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LncRNA-PAGBC acts as a microRNA sponge and
promotes gallbladder tumorigenesis
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Abstract

Long noncoding RNAs (IncRNAs) play roles in the development and
progression of many cancers; however, the contributions of
IncRNAs to human gallbladder cancer (GBC) remain largely
unknown. In this study, we identify a group of differentially
expressed IncRNAs in human GBC tissues, including prognosis-
associated gallbladder cancer IncRNA (IncRNA-PAGBC), which we
find to be an independent prognostic marker in GBC. Functional
analysis indicates that IncRNA-PAGBC promotes tumour growth
and metastasis of GBC cells. More importantly, as a competitive
endogenous RNA (ceRNA), IncRNA-PAGBC competitively binds to
the tumour suppressive microRNAs miR-133b and miR-511. This
competitive role of IncRNA-PAGBC is required for its ability to
promote tumour growth and metastasis and to activate the AKT/
mTOR pathway. Moreover, IncRNA-PAGBC interacts with
polyadenylate binding protein cytoplasmic 1 (PABPC1) and is stabi-
lized by this interaction. This work provides novel insight on the
molecular pathogenesis of GBC.
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Introduction

Gallbladder carcinoma (GBC) is the most common cancer of the
biliary tract and the sixth most common type of gastrointestinal
cancer worldwide [1]. Because of its non-specific symptoms and
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highly invasive character, GBC is often detected at an advanced
stage [2]. Hence, only a minority of GBC patients are candidates for
curative resection, and this cancer therefore carries an extremely
poor prognosis. The reported mean survival for this malignancy
ranges from 13.2 months to 19 months [3,4]. Although various
aberrantly expressed or mutated protein-coding genes have been
identified in GBC, none have been useful for early diagnosis or for
the development of targeted clinical therapies [5,6]. Therefore, an
understanding of the molecular changes in GBC will be important
for early diagnosis and the development of effective targeted thera-
pies, which together will improve the prognosis of GBC patients.

In recent years, studies from different institutions have shown
that long noncoding RNAs (IncRNAs) are involved in numerous
physiological and pathological processes through various mecha-
nisms [7,8], especially in the development and progression of dif-
ferent carcinomas [9,10]. Thus, the investigation of the role of
IncRNAs in GBC could help with the understanding of tumorigenesis
and the identification of novel diagnostic and therapeutic targets.
The IncRNAs work in a complicated way as critical regulators of
epigenetic modulation, transcription and translation in a spatiotem-
poral manner [7,8]. Recently, a role of competing endogenous RNAs
(ceRNAs) has been proposed. In this model, IncRNA can affect other
mRNA or IncRNA transcripts by competitively binding to a miRNA
response element (MRE) to influence post-transcriptional regulation
[11,12]. Until now, several IncRNAs, such as MALAT1 (metastasis-
associated lung adenocarcinoma transcript 1), have been identified
in GBC [13]. However, the overall functions of most IncRNAs in
GBC and the detailed mechanism still remain unknown.

In this study, we identified the profile of differentially expressed
IncRNAs and mRNAs in GBCs relative to paired peritumoural
tissues. Among the deregulated IncRNAs, we characterized a
IncRNA-PAGBC (prognosis-associated gallbladder cancer IncRNA)

Shanghai Research Center of Biliary Tract Disease, Shanghai, China

Ua WwN R

*Corresponding author. Tel: +1 410 5026241; E-mail: Izheng6@jhmi.edu

Department of General Surgery, Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

Institute of Biliary Tract Disease, Shanghai Jiao Tong University School of Medicine, Shanghai, China
Department of Medical Genetics, Second Military Medical University, Shanghai, China
Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, MD, USA

**Corresponding author. Tel: +86 021 81871053; Fax: +86 021 81871053; E-mail: shsun@vip.sina.com

***Corresponding author. Tel/Fax: +86 021 25077880; E-mail: liuybphd@126.com
"These authors contributed equally to this work
“These authors share co-corresponding authorship

© 2017 The Authors

EMBO reports Vol 18| No 10| 2017


http://orcid.org/0000-0003-4163-2541
http://orcid.org/0000-0003-4163-2541
http://orcid.org/0000-0003-4163-2541
http://orcid.org/0000-0001-6641-6197
http://orcid.org/0000-0001-6641-6197
http://orcid.org/0000-0001-6641-6197
http://orcid.org/0000-0002-1075-1890
http://orcid.org/0000-0002-1075-1890
http://orcid.org/0000-0002-1075-1890

1838

EMBO reports

which plays a critical role in the GBC development. As a ceRNA,
IncRNA-PAGBC competitively binds to tumour suppressors,
microRNA-133b and microRNA-511. This competitive role of
IncRNA-PAGBC is required for its ability to activate the AKT/mTOR
pathway and thus promote tumour growth and metastasis. More-
over, IncRNA-PAGBC interacts with and is stabilized by PABPCI.
Our results provide novel insight into the disease mechanism of
GBC and a potential therapeutic target for this malignancy.

Results

Expression profiles of IncRNAs in GBC

A total of 7,798 IncRNAs and 7,290 protein-coding RNAs were identi-
fied as differentially expressed between nine pairs of GBC and non-
tumour samples. Hierarchical clustering demonstrated systematic
variations in the expression levels of the IncRNAs and mRNAs
between GBC and the paired non-tumour samples (Fig EV1A and B,
and Dataset EV1). The heatmaps of the top 60 IncRNAs and mRNAs
that are differentially expressed in GBC were shown in Fig 1A. To
validate the reliability of the microarray results, the expression of four
randomly selected IncRNAs and IncRNA-MALAT1 (an IncRNA
reported to be highly expressed in GBC [13]) was analysed in 26 addi-
tional pairs of GBCs and corresponding non-tumour samples. The
results confirmed that BC010117, NR_038835 and MALAT1 were
highly expressed in the GBC samples, whereas AC240664.3 and
ENST00000415656 were deregulated in non-tumour samples (Fig 1B).

A newly identified IncCRNA serves as an independent prognostic
factor for the overall survival of GBC patients

A gene-coexpression network was used to cluster various transcripts
into phenotypically relevant coexpression modules [10,14,15]. The
structural differences in the coexpression networks for the GBC and
non-tumour samples indicated the variance in IncRNA and mRNA
expression levels in the GBC and non-tumour samples (Fig EVIC
and D). Considering that biologically related gene groups tend to
show similar patterns of change during cancer development [10,14],
we focused on the IncRNAs with a high rate of coexpressed protein-
coding RNAs. In particular, IncRNA-LINC01133 (NR_038849.1)
caught our attention and was designated as the prognosis-associated
gallbladder cancer IncRNA (IncRNA-PAGBC). IncRNA-PAGBC was
highly expressed in GBC tissues and was associated with 17
IncRNAs and 30 protein-coding genes with fold change > 10.0 and a
P-value < 0.05 involved in tumour growth and metastasis in the
coexpression network (Fig 1C, Appendix Table S1).

qRT-PCR was performed on 60 pairs of human GBC tissues and
corresponding non-tumour tissues, and the results indicated that the
levels of the IncRNA-PAGBC transcript were significantly increased
in GBC tissues compared with the corresponding non-tumour
tissues (P < 0.01, Fig 1D). We further examined IncRNA-PAGBC
expression in 77 human GBC tissues. Based on the clinical and
pathological data, we found that higher levels of IncRNA-PAGBC
expression were associated with more advanced tumour stages
(Appendix Table S2). Kaplan-Meier analysis indicated that GBC
patients with higher IncRNA-PAGBC expression levels exhibited
significantly reduced overall survival (OS) (P < 0.001, Fig 1E, upper
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panel). Multivariate analyses showed that the IncRNA-PAGBC
expression level was an independent prognostic factor for overall
patient survival (P < 0.01). When stratified by TNM stage, patients
with a low expression level of PABGC had significantly better over-
all survival results than those with a high expression level of PABGC
(P < 0.01 and P < 0.05, respectively; Fig 1E, lower panel).

The full length of IncRNA-PAGBC was confirmed by rapid ampli-
fication of cDNA ends (RACE) analysis (Fig EV2A and B), its exis-
tence and expected size was further testified by northern blot assay
(Fig 1F). Fluorescence in situ hybridization and RT-PCR results
suggested that this IncRNA mainly located in the cytoplasm (Fig 1G
and H). Analysis of the sequences using the Open Reading Frame
(ORF) Finder of the National Center for Biotechnology Information
and codon substitution frequency (CSF) analysis with PhyloCSF
indicated that IncRNA-PAGBC had little potential to code proteins
(Fig EV2C and D). An in vitro translation analysis failed to identify
an extra band compared with the non-template group (Fig EV2E),
which further supported the notion that the IncRNA-PAGBC tran-
script showed no protein-coding potential.

Collectively, these data suggest that IncRNA-PAGBC could repre-
sent a role in carcinogenesis of GBC.

IncRNA-PAGBC regulates tumour growth and metastasis in
GBC cells

To determine the biological function of IncRNA-PAGBC in GBC cell
lines, we stably knocked down IncRNA-PAGBC in NOZ and GBC-SD
cells for their relatively high expression levels of IncRNA-PAGBC;
on the opposite, IncRNA-PAGBC was overexpressed in SGC996 and
EH-GB1 cells (Fig EV3A-E). Cell-counting kit-8 (CCK-8) assays and
colony formation assays demonstrated that the proliferation of NOZ
and GBC-SD cells was significantly inhibited after IncRNA-PAGBC
silencing (Fig 2A and B). Furthermore, a subcutaneous xenograft
model was used and the results indicated that the growth of
tumours from IncRNA-PAGBC-depleted xenografts was significantly
inhibited compared with the tumours that developed from mock-
infected NOZ cells (Fig 2C). Additionally, exogenous overexpression
of IncRNA-PAGBC promoted GBC cell proliferation and tumour
formation both in vitro and in vivo (Fig 2D and E). These results
showed that IncRNA-PAGBC positively regulates GBC cell prolifera-
tion both in vitro and in vivo.

Transwell migration and invasion assays indicated that IncRNA-
PAGBC knockdown significantly impaired the migration and inva-
sion of NOZ and GBC-SD cells in vitro (Figs 3A and EV3F-G).
Exogenous overexpression of IncRNA-PAGBC promoted the migra-
tion and invasion of SGC996 and EH-GB1 cells (Figs 3B and EV3H-I).
To confirm these findings in vivo, we injected NOZ cells through
the spleen to establish a liver metastasis tumour model in nude
mice. Seven of the eight mice (7/8) injected with NOZ cells in the
control group and four of the eight mice (4/8) injected with NOZ
cells with IncRNA-PAGBC-depleted group showed increased luci-
ferase signals and metastatic foci in their livers after 6 weeks. At
that time, all mice were sacrificed, and their livers were subjected
to haematoxylin and eosin (H&E) staining. The livers injected with
shRNA-PAGBC-treated NOZ cells exhibited significantly fewer
intrahepatic metastases (P < 0.001, Fig 3C and D).

Taken together, these data show that IncRNA-PAGBC promotes
tumour growth and metastasis in GBC cells.

© 2017 The Authors
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IncRNA-PAGBC competitively binds and absorbs microRNAs as a

competing endogenous RNA

Recently, many RNA transcripts have been reported to function as

competing endogenous RNAs
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competitively binding common microRNAs (miRNAs) [14-16]. To
explore whether IncRNA-PAGBC may function as a ceRNA, we
predicted possible binding sites in IncRNA-PAGBC using the Segal
Lab program (Eran Segal; http://132.77.150.113/pubs/mir07/
mir07_prediction.html). The results showed that IncRNA-PAGBC

EMBO reports Vol 18 | No 10| 2017

1839


http://132.77.150.113/pubs/mir07/mir07_prediction.html
http://132.77.150.113/pubs/mir07/mir07_prediction.html

1840

EMBO reports

Figure 1. Differential expression of IncRNAs in GBC.

PAGBC promotes GBC tumorigenesis  Xiang-Song Wu et al

A Heatmaps of the top 60 IncRNAs (left) and protein-coding RNAs (right) that were differentially expressed between GBC samples (c, cancer tissues) and non-tumour
samples (n, non-tumour samples). The colour scale shown on the left illustrates the relative expression level of RNA; red represents high expression and green

represents low expression.

B The differential expression of four randomly selected IncRNAs and MALAT1 in 26 paired GBC and non-tumour samples was determined via qRT-PCR. IncRNA
expression is expressed as the INcRNA/GAPDH expression ratio (i.e. 272"). Data are mean + SD (n = 26).
C IncRNA-PAGBC subnetwork in the GBC coexpression network. This subnetwork consists of 17 IncRNAs (red) and 30 protein-coding genes (green) with fold change

>10.0 and a P-value < 0.05.

D IncRNA-PAGBC expression in human GBC tissues and paired non-tumour tissues was analysed via qRT-PCR. The results are shown by box plots (left) and bar charts
(right). In the box plot, horizontal lines in the box plots represent the median, the boxes represent the interquartile range, and whiskers represent the 2.5 and 97.5%"

percentiles (n = 60).

E Upper panel: The survival rates of 77 HCC patients who underwent surgery were compared between the high- and low-IncRNA-PAGBC expression groups. Lower
panel: Kaplan—Meier survival curves of gallbladder cancer patients with different expression levels of PAGBC stratified by the TNM stage of the tumour. P-value was
obtained by log-rank test. Stage | and Il gallbladder cancers with low expression level of PAGBC versus high expression level of PAGBC, P < 0.01; Stage Ill and IV
gallbladder cancers with low expression level of PAGBC versus high expression level of PAGBC, P < 0.05; Stage | and Il gallbladder cancers with high expression level
of PAGBC versus Stage 1l and IV gallbladder cancers with low expression level of PAGBC, P > 0.05.

F Northern blot analysis of INCRNA-PAGBC in GBC tissues and cells shows the length of the IncRNA-PAGBC fragment. Molecular weight markers are indicated on the

right. B-actin was used as an internal control.

G gRT-PCR analysis of INCRNA-PAGBC expression in NOZ cells. The total, nuclear and cytoplasmic RNA fractions were extracted. 3-actin, GAPDH, U2 and U6 were used

as endogenous controls. Data are mean =+ SD (n = 3).

H Localization of IncRNA-PAGBC by RNA-FISH in GBC-SD and NOZ cells transfected with negative control siRNA(siNC) or PAGBC siRNA. Nuclei are stained blue (DAPI),

and IncRNA-PAGBC is stained green. Scale bars represent 25 pm.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
Source data are available online for this figure.

contains almost 1,000 potential miRNA binding sites, indicating that
IncRNA-PAGBC might act as a ceRNA. Based on the instructions of
this program and our previous GBC-relevant miRNA microarray
results, which have been deposited in the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
and are accessible through GEO Series accession number GSE90001,
we further narrowed our results to miR-133b, miR-150, miR-511,
miR-625, miR-765 and miR-1258 as the most likely candidates to
bind IncRNA-PAGBC.

To verify the binding between these miRNAs and IncRNA-
PAGBC, we conducted luciferase reporter assays using the full
sequence of IncRNA-PAGBC. Overexpression of miR-133b and
miR-511 reduced the luciferase activity of the PAGBC reporter
vector, but not the empty vector (Fig 4B), whereas the other 4
miRNAs failed to alter luciferase activity. Furthermore, we engi-
neered luciferase reporters containing a mutated IncRNA-PAGBC
sequence that harboured potential binding sites for miR-133b or
miR-511. After transfecting these vectors into 293T cells and NOZ
cells, miR-133b overexpression failed to reduce the luciferase activ-
ity of the PAGBC-mut (miR-133b) vector (Fig 4B and D). Similarly,
miR-511 mimics failed to decrease the luciferase activity of
the PAGBC-mut(miR-511) vector (Fig 4B and D). Moreover, the
gRT-PCR results indicated that miR-133b and miR-511 were signifi-
cantly upregulated after IncRNA-PAGBC silencing in NOZ cells
(Fig 4C, upper panel). Conversely, miR-133b and miR-511 were
significantly downregulated after IncRNA-PAGBC overexpression in
EH-GBI1 cells (Fig 4C, lower panel). To validate the binding between
these miRNAs and IncRNA-PAGBC at endogenous levels, MS2-RNA
immunoprecipitation (MS2-RIP, Fig 4E, upper panel) was used to
pull down endogenous microRNAs associated with IncRNA-PAGBC
[16]. For this purpose, an empty vector (MS2), a vector containing
the full sequence of IncRNA-PAGBC (IncRNA-PAGBC), a vector
containing IncRNA-PAGBC with mutations in the miR-133b
targeting binding sites [designated PAGBC-mut(miR-133b)], and a
vector containing IncRNA-PAGBC with mutations in the miR-511
targeting binding sites [PAGBC-mut(miR-511)] were engineered.

EMBO reports Vol 18 | No 10 | 2017

The followed gRT-PCR results showed that PAGBC RIP was
significantly enriched for miR-133b and miR-511 in NOZ cells
compared with MS2 and the corresponding mutated vector (Fig 4E,
Appendix Fig S1A). MicroRNAs bind their targets and cause transla-
tional repression and/or RNA degradation in an AGO2-dependent
manner. To determine whether IncRNA-PAGBC binds to miR-133b
and miR-511 in this manner, anti-AGO2 RIP was performed in NOZ
cells transiently overexpressing miR-133b or miR-511. As shown in
Fig 4F and Appendix Fig S1B, PAGBC was enriched in cells over-
expressing miR-133b or miR-511. Moreover, according to the ceRNA
theory, the abundance of IncRNA-PAGBC should be comparable to
that of miR-133b and miR-511 for it to serve as a ceRNA. Therefore,
we used qRT-PCR to quantify the exact copy numbers of IncRNA-
PAGBC, miR-133b and miR-511 per cell. The results indicated that
in NOZ cells, the expression level of IncRNA-PAGBC was 1,027
copies per cell, whereas those of miR-133b and miR-511 were 1,188
and 3,483 copies per cell, respectively. Because IncRNA-PAGBC
could downregulate miR-133b and miR-511 in GBC cells, the corre-
lation between IncRNA-PAGBC and these two miRNAs in 35 pairs of
human GBC samples was detected by qRT-PCR. As shown in
Fig 4G, IncRNA-PAGBC transcript level was significantly negatively
correlated with miR-133b (upper panel) and miR-511 (lower panel)
transcript levels.

Taken together, these results indicate that IncRNA-PAGBC may
function as a ceRNA for miR-133b and miR-511.

IncRNA-PAGBC upregulates SOX4 and PIK3R3 levels

In order to find out genes sharing the regulatory role of miR-133b
and miR-511 with PAGBC, hundreds of target genes were predicted
by Targetscan ([17]; http://www.targetscan.org/), after overlap-
ping with upregulated genes in the microarray data, SOX4 and
PIK3R3 (Appendix Fig SI1C) caught our attention, which play
important role in tumorigenesis in various carcinomas according
to previous studies [18-21]. Previous reports showed that the
expression of miR-511-5p required the hosting gene, MRC1 [22].

© 2017 The Authors
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Figure 2. IncRNA-PAGBC regulates proliferation in GBC cells.

A, B The proliferation of NOZ and GBC-SD cells stably transfected with a lentivirus encoding a shRNA against IncRNA-PAGBC (sh2, sh3) was measured using CCK-8
assays (A) and colony formation assays (B). Typical photographs of colony formation assays are shown in (B), and the graph below shows the number of colonies by
the indicated cells. Data are mean + SD of triplicate samples.

C  Asubcutaneous implant model was established using NOZ cells. The graphs below show the tumours developed and a statistical plot of the average tumour
weights in the subcutaneous implant model. Data are mean + SD (n = 5).

D  The proliferation of SGC-996 and EH-GB1 cells stably transfected with a lentivirus encoding IncRNA-PAGBC was measured using CCK-8 assays. Data are mean + SD
of triplicate samples.

E  Asubcutaneous implant model was established using EH-GB1 cells. The graph in the middle shows the tumours developed, and the graph on the right shows a
statistical plot of the average tumour weights in this model. Data are mean £ SD (n = 6).

Data information: *P < 0.05, **P < 0.01 (Student’s t-test).

To confirm whether miR-511-5p is indeed expressed in GBC cells, miR-511-5p (Appendix Fig S1D). Furthermore, we detected the
we subcloned the qRT-PCR products into TA vector and expression of MRC1 in GBC cells by Western blotting assay
sequenced. Our results showed that the products were indeed (Appendix Fig S1E) and found that MRC1 was expressed in all of

© 2017 The Authors EMBO reports Vol 18| No 102017 1841
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represent 100 pm.

B Transwell migration (left) and invasion (right) assays of SGC-996 and EH-GB1 cells transfected with a lentivirus encoding IncRNA-PAGBC. Scale bars represent 100 um.
Intrasplenic injection model was established using NOZ cells. Representative images of luciferase signals in the mice at 42 days after the intrasplenic injection of
2 x 10° cells of the indicated NOZ cell clones (left). Middle panel: Representative livers from mice from the left panel. Right panel: Haematoxylin and eosin-stained
images of liver tissues isolated from the mice shown on the left. Scale bars represent 500 pum. Black arrows indicate the metastatic tumour.

D Astatistical plot of the average number of liver metastases in the intrasplenic injection model. The data are shown as the means + SD, n = 8. **P < 0.01 (Student’s

t-test)

the four GBC cells. To identify the cellar source of miR-511-5p in the
tumour samples, we performed IHC analysis in gallbladder cancer
tissues by MRC1 antibody (Appendix Fig S1F). The result revealed
that MRC1 was indeed expressed in GBC cells. One study [21] has
shown that PIK3R3 was a direct target of miR-511 in hepatocellular
carcinoma, while the possible interaction between miR-133b and
SOX4 has never been interpreted in any study. To validate these
predicted relationships, luciferase assays (Appendix Fig S1G-H)
were performed and the results indicated that transfection of

EMBO reports Vol 18 | No 10 | 2017

miR-133b and miR-511 mimics reduced the luciferase activity of the
SOX4 and PIK3R3 reporter vector, respectively, but not the mutated
vector. After overexpression and knockdown of these two miRNAs
(Appendix Fig S1I), Western blot assays demonstrated that the
SOX4 protein level was reduced by miR-133b and increased by anti-
miR-133b, and the PIK3R3 protein level was reduced by miR-511
and increased by anti-miR-511 in GBC cells (Appendix Fig S1J).
These data indicated SOX4 and PIK3R3 are the direct targets of
miR-133b and miR-511, respectively.

© 2017 The Authors
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Figure 4.

As a ceRNA, IncRNA-PAGBC could share the regulatory miRNAs
with their targets; therefore, we hypothesized that IncRNA-PAGBC
could regulate SOX4 and PIK3R3 in GBC cells. As shown in Fig 5A
and B, IncRNA-PAGBC overexpression upregulated SOX4 and
PIK3R3 at both the mRNA and protein levels in EH-GB1 cells,
whereas ectopically expressed IncRNA-PAGBC-mut(miR-133b) or
IncRNA-PAGBC-mut(miR-511) failed to significantly change SOX4
or PIK3R3 expression. Silencing IncRNA-PAGBC in NOZ cells down-
regulated SOX4 and PIK3R3 at both the mRNA and protein levels.

© 2017 The Authors

For the rescue experiment, miR-133b and miR-511 were inhibited in
IncRNA-PAGBC-silenced NOZ cells (Fig 5C, left panel and 5D, left
panel). Inhibition of miR-133b and miR-511 increased the expres-
sion of SOX4 and PIK3R3, respectively. Conversely, overexpression
of miR-133b and miR-511 counteracted the corresponding increases
in SOX4 and PIK3R3 expression induced by overexpressing IncRNA-
PAGBC in EH-GB1 cells (Fig 5C, right panel and 5D, right panel).
Next, to determine the relationship between PAGBC and these two
genes from a clinical perspective, we measured both the mRNA
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IncRNA-PAGBC competitively binds and absorbs microRNAs as a competing endogenous RNA.

Upper panel shows schematic representation of the predicted binding sites for miR-133b and miR-511 in IncRNA-PAGBC. Lower panel presents the predicted
miR-133b and miR-511 binding sites in the INCRNA-PAGBC transcript. The red nucleotides are the seed sequences of the microRNAs. The target site mutations are
underlined.

Luciferase activity in 293T cells cotransfected with miR-133b and miR-511 and luciferase reporters that were empty (upper left panel) or contained IncRNA-PAGBC
(upper right panel) or the indicated mutant transcript (lower panel). Data are presented as the relative ratio of firefly luciferase activity to Renilla luciferase activity.
The data are shown as the means + SD of triplicate samples.

MicroRNA expression levels in GBC cells after transfection with lentiviruses containing the indicated shRNAs (upper panel) or the indicated transcripts (lower panel)
via QRT-PCR. The data are shown as the means £ SD of triplicate samples.

Luciferase activity in NOZ cells cotransfected with miR-133b and miR-511 and luciferase reporters that contained IncRNA-PAGBC (left) or the indicated mutant
transcript (middle and right). The data are shown as the means + SD of triplicate samples.

MS2-RIP followed by microRNA gRT—PCR to detect miR-133b (lower left panel) and miR-511 (lower middle panel) that endogenously associated with IncRNA-PAGBC.
miR-150 was used as a negative control (lower right panel). A schematic outline of the MS2-RIP strategy used to identify microRNAs endogenously associated with
IncRNA-PAGBC is shown (upper panel). The data are shown as the means + SD of triplicate samples.

Anti-AGO2 RIP was performed in NOZ cells transiently overexpressing miR-133b and miR-511, followed by qRT-PCR to detect INcRNA-PAGBC or IncRNA-NR_038835
associated with AGO2. The data are shown as the means + SD of triplicate samples.

The correlation between IncRNA-PAGBC transcript level and miR-133b (upper panel) or miR-511 (lower panel) transcript level was measured in 35 GBC tissues. The

Xiang-Song Wu et al

AC, values were subjected to Pearson correlation analysis.
Data information: *P < 0.05, **P < 0.01 (Student’s t-test).

levels and protein levels in human GBC tissues. As shown in Fig SE,
gRT-PCR showed that IncRNA-PAGBC transcript level was signifi-
cantly correlated with SOX4 and PIK3R3 mRNA transcript levels.
Moreover, we divided the human GBC tissue samples into two
groups by the median value of PAGBC expression. As shown in
Fig 5F and Appendix Fig SIK-L, immunohistochemistry (IHC) indi-
cated that SOX4 and PIK3R3 were relatively upregulated in the high-
PAGBC expression samples.

These data suggest that IncRNA-PAGBC plays important roles in
regulating SOX4 and PIK3R3 expression by competitively binding to
miR-133b and miR-511, respectively.

IncRNA-PAGBC requires miR-133b and miR-511 to promote
growth and metastasis and activate the AKT/mTOR pathway in
GBC cells

As shown in Appendix Fig S2, miR-133b and miR-511 could strongly
inhibit the proliferation, colony formation and metastasis abilities of
GBC cells. Both SOX4 and PIK3R3 have been shown to promote
proliferation and metastasis in other carcinomas in previous studies
[18-21]. Moreover, these studies demonstrated that both SOX4 and
PIK3R3 are involved with the AKT/mTOR pathway, which is critical
for tumour proliferation and metastasis. SOX4 transcriptionally acti-
vates the promoters of multiple components within the phos-
phatidylinositol 3’-kinase (PI3K)/AKT pathway, while PIK3R3 is a
member of the PI3K family, which participates in the AKT/mTOR
pathway. Therefore, we hypothesized that IncRNA-PAGBC activates
the AKT/mTOR pathway in GBC cells and both the two miRNAs are
required for PAGBC’s biological function. As shown in the Fig 6A,
Western blot assays demonstrated that IncRNA-PAGBC knockdown
inhibited the phosphorylation of the AKT and mTOR proteins, while
overexpression promoted the phosphorylation of the AKT and
mTOR proteins. These data indicated IncRNA-PAGBC activates the
AKT/mTOR pathway in GBC cells.

Next, CCK-8 and transwell assays were performed to determine
the effects of miR-133b and miR-511 on the function of IncRNA-
PAGBC in GBC cells. The results showed that IncRNA-PAGBC over-
expression promoted the proliferation and metastasis, whereas
ectopic expression of IncRNA-PAGBC-mut(miR-133b) and IncRNA-
PAGBC-mut(miR-511) did not (Fig 6B and C, Appendix Fig S3A and

EMBO reports Vol 18 | No 10 | 2017

B). In addition, Western blot assays demonstrated that ectopically
expressed IncRNA-PAGBC-mut(miR-133b) and IncRNA-PAGBC-mut
(miR-511) failed to inactivate the AKT/mTOR pathway while
IncRNA-PAGBC overexpression successfully did (Fig 6D). Moreover,
we inhibited miR-133b and miR-511 in IncRNA-PAGBC-silenced
NOZ cells, and inhibition of these miRNAs was found to partially
counteract the impairment of proliferation and metastasis induced
by the knockdown of IncRNA-PAGBC. Conversely, overexpression
of miR-133b and miR-511 partially counteracted the increase in
proliferation and metastasis induced by the overexpression of
IncRNA-PAGBC (Fig 6E and F, Appendix Fig S3C and D). In addi-
tion, the overexpression of miR-133b and miR-511 partially reversed
the activation of the AKT/mTOR pathway induced by IncRNA-
PAGBC overexpression via Western blot assays (Fig 6G).

Together, these data indicate that an interaction with miR-133b
and miR-511 is necessary for IncRNA-PAGBC to promote malig-
nancy and activate the AKT/mTOR pathway in GBC cells.

Poly(A) binding protein, cytoplasmic 1 (PABPC1) interacts with
IncRNA-PAGBC and increases the stability of IncRNA-PAGBC

Several recent studies have found that many IncRNAs participate in
molecular regulation pathways through their interactions with
proteins [10,23]. To determine whether IncRNA-PAGBC functions in
such a manner, RNA pull-down assays were performed to identify
proteins that associated with IncRNA-PAGBC in NOZ cells. The
IncRNA-PAGBC-specific bands were excised and subjected to mass
spectrometry (Fig 7A). Poly(A) binding protein, cytoplasmic 1
(PABPC1) was the main protein identified through mass spectrome-
try (Appendix Fig S4A). It was confirmed via Western blot analysis
using proteins from two independent RNA pull-down assays (Fig 7B,
upper panel). RNA immunoprecipitation (RIP) was performed with
an antibody against PABPC1 using extracts from NOZ cells. IncRNA-
PAGBC enrichment was observed, but no GAPDH mRNA enrichment
was detected (Fig 7B, lower panel). In addition, we also found Ago2
was enriched by IncRNA-PAGBC (Appendix Fig S4B), which further
supported our previous Ago2 RIP results (Fig 4F). These results
suggest that IncRNA-PAGBC interacts with the PABPC1 protein.
Next, Western blot analysis of PABPC1 indicated that overex-
pression or knockdown of IncRNA-PAGBC had no significant effect

© 2017 The Authors
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Figure 5. IncRNA-PAGBC upregulates SOX4 and PIK3R3 levels.

A SOX4 mRNA (left) and protein (right) levels after the indicated plasmids were transfected into EH-GB1 cells. Data are mean = SD (n = 3).
B PIK3R3 mRNA (left) and protein (right) levels after the indicated plasmids were transfected into EH-GB1 cells. Data are mean =+ SD (n = 3).

C SOX4 mRNA (upper panel) and protein (lower panel) levels in stable NOZ and EH-GB1 cell clones after transfection of the indicated miR-133b inhibitors or mimics.
Data are mean =+ SD (n = 3).

D PIK3R3 mRNA (upper) and protein (lower) levels in stable NOZ and EH-GB1 cell clones after transfection of the indicated miR-511 inhibitors or mimics. Data are
mean £ SD (n = 3).

E The correlation between IncRNA-PAGBC transcript level and SOX4 (left) or PIK3R3 (right) mRNA transcript level was measured in 35 GBC tissues. The AC, values were
subjected to Pearson correlation analysis.

F Scatterplots of the average staining scores for SOX4 (left) and PIK3R3 (right) expression in patients with low or high expression of INcRNA-PAGBC.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
Source data are available online for this figure.

on PABPCI1 expression (Fig 7C). Several recent studies have shown hypothesized that PABPC1 increases the expression of IncRNA-
that PABPCI can increase the stability of mRNAs or long noncoding PAGBC by stabilizing it. To validate this hypothesis, a qRT-PCR
viral RNAs [24,25]. Additionally, IncRNA-PAGBC has a Poly(A) tail, analysis of IncRNA-PAGBC was conducted after siRNA knockdown
which is a characteristic usually found in mRNAs. Therefore, we of PABPCI in GBC cells. The results showed that PABPC1 silencing
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Figure 6.
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IncRNA-PAGBC requires miR-133b and miR-511 to promote growth and metastasis and activate the AKT/mTOR pathway in GBC cells.

A Western blotting analysis of p-AKT, t-AKT, p-mTOR and t-mTOR in the indicated GBC cell clones.

m o 0O @

indicated microRNA inhibitors or mimics. Scale bars represent 2100 um.

o M

indicated microRNA mimics.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
Source data are available online for this figure.

significantly decreased the expression levels of IncRNA-PAGBC
(Fig 7D). Furthermore, IHC analysis of PABPC1 in human GBC
tissues was performed, and the 77 patients were divided into two
groups according to their PABPCI1 expression levels. As shown in
Fig 7E and Appendix Fig S4C, IncRNA-PAGBC levels were signifi-
cantly increased in the high expression group compared with the
low expression group. To examine whether PABPC1 regulates the
stability of IncRNA-PAGBC, we treated NOZ cells with actinomycin
D, a transcription inhibitor, to block new RNA synthesis. We then
measured the expression of IncRNA-PAGBC and GAPDH over a 12-h
period and found that PABPC1 knockdown significantly and rapidly
decreased IncRNA-PAGBC expression (Fig 7F). Collectively, these
data indicate that PABPC1 increases the stability of IncRNA-PAGBC
and regulates its expression by binding to IncRNA-PAGBC.

Moreover, to understand the role of PABPC1 on the function of
IncRNA-PAGBC, we knocked down the expression of PABPCI in
NOZ cells. The results indicated that silencing of PABPC1 led to
inhibition of proliferation and metastasis in vitro, inactivation of the
Akt/mTOR pathway, upregulation of miR-133b and miR-511, and
downregulation of their target genes. In the rescue experiments,
overexpression of IncRNA-PAGBC could counteract the effect of
PABPCI silencing (Fig EV4).

Discussion

Gallbladder cancer carries an extremely poor prognosis. A compre-
hensive understanding of the underlying mechanisms of GBC onco-
genesis would be valuable for the identification of useful diagnostic
or therapeutic targets. IncRNAs have been shown to play an essen-
tial role in the development and progression of various carcinomas
[9,10]. In this study, we not only identified a number of IncRNAs
that were aberrantly expressed in human GBCs compared with
paired non-tumour tissues, but also found IncRNA-PAGBC was
upregulated in human GBC samples. LINC01133 has been reported
in non-small-cell lung cancer [26,27], colorectal cancer [28] and
osteosarcoma [29]. It could promote NSCLS cells’ proliferation,
migration and invasion through binding to EZH2 and LSD1 to
repress KLF2, P21 and E-cadherin transcription [27]. As in colorectal
cancer, LINC01133 inhibits epithelial-mesenchymal transition and
metastasis by directly binding to SRSF6 [28]. LINC01133 could also
sponge miR-422a to aggravate the tumorigenesis of human osteosar-
coma [29]. In our study, a higher level of IncRNA-PAGBC was
significantly associated with worse tumour stages and a poorer
prognosis in GBC patients. Various in vitro and in vivo studies indi-
cated that IncRNA-PAGBC positively regulates proliferation and

© 2017 The Authors

Transwell migration and invasion assays of SGC-996 or EH-GB1 cells that were transfected with the indicated plasmids. Scale bars represent 100 pm.

The proliferation of SGC-996 or EH-GB1 cells was measured using CCK-8 assays. The data are shown as the means £ SD of triplicate samples.

Western blotting analysis of p-AKT, t-AKT, p-mTOR and t-mTOR in EH-GB1 cells transiently transfected with the indicated plasmids.

Transwell migration and invasion assays of NOZ and EH-GB1 cells stably transfected with lentiviruses encoding the indicated transcripts and treated with the

The proliferation of NOZ and EH-GBL1 cells was measured using CCK-8 assays. The data are shown as the means + SD of triplicate samples.
Western blotting analysis of p-AKT, t-AKT, p-mTOR and t-mTOR in EH-GBL cells transfected with lentiviruses encoding the indicated transcripts and treated with the

metastasis in GBC cells. These results suggest that IncRNA-PAGBC
may serve as an oncogenic IncRNA to promote tumorigenesis in
GBC.

Recently, it has been demonstrated that IncRNAs potentially
influence mRNA levels by interfering with the miRNA pathways,
by acting as ceRNAs [11,12]. The ceRNA can inhibit miRNAs
through MREs and protect the target mRNAs from repression [12].
This ceRNA model has been shown to be critical in tumorigenesis.
For example, by acting as an endogenous “sponge”, IncRNA-HULC
downregulates miR-372 to reduce the translational repression of its
target gene PRKACB, which induces phosphorylation of CREB and
modulate self-regulation in hepatocellular cancer [30]. Addition-
ally, IncRNA-ATB upregulated ZEB1 and ZEB2 by competitively
binding to the miR-200 family and then induced EMT and invasion
in hepatocellular carcinoma [16]. In this study, we tried to find
out whether IncRNA-PAGBC works as a ceRNA in GBC. Firstly,
target-binding sites for miR-133b and miR-511 were identified in
IncRNA-PAGBC by bioinformatics software. Dual-luciferase
reporter assays and MS2-RIP were performed, and the results
proved the competitive relationship between IncRNA-PAGBC and
these two miRNAs. In previous studies, miR-133b and miR-511
have been identified as tumour suppressors in other carcinomas
[31,32]. Indeed, these miRNAs inhibit proliferation and metastasis
in carcinomas such as gastric carcinoma, lung carcinoma and
hepatocellular carcinoma. In this work, we confirmed that
IncRNA-PAGBC competitively binds to these two miRNAs and
downregulates them in GBC cells. In addition, miR-133b and
miR-511 inversely correlated with IncRNA-PAGBC in human GBC
tissues. Therefore, we hypothesized that miR-133b and miR-511
were required for IncRNA-PAGBC’s oncogenic role, at least in part.
To verify this notion, rescue assays and ectopically expressed
IncRNA-PAGBC mutation were applied. As expected, this competi-
tive relationship is necessary for IncRNA-PAGBC to exert its regu-
latory role in proliferation and metastasis. In our study, we have
noticed that 10000-fold overexpression of the PAGBC in GBC cells
only downregulates the miR-133b and miR-511 by approximate
twofold. About these abovementioned results, we proposed the
following explanation. First, the MREs on ceRNA are not equal
[12]. Although several miRNAs are predicted to bind the same
ceRNA, the nucleotide components of their MREs may be different.
InRNA-PAGBC can possibly bind to various miRNAs and have
been proved to interact with miRNAs, such as miR-133b, miR-511
and miR-422a [29]. Different miRNAs were detected with different
binding affinities due to the binding strength rather than target site
frequency [33]. Second, it has been observed that the expression
of a reporter at higher than physiological levels may itself

EMBO reports Vol 18 | No 10| 2017
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Figure 7. PABPC1 interacts with IncRNA-PAGBC and increases the stability of IncRNA-PAGBC.

A RNA pull-down assays were performed in NOZ cells. The two bands highlighted by the arrow were submitted for mass spectrometry analysis.

B Upper panel: Western blot analysis following RNA pull-down assays performed using NOZ cellular extracts. An antibody against the B-actin protein was used as the
negative control. Lowe panel: RIP experiments were performed on extracts from NOZ cells using an antibody against PABPC1.

C PABPC1 protein expression levels in GBC cells were determined by Western blot analysis.

D gRT-PCR was performed to measure the expression of INCRNA-PAGBC in GBC cells. The data are shown as the means + SD.

E After dividing the 77 GBC tissue samples into two groups according to PABPC1 expression, the expression levels of IncRNA-PAGBC were compared. The data are
shown as the means + SD.

F  NOZ cells were transfected with a siRNA against PABPC1 for 48 h and then treated with actinomycin D (10 pmol/l) to block RNA synthesis. INcRNA-PAGBC levels
were measured via gRT-PCR and normalized to the level of GAPDH. All values at time O h were normalized to 1.

Data information: ***P < 0.001, **P < 0.01 (Student’s t-test).

Source data are available online for this figure.

contribute to saturating miRNA activity [33]. Maybe it can also least in part. Interestingly, we noticed that both SOX4 and PIK3R3

1848

happen to IncRNAs when they work as ceRNAs in cytoplasm.
Additionally, SOX4 and PIK3R3, which are target genes of these
two miRNAs and have been identified as oncogenic genes in other
malignancies [18-21], were found to be positively regulated by
IncRNA-PAGBC. Again, as expected, this positive relationship was
demonstrated to depend on the competitive role of two miRNAs, at

EMBO reports Vol 18 | No 10 | 2017

are critical regulators in the AKT/mTOR pathway [18-21]. Previous
reports show that the AKT/mTOR pathway is a classical signalling
pathway whose activation induces cell growth and metastasis in
various carcinomas [34,35]. Therefore, we wondered whether
IncRNA-PAGBC could activate the AKT/mTOR pathway. It turned
out that IncRNA-PAGBC activates the AKT/mTOR pathway in GBC

© 2017 The Authors
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cell lines and this activation works on a miR-133b- and miR-511-
dependant manner. Taken together, these data showed that
IncRNA-PAGBC competitively absorb miR-133b and miR-511 to
upregulate SOX4 and PIK3R3, which further promotes tumorigenesis
and activates AKT/mTOR pathway.

In this work, a link between IncRNA-PAGBC and PABPC1 was
identified, and their relationship was established in GBC. However,
in contrast to most other studies on IncRNAs [10,36], we did not
observe significant changes in PABPC1 after knocking down or
overexpressing IncRNA-PAGBC in cells. Instead, our data suggest
that PABPC1 plays an important role in stabilizing IncRNA-PAGBC.
Until now, little is known about the general role of IncRNA decay in
the context of cancer. In hepatocellular carcinoma, IncRNA-LET was
repressed by hypoxia-induced histone deacetylase 3 by reducing the
histone acetylation-mediated modulation of the IncRNA-LET
promoter region [37]. IGF2 mRNA-binding protein acts as an
adaptor protein that recruits the CCR4-NOT complex and thereby
initiates the degradation of the IncRNA-HULC in liver cancer [38].
However, we are still far away from a comprehensive understanding
of the regulating the stability of individual IncRNA. Here, we discov-
ered that PABPC1 might help to stabilize IncRNA-PAGBC in human
GBC cells. PABPC1 normally functions in the cytoplasm where it
binds the poly(A) tails of mRNAs, regulating their stability by either
antagonizing or enhancing the activity of cytoplasmic deadenylases
[39]. Since IncRNA-PAGBC has a poly(A) tail like mRNAs, it is
possible that PABPCI stabilize IncRNA-PAGBC in such a manner.
However, the exact mechanism by which PABPC1 functions to regu-
late IncRNA-PAGBC remains unknown, and additional future
research will be needed to address this question. These data not
only provide a new perspective to understand the relationship and
effect how IncRNAs interact with proteins, but also explain, at least
partially, the reason why IncRNA-PAGBC remains at a relatively
high level in human GBC.

In conclusion, we characterized the expression profile of
IncRNA in GBC and found that IncRNA-PAGBC may be applicable
as a poor prognostic marker and contribute as an oncogenic
IncRNA in GBC. PABPC1 was demonstrated to interact with
and further stabilize IncRNA-PAGBC. More importantly, IncRNA-
PAGBC could promote tumorigenesis and activate the AKT/mTOR
pathway in GBC cells as a ceRNA by acting a sponge to impair
miR-133b-dependant SOX4 and miR-511-dependant PIK3R3 down-
regulation (Fig EV5). Our results provide a novel insight on the
molecular pathogenesis of GBC and provide potential novel
IncRNA-directed diagnostic and therapeutic targets against this
malignancy.

Materials and Methods

Patients and clinical samples

All tissue samples were obtained from GBC patients who underwent
cholecystectomy without prior radiotherapy or chemotherapy
between 2008 and 2013 at our department. Paired non-cancerous
tissues were dissected at least 2 cm away from the tumour border
and were confirmed to lack tumour cells via microscopy. Informed
consent was obtained from all patients participating in the study.
This study was approved by the Institutional Ethical Board of our
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hospital. The patients’ characteristics are shown in Appendix Table S3
and Appendix Table S4.

Microarray analysis

Briefly, samples (nine GBC tissues and nine corresponding non-
tumour tissues; Appendix Table S4) were used to extract the total
RNA. The extracted total RNA was amplified and labelled by Low
Input Quick Amp Labeling Kit, One-Color (Agilent technologies,
Santa Clara, CA, USA), following the manufacturer’s instructions.
After purifying, hybridization and staining, slides were scanned by
Agilent Microarray Scanner (Agilent technologies, Santa Clara, CA,
USA). Data were extracted and normalized. A P-value was calcu-
lated using the paired t-test. The threshold set for up- and downreg-
ulated genes was a fold change >2.0 and a P-value < 0.05.
In addition, to heighten the stringency, P-values were corrected
using a false discovery rate (FDR) < 0.05.

Hierarchical clustering was performed by using freeware TM4-
MEV software (MultiExperiment Viewer, Dan-Farber Cancer Insti-
tute, Boston, MA) [40]. Data underwent Z-score normalization so
that parameters with vastly different ranges could be compared
directly. The Z-score was then calculated as the average for each
data group subtracted from each data point and the difference
divided by the SD for each data group (X- Avg)/SD. The normalized
data then were averaged across groups and a heat map constructed
(http://www.tm4.org/mev.html). Hierarchal clustering (average
linkage clustering by using Pearson correlation as the distance
metric) was performed within parameters [41].

We present gene-coexpression networks to identify interactions
among genes with fold change > 10.0 and a P-value < 0.05 [14].
Gene-coexpression networks were built according to the normalized
signal intensity of specific expressed genes. We constructed the
network adjacency between two genes by Pearson correlation and
visualized them as a graph [42]. To make a visual representation,
only the strongest correlations (0.99 or greater) were drawn in these
renderings. Within the network analysis, a degree is defined as the
number of directly linked neighbours [43]. The microarray data
discussed in this article have been deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus
(GEO) and are accessible through GEO Series accession number
GSE76633.

Luciferase reporter assay

pmirGLO, pmirGLO-PAGBC or pmirGLO-PAGBC-mut(miR-133b/
511) was cotransfected with miR-133b, the miR-511 mimic or miR-
Control in 293T cells and NOZ cells. Relative luciferase activity was
normalized to Renilla luciferase activity 24 h after transfection and
was measured using a Dual-Luciferase Reporter Assay System
(Promega, Wisconsin) according to the manufacturer’s protocol.

RNA pull-down assay

IncRNA-PAGBC was transcribed in vitro from the pSPT19-PAGBC
vector, labelled with biotin as previously described [10]. One milli-
gram of the protein lysate from NOZ cells was incubated with 3 pg
of purified biotinylated transcripts for 1 h at room temperature; the

complexes were isolated with magnetic beads (Invitrogen,
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Massachusetts). The proteins present in the pull-down material
were separated via sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and were silver stained. Then, mass spectrometry
analysis was performed on the discrepant protein band.

5 and 3’ Rapid Amplification of cDNA Ends (RACE) analysis

To acquire the full length of IncRNA-PAGBC, we performed 5'-RACE
and 3'-RACE analyses with 5 pg of total RNA using the GeneRa-
cerTM kit (Invitrogen) according to the manufacturer’s instructions.
The following gene-specific primers are used for PCR: 5-CTAC
TCTTTACCTCCTCCCAACCATT-3' (5'RACE SP1), 5'-CCCAGTTCC
TTAGAATCTTCAGTTGC-3" (5RACE SP2), 5-AGAAAGTTGGA
GCAAAGGTTTGGCC-3" (5RACE SP3) and 5'-CCTCTTGCAGGAAG
GATGGATTCTC-3' (3'RACE).

Northern blot analysis

A total of 30 ng indicated RNA was subjected to formaldehyde gel
electrophoresis and transferred to a Biodyne Nylon membrane (Pall,
NY). A biotin (Roche, Mannheim, Germany)-labelled IncRNA-
PAGBC complementary RNA probe was prepared using in vitro tran-
scription from pSPT19-PAGBC which sequence is shown in
Appendix Table S5. After 60 min of prehybridization in ULTRAhyb
buffer (Ambion, Grand Island, NY), the membrane was hybridized,
washed and detected as previously described [16].

Animal studies

The animal studies were approved by the Institutional Animal Care
and Use Committee of Xinhua Hospital, School of Medicine, Shanghai
Jiao Tong University, Shanghai, China. Male athymic BALB/c nude
mice (4-5 weeks old) used for animal studies were purchased from
the Shanghai Laboratory Animal Center of the Chinese Academy of
Sciences (Shanghai, China). Randomization by flipping coins was
applied when injection of GBC cells. Subcutaneous tumour growth
assays were performed as previously described [13]. Intrasplenic
injection model was used for in vivo metastasis assays. Briefly, after
anaesthesia, laparotomy was performed and the 2 x 10° NOZ cells
were slowly injected into the spleen. After injection, a splenectomy
and closure of abdominal incision was performed. The metastases
were monitored using the IVIS@ Lumina II system (Caliper Life
Sciences, Hopkinton, MA) 10 min after intraperitoneal injection of
4.0 mg of luciferin (Gold Biotech) in 50 pl of saline. The ARRIVE
guidelines were consulted when conducting animal studies.

RNA immunoprecipitation

RNA immunoprecipitation experiments were performed as previ-
ously described [10].

For anti-AGO2 RIP, briefly, NOZ cells were transfected with miR-
133b, miR-511 or microRNA negative control. After 48 h, 2 x 107
NOZ cells were used to perform RIP experiments using an AGO2
antibody (Millipore, Bedford, MA) as described above. Five pg
AGO2 antibody for each RIP was used with normal rabbit IgG as the
negative control. The coprecipitated RNAs were then extracted and
detected by qRT-PCR. The gene-specific primer used for detecting
IncRNA-PAGBC is provided Appendix Table S6.
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MS2-RIP

NOZ cells were cotransfected with pSL-MS2, pSL-MS2-PAGBC, pSL-
MS2-mut(miR-133b/511) with pMS2-GFP (Addgene). After 48 h,
cells were used to perform RNA immunoprecipitation (RIP) experi-
ments as previously described [16]. The RNA fraction isolated by
RIP was analysed by qRT-PCR.

Cell cultures and treatments

The GBC cell lines GBC-SD and SGC-996 were purchased from
Shanghai Institute for Biological Science, Chinese Academy of
Science (Shanghai, China). NOZ and EH-GB1 were obtained from
the Health Science Research Resources Bank (Osaka, Japan). The
cells were cultured as previously described [44]. Cell lines were
tested 1 month before the experiment by methods of morphology
check by microscopy, growth curve analysis and mycoplasma
detection according to the cell line verification test recommenda-
tions. Where indicated, cells were treated with actinomycin D
(10 pmol/1) (Sigma-Aldrich, Saint Louis, MO) for the indicated
time.

Reverse transcription reactions and quantitative real-time PCR

Total RNAs were extracted and the first-strand cDNA was synthe-
sized as previously described [44]. The miRNA levels were
measured by qRT-PCR using SYBR-Green II PCR kit (ABI) with U6
snRNA as the reference. LncRNA and mRNA levels were quanti-
fied using SYBR Green PCR kit (Takara Bio), with GAPDH as the
reference. Each reaction was performed in triplicate. The relative
expression of miRNA or mRNAs was calculated using the compar-
ative AAC, method, which was then converted to fold change.
The primer sequences for qRT-PCR are provided in Appendix
Table S5.

Isolation of cytoplasmic and nuclear RNA

Cytoplasmic and nuclear RNA were isolated and purified using the
Cytoplasmic & Nuclear RNA Purification Kit (Norgen) according to
the manufacturer’s instructions.

In vitro translation

One microgram PSPT19-PAGBC constructs were used for mRNA
synthesis, and translation reactions were performed using TNT®
SP6 Quick Coupled Transcription/Translation Systems according to
the manufacturer’s instructions (Promega). The translation products
were separated by SDS-PAGE using 4-20% gradient gel and stained
by Coomassie Brilliant Blue.

Western blot analysis

Western blot analysis was performed as previously described [44].
The following antibodies were used in this study: AKT (#4691,
CST), P-AKT(#4060, CST), mTOR(#2983, CST), P-mTOR(#5536,
CST), PABPC1(Ab20160, Abcam), PIK3R3(Ab186612, Abcam),
SOX4(Ab80261, Abcam), MRC1(AB64693, Abcam), B-actin(A1978,
sigma) or GAPDH(AB181602, Abcam).
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Vectors construction

The cDNA encoding IncRNA-PAGBC was synthesized by GenScript
(Nanjing, China) and subcloned into the Nhel and Xhol sites of
pSL-MS2-12x vector (Addgene), named pSL-MS2-PAGBC. For
IncRNA-PAGBC mutants, eight nucleotides in the IncRNA-PAGBC
corresponding to 5’ UTR of miR-133b and miR-511 were deleted in
the Mut constructs, named pSL-MS2-PAGBC-mut(miR-133b) and
pSL-MS2-PAGBC-mut(miR-511), respectively. For luciferase reporter
assay, pSL-MS2-PAGBC, pSL-MS2-PAGBC-mut(miR-133b) or pSL-
PAGBC-mut(miR-511) was double digested with Nhel and Xhol, and
then, the fragment containing IncRNA was subcloned into
pmirGLO vector (Promega, Madison, WI), named pmirGLO-PAGBC,
pmirGLO-PAGBC-mut(miR-133b) or pmirGLO-PAGBC-mut(miR-511),
respectively. The 3’ untranslated regions (3'-UTRs) of SOX4 and
PIK3R3 mRNA containing the mir-133b and miR-511 recognition
sequences were PCR-amplified and subcloned into the Mlul and
HindIIl sites of pMiR-Report Fluc vectors (Ambion), and eight
nucleotides in the 3/-UTR corresponding to 5 UTR of miR-133b and
miR-511 were deleted in the Mut constructs. The cDNA encoding
IncRNA-PAGBC was PCR-amplified and subcloned into the Sac I and
Xba I sites of pSPT19, named pSPT19-PAGBC. The pSPT19-PAGBC
with eight nucleotides deletion mutations in the miR-133b and
miR-511 response elements was synthesized using a KOD-plus
Site-Directed Mutagenesis kit (TOYOBO) and named pSPT19-
PAGBC-mut(miR-133b) and pSPT19-mut(miR-511), respectively. All
the constructs were confirmed by DNA sequencing.

Generation of stable cell lines with overexpression or
downregulation of IncRNA-PAGBC

To obtain cell lines stably expressing IncRNA-PAGBC, IncRNA-
PAGBC c¢DNA was PCR-amplified and subcloned to the lentiviral
vector Ubi-MCS-SV40-EGFP-IRES-puromycin (Genechem, Shanghai,
China). Recombinant lentiviruses containing the IncRNA-PAGBC
gene (Lv-PAGBC) were produced by GeneChem. SGC-996 and
EHGB-1 cells were infected with concentrated virus and were
selected with 1 pg/ml puromycin for 2 weeks. Real-time PCR was
performed to identify the stably overexpressing cell lines.

For the construction of cell lines stably expressing IncRNA-
PAGBC shRNA, the shRNA sequences were shown in
Appendix Table S5. shRNA-IncRNA-PAGBC and negative control
shRNA were synthesized and inserted into hU6-MCS-Ubiquitin-
EGFP-IRES-puromycin lentiviral vector. Recombinant lentiviruses
expressing IncRNA-PAGBC-shRNA or negative control shRNA
(Lv-shPAGBC and Lv-shNC, respectively) were produced by Gene-
chem. GBC-SD and NOZ cells were infected with concentrated virus,
and the culture medium was replaced after 24-h incubation. Then,
cells were treated with 2 pug/ml puromycin for 2 weeks for the selec-
tion of stable cell lines. The expression of IncRNA-PAGBC in the
stable cell lines was validated by qRT-PCR analysis.

Cell viability analyses and colony formation assay
Cell viability was assayed according to the manufacturer’s instruc-
tions with cell-counting kit-8 (Dojindo Laboratories). Briefly, cells

(1.0 x 10° cells/well) were seeded into 96-well plates in their basal
media supplemented with 10% FBS. At each time point, 10 pl of
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CCK8 solution was added and incubated. The staining intensity was
measured by determining the absorbance at 450 nm.

Both non-transfected and transfected cells (200 cells/well) were
seeded in 12-well plates, and the colony formation assays were
performed as previously described [13].

The experiments were performed in triplicate.

In vitro migration and invasion assays

The migrative capacity and invasive capacity of gallbladder cancer
cells were determined using 8-um transwell filters (BD Biosciences)
and performed as previously described [13]. GBC-SD (3 x 10Y,
NOZ (2.5 x 10%), SGC-996 (10 x 10*) and EHGB-1 (3 x 10*) cells
were used in migration and invasion assays. The experiments were
performed in triplicate.

RNA fluorescence in situ hybridization

A digoxin (Roche, Mannheim, Germany)-labelled IncRNA-PAGBC
complementary DNA probe was synthesized in vitro, which sequence is
shown in Appendix Table S5, and a negative/scramble control was used
for RNA fluorescence in situ hybridization (FISH). GBC-SD and NOZ
cells were seeded onto autoclaved glass slides. The following procedures
were performed as previously described [45] with slight modification.

Transient transfection

Transfections were performed using the Lipofectamine 2000 kit
(Invitrogen) according to the manufacturer’s instructions. The
microRNA inhibitors, double-stranded microRNA mimics and their
respective negative control RNAs (GenePharma) were introduced
into cells at a final concentration of 50 nM. The siRNA against
PABPC1 was synthesized as the sequence shown in Appendix
Table S5. The cells were harvested at 48 h after transfection.

miR-511-5p RNA sequencing

Total RNA was extracted from NOZ and EHGB-1 cells using TRIzol,
and 1 g total RNA was converted into cDNA using Mir-X™ miRNA
First Strand Synthesis Kit (clonetech). Then miR-511-5p were PCR-
amplified using the following primers: 5-CGGGTGTCTTTTGCTCTG
CAGTCA-3’ (Forward primer) and mRQ 3’primer (Reverse primer)
provided in the kit. The products were then subcloned into TA vector
and transformed into competent cells. After incubating overnight at
37°C, we selected four clones in NOZ group and two clones in EHGB-1
group for subsequent sequencing. The results of sequencing can be
found in the Source Data for Expanded View and Appendix files.

Immunohistochemical (IHC) analysis in human GBC tissues
Immunohistochemical staining of patient tissue sections was
performed as previously described [46]. PABPC1, SOX4 and PIK3R3
expression in benign and malignant specimens was evaluated.

Statistical analysis

All statistical analyses were performed using SPSS for Windows,
Version 19.0. For statistical comparisons, one-way analysis of
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variance, chi-square tests, Fisher’s exact test and two-tailed
Student’s

t-tests were performed as appropriate. The survival curves were
calculated by the Kaplan-Meier method, and the differences were
assessed with a log-rank test. The Cox proportional hazards model
was used to determine independent factors, which were based on
the variables selected through univariate analysis. The following
variables were included: tumour TNM stage, PAGBC expression
level, RO dissection, CA19-9 levels, pre-operative serum total biliru-
bin, tumour differentiation, age and gender. A P-value < 0.05 was
considered significant.

Expanded View for this article is available online.
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