B, Liu J, Teng Y, et al. Shikonin suppresses
tumor growth and synergizes with gemcitabine in a pancreatic cancer
xenograft model: involvement of NF-kB signaling pathway. Biochem
Pharmacol 2014;88:322–33.

23. Kong R, Sun B, Jiang H, Pan S, Chen H, Wang S, et al. Downregulation of
nuclearfactor-kappaB p65 subunit by small interfering RNA synergizes
with gemcitabine to inhibit the growth of pancreatic cancer. Cancer Lett
2010;291:90–8.

24. Ko YH, Cho YS, Won HS, Jeon EK, An HJ, Hong SU, et al. Prognostic
significance of autophagy-related protein expression in resected pancreatic
ductal adenocarcinoma. Pancreas 2013;42:829–35.

25. Yang A, Kimmelman AC. Inhibition of autophagy attenuates pancreatic
cancer growth independent of TP53/TRP53 status. Autophagy 2014;10:
1683–4.

26. White E, Mehnert JM, Chan CS. Autophagy, metabolism, and cancer. Clin
Cancer Res 2015;21:5037–46.

27. Antonucci L, Fagman JB, Kim JY, Todoric J, Gukovsky I, Mackey M, et al.
Basal autophagy maintains pancreatic acinar cell homeostasis and
protein synthesis and prevents ER stress. Proc Natl Acad Sci U S A
2015;112:e6166–74.

28. Ling J, Kang Y, Zhao R, Xia Q, Lee DF, Chang Z, et al. Kras G12D-induced
IKK2/b/NF-kB activation by IL-1a and p62 feedforward loops is required
for development of pancreatic ductal adenocarcinoma. Cancer Cell
2012;21:105–20.

29. S�anchez-Jim�enez C, Lude~naMD, Izquierdo JM. T-cell intracellular antigens
function as tumor suppressor genes. Cell Death Dis 2015;6:e1669.

30. S�anchez-Jim�enez C, Izquierdo JM. T-cell intracellular antigen (TIA)-pro-
teins deficiency in murine embryonic fibroblasts alters cell cycle progres-
sion and induces autophagy. PloS One 2013;8:e75127.

31. PullmannR Jr, KimHH,AbdelmohsenK, Lal A,Martindale JL, YangX, et al.
Analysis of turnover and translation regulatory RNA-binding protein
expression through binding to cognate mRNAs. Mol Cell Biol 2007;
27:6265–78.

32. Katsanou V, Papadaki O, Milatos S, Blackshear PJ, Anderson P, Kollias G,
et al. HuR as a negative posttranscriptional modulator in inflammation.
Mol Cell 2005;19:777–89.

33. Lock R, Roy S, Kenific CM, Su JS, Salas E, Ronen SM, et al. Autophagy
facilitates glycolysis during Ras-mediated oncogenic transformation. Mol
Biol Cell 2011;22:165–78.

34. Li J, Yang B, Zhou Q, Wu Y, Shang D, Guo Y, et al. Autophagy promotes
hepatocellular carcinoma cell invasion through activation of epithelial-
mesenchymal transition. Carcinogenesis 2013;34:1343–51.

35. Che W, Dong Y, Quan HB. RANKL inhibits cell proliferation by regulating
MALAT1 expression in a human osteoblastic cell line hFOB 1.19. Cell Mol
Biol (Noisy-le-grand) 2015;61:7–14.

36. Vassallo I, Zinn P, Lai M, Rajakannu P, Hamou MF, Hegi ME. WIF1 re-
expression in glioblastoma inhibitsmigration through attenuation of non-
canonical WNT signaling by downregulating the lncRNA MALAT1. Onco-
gene 2016;35:12–21.

37. Hirata H, Hinoda Y, Shahryari V, Deng G, Nakajima K, Tabatabai ZL, et al.
Long noncoding RNA MALAT1 promotes aggressive renal cell carcinoma
through Ezh2 and interacts with miR-205. Cancer Res 2015;75:1322–31.

38. YangMH,HuZY, XuC, Xie LY,Wang XY, Chen SY, et al.MALAT1 promotes
colorectal cancer cell proliferation/migration/invasion via PRKA kinase
anchor protein 9. Biochim Biophys Acta 2015;1852:166–74.

39. FuX, LiuY, ZhuangC, Liu L, Cai Z,HuangW. Synthetic artificialmicroRNAs
targeting UCA1-MALAT1 or c-Myc inhibit malignant phenotypes of blad-
der cancer cells T24 and. 5637. Mol Biosyst 2015;11:1285–9.

40. Wilusz JE, Freier SM, Spector DL. 30 end processing of a long nuclear-
retained noncoding RNA yields a tRNA-like cytoplasmic RNA. Cell
2008;135:919–32.

41. Kuma A, Matsui M,MizushimaN. LC3, an autophagosomemarker, can be
incorporated into protein aggregates independent of autophagy: caution in
the interpretation of LC3 localization. Autophagy 2007;3:323–8.

42. Yue Z, Jin S, Yang C, Levine AJ, Heintz N. Beclin 1, an autophagy gene
essential for early embryonic development, is a haploinsufficient tumor
suppressor. Proc Natl Acad Sci U S A 2003;100:15077–82.

43. Nishida Y, Arakawa S, Fujitani K, Yamaguchi H, Mizuta T, Kanaseki T, et al.
Discovery of Atg5/Atg7-independent alternative macroautophagy. Nature
2009;461:654–8.

44. Dominguez-Bautista JA, Klinkenberg M, Brehm N. Loss of lysosome-
associated membrane protein 3 (LAMP3) enhances cellular vulnerability
against proteasomal inhibition. Eur J Cell Biol 2015;94:148–61.

45. Tian Q, Streuli M, Saito H, Schlossman SF, Anderson P. A polyadenylate
binding protein localized to the granules of cytolytic lymphocytes induces
DNA fragmentation in target cells. Cell 1991;67:629–39.

46. Ray D, Kazan H, Cook KB, Weirauch MT, Najafabadi HS, Li X, et al. A
compendiumof RNA-bindingmotifs for decoding gene regulation. Nature
2013;499:172–7.

47. S�anchez-Jim�enez C, Izquierdo JM. T-cell intracellular antigens in health
and disease. Cell Cycle 2015;14:2033–43.

www.aacrjournals.org Mol Cancer Ther; 15(9) September 2016 2243

MALAT1 Promotes Cancer Proliferation and Metastasis

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/9/2232/2330737/2232.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




