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Abstract: Chemoresistance is a major cause of treatment failure in pancreatic cancer (PC). It has been demonstrat-
ed that epithelial-to-mesenchymal transition (EMT) is closely related to drug resistance in PC; however, the underly-
ing mechanisms are not yet fully understood. Recently found evidence has suggested that nuclear-enriched abun-
dant transcript 1 (NEAT1) is involved in the development of chemoresistance. However, the role and mechanism of
NEAT1 in PC gemcitabine resistance remain unknown. In the present study, we first established two independent
gemcitabine-resistant (GR) PC cell lines, PANC-1/GR and SW1990/GR. We found that GR cells displayed markedly
enhanced migration and invasion abilities, decreased expression of E-cadherin, and upregulation of N-cadherin,
Vimentin, Snail, ZEB1, and ZEB2. Our findings suggested that downregulation of NEAT1 enhanced the sensitivity
of GR cells to gemcitabine by reversing the EMT process. Mechanistically, NEAT1 mediates ZEB2 mRNA expression
through sponging miR-506-3p. Downregulation of NEAT1 can reverse the EMT process of GR PC cells by reducing
the expression of ZEB2, thus enhancing the sensitivity of GR PC cells to gemcitabine. These findings were further
confirmed in a nude mouse xenograft model. Taken together, downregulation of NEAT1 sensitized the GR PC cells
to gemcitabine through modulation of the miR-506-3p/ZEB2/EMT axis. These results provide the novel evidence
for understanding the function and molecular mechanism of NEAT1, and a new direction for improving the chemo-
therapeutic effects in PC.
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Introduction

Pancreatic cancer (PC) is one of the most
aggressive types of cancer with an approxi-
mate 5-year survival rate of 9%; it represents
the fourth leading cause of cancer death [1, 2].
Since majority of the patients are diagnosed at
a later or metastatic stage, only less than 20%
of PCs are resectable [3]. Currently, chemother-
apy is still one of the indispensable adjuvant
methods for the treatment of PC. Since 1997,
gemcitabine has been the first-line treatment
choice for patients with locally advanced and
metastatic PC [4]. However, with intrinsic or

acquired drug resistance, PC has proven to
be highly resistant to chemotherapy in clinical
practice, which poses a significant challenge for
the treatment of PC [5]. Hence, there is an
urgent need to explore the mechanism of gem-
citabine resistance, which could help us find a
promising strategy for treatment of PC.

Epithelial-to-mesenchymal transition (EMT), a
common feature of various types of tumors,
allows the epithelial cells to acquire the me-
senchymal phenotype, resulting in enhanced
migration and invasion capacities [6]. Emerging
evidence has demonstrated that this process
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may also be involved in the acquisition of che-
moresistance in cancer cells [7, 8]. For exam-
ple, the transcription factor Twist1, one of the
key EMT regulatory factors, has been found to
be resistant to 5-fluorouracil in breast cancer
cells [9]. Furthermore, Yang et al. [10] con-
firmed that EMT could induce gemcitabine
resistance in PC, and that reversing EMT in PC
cells enhances the sensitivity of the cells to
gemcitabine. These studies provide a new
direction for improving the effect of cancer
chemotherapy. To investigate the development
mechanism of gemcitabine resistance in PC,
the present study established two independent
gemcitabine-resistant (GR) PC cell lines, PANC-
1/GR and SW1990/GR. We found that GR cells
displayed markedly enhanced migration and
invasion abilities, decreased expression of
E-cadherin, and upregulation of N-cadherin,
Vimentin, Snail, ZEB1, and ZEB2.

Long non-coding RNAs (IncRNAs) are generally
defined as RNA transcripts longer than 200
nucleotides without evident protein coding
functions [11]. It is well known that IncRNAs
function as competing endogenous RNAs (ceR-
NAs) to protect mMRNAs by competing for target-
ing the microRNAs (miRNAs), and play signifi-
cantroles in a wide range of biological process-
es [12]. Accumulating evidence has revealed
that IncRNAs could be crucial players in the
progression and chemoresistance of various
cancers [13-15]. Nuclear-enriched abundant
transcript 1 (NEAT1), a newly identified nuclear-
restricted INCRNA, is associated with malignant
biological behavior in a variety of human can-
cers [16, 17]. Recently, Feng et al. has demon-
strated that NEAT1 facilitates PC growth and
metastasis through stabilizing ELF3 mRNA
[18]. Our previous study showed that NEAT1 is
upregulated in PC tissues and cell lines, and is
closely correlated with the progression of PC
and a poor overall survival [19]. However, the
role of NEAT1 in PC gemcitabine resistance still
has not been investigated. We, for the first
time, found that NEAT1 was upregulated in GR
cells and associated with drug resistance of
the cells. Furthermore, both in vivo and in vitro,
we validated that downregulation of NEAT1
enhanced the sensitivity of PANC-1/GR and
SW1990/GR cells to gemcitabine through mod-
ulation of the miR-506-3p/ZEB2/EMT axis. Our
data provide the novel evidence for under-
standing the function and molecular mecha-
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nism of NEAT1, and for reversing chemotherapy
resistance in patients with PC.

Materials and methods
Cell lines and culture conditions

Human PC cell lines (SW1990 and PANC-1),
obtained from the American Type Culture
Collection (ATCC; Rockville, USA), were cultured
as described previously [19]. GR PC cells (PANC-
1/GR and SW1990/GR) were selected from
their respective parental cells that were ex-
posed to gradually increasing concentrations of
gemcitabine (Sigma-Aldrich, St. Louis, USA) for
more than 6 months. These cells were then
maintained in high-glucose Dulbecco’s modi-
fied Eagle medium (DMEM; Invitrogen, Walth-
am, USA) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, USA) in a humidi-
fied atmosphere containing 5% carbon dioxide
at 37°C.

MTT assay

A total of 5,000 cells were plated in 96-well
plates for overnight incubation and then treat-
ed with different concentrations of gemcita-
bine for 48 h. According to the manufacturer’s
instructions, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT; Sigma-Ald-
rich) assay was performed to determine the
cell viability. SPSS statistical software (version
24.0; Chicago, USA) was used to calculate the
concentration of gemcitabine required for 50%
growth inhibition (IC,.). All assays were per-
formed thrice independently.

Transwell assay (cell migration and invasion)

The migration and invasion capacities of the
cells were detected using the Transwell assay,
performed according to the manufacturer’s
instructions, as described previously [20].
Briefly, in the invasion assay, 5 x 10* cells were
added to the transwell chambers precoated
with Matrigel™ (BD Biosciences, San Jose, CA,
USA). Then, the chambers were placed in a
24-well plate (Corning, New York, USA) and
incubated for 24 h. After fixing with 4% parafor-
maldehyde and staining with 0.1% crystal vio-
let, the number of invading cells was counted
using a microscope (Olympus, Tokyo, Japan) in
five randomly chosen fields. The same steps
were performed in the cell migration assay,
except that Matrigel™ was not used.
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Table 1. gPCR primers used in this study

Genes Primers Sequences (5'-3’)

NEAT1 Forward TGGCTAGCTCAGGGCTTCAG
Reverse TCTCCTTGCCAAGCTTCCTT
miR-506-3p Forward GCCACCACCATCAGCCATAC
Reverse GCACATTACTCTACTCAGAAGGG
E-cadherin  Forward GACAACAAGCCCGAATT
Reverse GGAAACTCTCTCGGTCCA
N-cadherin  Forward GTATCCGGTCCGATCTGCA
Reverse ATAGTCCTGCTCACCACCAC
Vimentin Forward ATTCCACTTTGCGTTCAAGG
Reverse CTTCAGAGAGAGGAAGCCGA

Snail Forward CTTCCAGCAGCCCTACGACCA
Reverse GCCCAGGCTGAGGTACTCC

ZEB1 Forward AAGTGGCGGTAGATGGTAATGT
Reverse AAGGAAGACTGATGGCTGAAAT

ZEB2 Forward ACCAGCGGAAACAAGGAT

Reverse TTTATGTCGCAGAAGGGAAC
GAPDH Forward CATCACCATCTTCCAGGAGCG
Reverse TGACCTTGCCCACAGCCTTG
uée Forward GCAGGAGGTCTTCACAGAGT
Reverse TCTAGAGGAGAAGCTGGGGT

RNA extraction and quantitative RT-PCR assay

Total RNA was isolated from the cell lines using
Trizol reagent (Invitrogen, Thermo Fisher Sci-
entific, Inc.), then reverse transcribed using the
PrimeScript RT reagent kit or the PrimeScript
miRNA cDNA Synthesis Kit (TaKaRa, Dalian,
China), according to the manufacturer’s instruc-
tions. Then, gPCR was performed using SYBR
Premix Ex Taq Il kit (Takara) or Tagman miRNA
kit (Applied Biosystems, Foster City, CA), follow-
ing the manufacturer’s instructions. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)
and U6 were regarded as the internal controls,
and the relative gene expression was deter-
mined using the 2%2°t method. The primer
sequences used are listed in Table 1.

Western blotting

The cells were lysed using radioimmunopreci-
pitation assay buffer (RIPA buffer) (Beyotime,
Guangzhou, China) containing protease inhi-
bitors. Protein concentrations were detected
using a bicinchoninic acid (BCA) protein assay
kit (Pierce, Rockford, IL, USA). Protein samples
were separated using 10% SDS-PAGE, trans-
ferred to polyvinylidene difluoride (PVDF) mem-
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branes, and then incubated with primary anti-
bodies. The antibodies against E-cadherin (#14-
472, 1:1000), N-cadherin (#13116, 1:1000),
vimentin (#5741, 1:1000), Snail (#3879,
1:1000), ZEB1 (#3396, 1:1000), and ZEB2
(#97885, 1:1000) were obtained from Cell
Signaling Technology (Danvers, MA, USA) and
the anti-GAPDH antibody (ab8245, 1:2000)
was obtained from Abcam (Cambridge, MA,
USA). All the antibodies were used according to
the manufacturers’ instructions.

Transfection of NEAT1 short hairpin RNA

For knockdown of IncRNA NEATZ, three differ-
ent specific shRNAs (sh-NEAT1-1, sh-NEAT1-2,
sh-NEAT1-3) were synthesized in a plasmid vec-
tor (GenePharma, Shanghai, China), and then
incorporated into the lentivirus (GV118) vector
to get Lv-sh-NEAT1. Hsa-miR-506-3p mimics
and inhibitors along with their corresponding
negative controls were prepared by Research-
Bio Co., Ltd (Shanghai, China). Special siRNA
against ZEB2 (si-ZEB2), ZEB2 overexpression
plasmid (ZEB2-pcDNA3.1-EGFP) and their res-
pective negative control vector were purchas-
ed from GenePharma (Shanghai, China). Cells
were transfected using Lipofectamine 2000
(Invitrogen) when PANC-1/GR and SW1990/GR
cells at the logarithmic growth phase. The
transfection efficiency was confirmed using
gRT-PCR. In the specified group, cells were
exposed to 10 ng/mL TGF-B (R&D Systems,
Minneapolis, USA) 24 h after transfection and
then allowed to incubate at 37°C for 48 h. For
generation of stably transfected cells, the cells
were treated with 2 yg/mL puromycin (Sigma-
Aldrich) for two weeks, following which the GFP-
positive cells were selected for subsequent
assays.

Cell apoptosis assay

Cell apoptosis assay was performed using the
Annexin V/PI staining kit (Sungene Biotech,
Tianjing, China), as described previously [20]. In
brief, cells (1 x 10%) were harvested for each
assay, washed with cold PBS, and resuspended
in 200 mL binding buffer. Then incubated with
Annexin V-fluorescein isothiocyanate (5 ul) for
10 min and propidium iodide (PI) for 5 min at
room temperature in the dark. Finally, the sam-
ples were analyzed by flow cytometry (BD
Biosciences, San Jose, CA, USA) within 1 h.
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Dual-luciferase reporter assay

The online software StarBase3.0 (http://star-
base.sysu.edu.cn/) was used to predict the
binding sites of NEAT1 to mi-506-3p. ZEB2 was
a potential target of miR-506-3p by bioinfor-
matical prediction tools, TargetScan 7.2 (http://
www.targetscan.org/vert_72/). The fragment
from NEAT1 or 3’'UTR of ZEB2 containing the
predicted binding sites of miR-506-3p were
amplified using PCR, and cloned into the Xhol
and Xbal sites of the downstream of Firefly
luciferase gene in the pmirGLO vector (Prome-
ga, Madison, USA) to generate luciferase re-
porter vectors NEAT1-wt and ZEB2-3'UTR-wt,
respectively. To test the binding specificity, the
corresponding mutant type NEAT1 or 3'UTR of
ZEB2 lacking the binding sites of miR-506-3p
was also cloned into the pmirGLO vector to
form the reporter vectors, NEAT1-mut and
ZEB2-3’'UTR-mut, respectively. The PANC-1/GR
or SW1990/GR cells were seeded into 24-well
plates and co-transfected with either 50 nM
miR-506-3p mimics or NC using Lipofectamine
2000, together with 100 ng of the indicated
luciferase reporter vector. After 48 h, luciferase
activities in the transfected cells were detected
using the Dual Luciferase® Reporter Assay kit
(Promega, Madison, USA), according to the
manufacturer’s protocol. The firefly luciferase
activity was measured and normalized based
on Renilla luciferase activity.

In vivo experiments

Female BALB/c nude mice (five-week-old) were
purchased from Hunan SJA Laboratory Animal
Co. Ltd., China. PANC-1/GR cells (1 x 107 cells
per mice) stably expressed sh-NEAT1-1 or cor-
responding controls were subcutaneously in-
jected into the mice. We allowed one week for
the formation of palpable subcutaneous tumors
and then intraperitoneally injected the mice
with gemcitabine (50 mg/kg) or vehicle weekly.
All experimental nude mice were randomly sep-
arated into different groups as follows: (1)
sh-NC + vehicle; (2) sh-NEAT1-1 + vehicle; (3)
sh-NC + Gemcitabine; (4) sh-NEAT1-1 + Gem-
citabine. Tumor sizes were recorded weekly
after gemcitabine treatment using the formula:
width? x length/2. Mice were sacrificed at the
last measurement, the tumors were weighed,
and subsequent assays were performed. All
the animal experiments were performed in
accordance with the experimental animal use
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guidelines of the National Institutes of Health
and approved by the Ethics Committee for
Animal Experiments of the Second Affiliated
Hospital of Nanchang University.

Transferase dUTP nick end-labeling assay

In situ, cell apoptosis was detected using a
One Step Transferase dUTP nick end-labeling
(TUNEL) apoptosis assay kit (Beyotime, Shang-
hai, China) on formalin-fixed, paraffin-embed-
ded tissues of nude mouse xenografts, accord-
ing to the manufacturer’s instructions. The tis-
sues were then photographed using an inverted
fluorescence microscope (Nikon, Tokyo, Japan).

Statistical analysis

All results have been expressed as mean + SD
and analyzed using SPSS statistical software
(version 24.0; Chicago, USA). Statistical analy-
sis was performed using two-tailed Student’s
t-test or one-way ANOVA to identify significant
differences between two or multiple groups. All
assays were performed independently three
times. P<0.05 was considered statistically
significant.

Results

Establishment of PANC-1/GR and SW1990/GR
cell lines

To determine the underlying mechanism for
chemoresistance in PC, we first established
two independent GR PC cell lines, PANC-1/GR
and SW1990/GR. MTT assay was performed to
verify whether PANC-1/GR and SW1990/GR
cells were gemcitabine-resistant, followed by
the calculation of IC_  values of gemcitabine
in each cell line. As shown in Figure 1A and
1B, there was a significant increase in the IC_,
values of gemcitabine in PANC-1/GR and
SW1990/GR cells, compared to their respec-
tive parental cells. These findings demonstrat-
ed that PANC-1/GR and SW1990/GR cells ex-
hibited chemoresistance to gemcitabine, and
thus, these two GR PC cell lines were continu-
ously cultured for the following study.

GR cells acquired EMT capability and showed
EMT characteristics

In addition to the role of EMT in promoting

tumor invasion, emerging evidence demon-
strates that this process may also be involved
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Figure 1. PANC-1/GR and SW1990/GR cells displayed an EMT phenotype. A, B. MTT assay was used to determine the cytotoxicity of gemcitabine to PANC-1, PANC-
1/GR, SW1990, and SW1990/GR cells. IC_, values of gemcitabine in each cell line were calculated. C, D. Transwell assay was performed to determine the cell
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migration and invasion capacities of GR cells (PANC-1/GR and SW1990/GR) and their respective parental cells. E,
F. The mRNA and protein levels of EMT molecular markers including E-cadherin, N-cadherin, Vimentin, Snail, ZEB1,
and ZEB2 were detected using qRT-PCR and western blot analysis, respectively. At least three independent experi-
ments were performed in each group and mean + SD was used to represent the final result. *P<0.05, **P<0.01,

**%*pP<0.001.

in the acquisition of the chemosensitivity in
cancer cells. In the present study, we per-
formed Transwell assay to investigate the cell
migration and invasion abilities of PANC-1/GR
and SW1990/GR cells. GR cells had markedly
enhanced migration ability, compared to their
respective parental cells (Figure 1C), and there
was a parallel upward trend in their invasive
ability (Figure 1D). Then, the expression of EMT
molecular markers in GR cells, including E-
cadherin, N-cadherin, Vimentin, Snail, ZEB1,
and ZEB2, were examined using qRT-PCR and
western blotting. Compared to their respective
parental cells, both the mRNA and protein lev-
els of N-cadherin, Vimentin, Snail, ZEB1, and
ZEB2 were found to be upregulated, whereas
E-cadherin was found to be downregulated in
GR cells (Figure 1E, 1F). These results further
suggested that PANC-1/GR and SW1990/GR
cells acquired EMT capability.

Expression of NEAT1 was upregulated in GR
cell lines

Our previous study has shown that NEAT1 is
upregulated in PC tissues and cell lines, and is
closely correlated with the progression of PC
and poor overall survival. To explore whether
NEAT1 is involved in chemoresistance of PC
cells, we first detected the expression level of
NEAT1 in PANC-1/GR, SW1990/GR cells and
their respective parental cells using qRT-PCR.
As shown in Figure 2A, elevated expression of
NEAT1 was observed in GR cells compared to
their respective parental cells, suggesting that
the chemoresistance of GR cells could partly
be due to the upregulation of NEAT1.

Downregulation of NEAT1 sensitized GR cells
to gemcitabine

To further understand the relationship between
NEAT1 and PC gemcitabine resistance, we
silenced NEAT1 expression in PANC-1/GR and
SW1990/GR cells using NEAT1 shRNA (sh-
NEAT1-1, sh-NEAT1-2 and sh-NEAT1-3). As sh-
own in Figure 2B, PANC-1/GR and SW1990/GR
cells transfected with NEAT1 shRNA displayed
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a significantly decreased expression level of
NEAT1 as compared to the control group. When
NEAT1 was knocked down, PANC-1/GR and
SW1990/GR cells showed more susceptibility
to gemcitabine, with a significant decline in
the IC,, value for gemcitabine (Figure 2C, 2D).
Then, we investigated the effects of NEAT1
knockdown on gemcitabine induced cell apop-
tosis. Our results showed that the gemcitabine
induced apoptosis was dramatically reinforced
in GR cells treated with a combination of NEAT1
shRNA and gemcitabine compared to cells
treated with gemcitabine or NEAT1 shRNA
alone (Figure 2E, 2F). These data collectively
indicated that knockdown of NEAT1 could sig-
nificantly enhance the sensitivity of PANC-1/GR
and SW1990/GR cells to gemcitabine.

Downregulation of NEAT1 enhanced the sen-
sitivity of GR cells to gemcitabine by reversing
the EMT process

To explore the relationship between NEAT1 and
EMT in PC, we performed a Transwell assay to
investigate the cell migration and invasion abili-
ties of PANC-1/GR and SW1990/GR cells upon
knockdown of NEAT1 expression. As shown in
Figure 3A, cells transfected with NEAT1 shRNA
presented a significantly impaired migration
ability than those in the control group, and
there was a parallel downward trend in their
invasive ability (Figure 3B). Correspondingly,
both mRNA and protein levels of N-cadherin,
Vimentin, Snail, ZEB1, and ZEB2 were down-
regulated in the NEAT1 shRNA group, while
E-cadherin was upregulated (Figure 3C, 3D).
Further, to determine whether NEAT1 regula-
tes GR in PANC-1/GR and SW1990/GR cells
through EMT, we downregulated the expression
of NEAT1 in PANC-1/GR and SW1990/GR cells,
and then stimulated the cells using an inducer
of EMT (TGF-B) to observe the effect on gem-
citabine sensitivity. First, we observed that the
NEAT1 shRNA-induced impairment in the migra-
tion and invasion abilities of PANC-1/GR and
SW1990/GR cells was partly reversed upon
TGF-B treatment (Figure 4A, 4B). Our data also
showed that the NEAT1 shRNA-mediated en-
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Figure 2. Downregulation of NEAT1 enhanced the cytotoxicity of gemcitabine to SW1990/GR and PANC-1/GR cells.
A. Relative expression of NEAT1 in GR cells (PANC-1/GR and SW1990/GR) and their respective parental cells. B.
Relative expression of NEAT1 in GR cells after transfection with NEAT1 shRNA or negative control shRNA. C, D. MTT
assay was used to determine the cytotoxicity of gemcitabine to GR cells after transfection with NEAT1 shRNA or
negative control shRNA. IC, values of gemcitabine in each group were calculated. E, F. The cell apoptosis in GR
cells (PANC-1/GR and SW1990/GR) after NEAT1 knockdown or/and gemcitabine treatment was detected using
flow cytometry analysis (gemcitabine: 5 uM, 48 h). At least three independent experiments were performed in each
group and mean + SD was used to represent the final result. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Downregulation of NEAT1 reversed the EMT process in SW1990/GR and PANC-1/GR cells. A, B. Transwell
assay was performed to determine the cell migration and invasion capacities of the GR cells after transfection with
NEAT1 shRNA or negative control shRNA. C, D. The mRNA and protein levels of EMT molecular markers including
E-cadherin, N-cadherin, Vimentin, Snail, ZEB1, and ZEB2 in GR cells after transfection with NEAT1 shRNA or nega-
tive control shRNA were detected using qRT-PCR and western blot analysis, respectively. At least three indepen-
dent experiments were performed in each group and mean = SD was used to represent the final result. *P<0.05,
**p<0.01.

hancement in the cytotoxicity of gemcitabine to NEAT1 regulated ZEB2 expression by sponging
GR cells was partially offset by TGF-B (Figure miR-506-3p

4C). Meanwhile, the increase in gemcitabine-

induced apoptosis mediated by NEAT1 shRNA LncRNAs are known to function as ceRNAs to
was partly offset by TGF-B (Figure 4D). These protect mRNAs by competing for their targeting
findings suggested that downregulation of miRNAs. In the present study, we observed that
NEAT1 enhanced the sensitivity of PANC-1/GR the expression of miR-506-3p was downregu-
and SW1990/GR cells to gemcitabine by revers- lated, while the expression of ZEB2 was upreg-
ing the EMT process. ulated in PANC-1/GR and SW1990/GR cells
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in each group and mean = SD was used to represent the final result. *P<0.05, **P<0.01, ***P<0.001.

(Figure 5A). Furthermore, downregulation of
NEAT1 in GR cells could upregulate the ex-
pression of miR-506-3p, accompanied by a
decrease of ZEB2 expression (Figure 5B).
Bioinformatics prediction tools showed that
miR-506-3p could directly bind to NEAT1 and
ZEB2 (Figure 5C, 5D). Dual-luciferase assays
confirmed that the miR-506-3p mimic signifi-
cantly decreased the luciferase activity of the
reporter with wild-type NEAT1-3'UTR but did not
affect the activity of the mutant vector in GR
cells (Figure 5C). Similarly, the results indicated
a significant reduction in luciferase activities
after co-transfection of miR-506-3p mimic and
wild-type ZEB2 reporter vector, but not mutant
ZEB2 (Figure 5D). Ectopic expression of miR-
506-3p also remarkably decreased ZEB2
mRNA and protein expression in GR cells
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(Figure 5E). More importantly, the reduced
mRNA and protein level of ZEB2, induced by
NEAT1 knockdown in GR cells, was partly
restored upon introduction of the miR-506-3p
inhibitor (Figure 5F). These data strongly indi-
cated that NEAT1 regulated ZEB2 expression
by sponging miR-506-3p in GR cells.

The function of NEAT1 in GR cells was depen-
dent on miR-506-3p and ZEB2

The MTT assay data showed that miR-506-3p
mimic sensitized PANC-1/GR and SW1990/GR
cells to gemcitabine, with a significant decline
in the IC,, value for gemcitabine (Figure 6A,
6B). Furthermore, miR-506-3p mimic signifi-
cantly increased the number of cells undergo-
ing gemcitabine-induced apoptosis in PANC-1/
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Figure 5. NEAT1 regulated ZEB2 expression by sponging miR-506-3p in SW1990/GR and PANC-1/GR cells. A. Rela-
tive expression of miR-506-3p and ZEB2 in GR cells (PANC-1/GR and SW1990/GR) and their respective parental
cells. B. Relative expression of miR-506-3p and ZEB2 in GR cells after transfection with NEAT1 shRNA or negative
control shRNA. C, D. The predicted binding sites of miR-506-3p in the 3’-UTR of NEAT1 or ZEB2 were determined
using Starbase v3.0 or TargetScan. Luciferase reporter assays showed that miR-506-3p overexpression significantly
suppressed the activity of the reporter containing wild-type NEAT1 or wild-type ZEB2 in GR cells (PANC-1/GR and
SW1990/GR). E. The mRNA and protein levels of ZEB2 in GR cells after miR-506-3p overexpression were detected
using gRT-PCR and western blot analysis, respectively. F. qRT-PCR and western blot analysis of the expression
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independent experiments were performed in each group and mean + SD was used to represent the final result.
*P<0.05, **P<0.01, ***P<0.001.

GR and SW1990/GR cells (Figure 6C, 6D). The transfected with NEAT1 shRNA to gemcitabine,
rescue experiments showed that miR-506-3p with a significant increase in the IC, value for
inhibitor restored the resistance of GR cells gemcitabine (Figure 6E, 6F) and a decease on
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Figure 6. The function of NEAT1 in SW1990/GR and PANC-1/GR cells was dependent on miR-506-3p. A, B. The MTT
assay was used to determine the cytotoxicity of gemcitabine to GR cells after transfection with miR-506-3p mimic or
NC. IC,, values of gemcitabine in each group were calculated. C, D. Flow cytometry analysis of gemcitabine induced
cell apoptosis in GR cells after transfection with miR-506-3p mimic or NC. Cells in each group were exposed to 5 uM
gemcitabine for 48 h. E, F. MTT assay was used to determine the cytotoxicity of gemcitabine to GR cells transfected
with NEAT1 shRNA in the presence of miR-506-3p inhibitor or NC. IC_, values of gemcitabine in each group were cal-
culated. G, H. Flow cytometry analysis of the gemcitabine-induced cell apoptosis in GR cells transfected with NEAT1
shRNA in the presence of miR-506-3p inhibitor or NC. Cells in each group were exposed to 5 yM gemcitabine for 48
h. At least three independent experiments were performed in each group and mean + SD was used to represent the

final result. *P<0.05, **P<0.01, ***P<0.001.

gemcitabine induced cell apoptosis (Figure 6G,
6H). Similarly, MTT assay data showed that
ZEB2 knockdown sensitized PC GR cells to
gemcitabine, with a significant decline in the
IC,, value for gemcitabine (Figure S1A, S1B).
Furthermore, ZEB2 knockdown significantly
increased the number of cells undergoing gem-
citabine-induced apoptosis in PC GR cells
(Figure S1C, S1D). The rescue experiments
showed that ZEB2 overexpression restored the
resistance of GR cells transfected with NEAT1
shRNA to gemcitabine (Figure S1E-H). Taken
together, these data suggested that the func-
tion of NEAT1 in GR cells was at least partly
dependent on miR-506-3p and ZEB2.

Downregulation of NEAT1 improved the che-
motherapeutic effect of gemcitabine in nude
mouse xenograft models

To evaluate the influence of NEAT1 inhibition on
the efficacy of chemotherapy, in vivo, we per-
formed studies using mouse xenograft models.
We observed that xenografts treated with a
combination of NEAT1 shRNA and gemcitabine
grew at the slowest rate, with the slowest tu-
mor volumes and weights, as compared to the
other three groups (Figure 7A-C). As shown in
Figure 7D, there was a significant decrease in
the mRNA expression level of NEAT1 in NEAT1
shRNA cells-derived xenografts, while the
expression of miR-506-3p was upregulated.
Correspondingly, compared to those in the con-
trol group, both mRNA and protein levels of
N-cadherin, Vimentin, Snail, ZEB1, and ZEB2
were downregulated in NEAT1 shRNA cells-
derived xenografts, while E-cadherin was up-
regulated (Figure 7E, 7F). Moreover, TUNEL
analysis of apoptotic cell numbers further con-
firmed the improved chemotherapeutic effect
of gemcitabine in tumors with NEAT1 inhibition
(Figure 7G). Collectively, our xenograft studies
provide further evidence that downregulation of
NEAT1 enhances the chemotherapeutic effect
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of gemcitabine, likely by inhibiting the EMT
process.

Discussion

Since 1997, the FDA has used gemcitabine as
a first-line drug for the treatment of PC [4].
Although chemotherapy has improved the prog-
nosis of PC patients to some extent, the death
rate is still on the rise [5]. The main reason for
chemotherapy failure in case of PC is chemo-
therapy resistance, either intrinsic or acquired
drug resistance [21]. Resistance to gemcitabine
represents a clinical and scientific challenge
for PC patients. EMT is a process where the epi-
thelial cell phenotype transitions to a mesen-
chymal cell phenotype, resulting in enhanced
migration and invasion capacities, which play
an important role in tumorigenesis and evolu-
tion [6]. Interestingly, recent research studies
have suggested that EMT is one of the key fac-
tors for acquisition of chemoresistance in can-
cer cells [7, 8]. A wealth of evidence has con-
firmed that EMT could induce gemcitabine
resistance in PC [22, 23]. In the present study,
we established two independent GR PC cell
lines, PANC-1/GR and SW1990/GR. Our study
consistently demonstrated that GR cells ex-
hibited stronger cell migration and invasion
abilities than their respective parental cells.
Moreover, GR cells gradually lost expression of
the epithelial marker E-cadherin, while the
expression levels of mesenchymal markers
N-cadherin, Vimentin, Slug, ZEB1, and ZEB2
increased. These findings confirmed that che-
moresistance is closely associated with the
EMT process.

A growing body of studies has indicated that
the dysregulation of IncRNAs contributes to
chemoresistance [24, 25]. NEAT1, a newly
identified nuclear-restricted INcCRNA, has been
reported to be upregulated, and thus identified
as a potential therapeutic target in many can-
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Figure 7. Downregulation of NEAT1 improved the chemotherapeutic effect of gemcitabine in nude mouse xeno-
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mor xenografts groups. G. TUNEL staining images for apoptosis in the two tumor xenografts groups. At least three
independent experiments were performed in each group and mean + SD was used to represent the final result.

*P<0.05, **P<0.01, ***P<0.001.

cers, including PC [19], gastric cancer [26], li-
ver cancer [27], colon cancer [28], esophageal
cancer [29], etc. Recently, new evidence has
suggested that NEAT1 is involved in the devel-
opment of drug resistance. NEAT1 has been
found to be upregulated in a paclitaxel-resis-
tant non-small cell lung carcinoma (NSCLC) cell
line, where it contributes to paclitaxel-resis-
tance [30]. Parasramka et al. [31] indicated
that exogenous regulation of NEAT1 expression
alters the tumor cell phenotype and modulates
the sensitivity to gemcitabine in cholangiocarci-
noma. In the present study, elevated expres-
sion of NEAT1 was observed in GR cells.
Knockdown of NEAT1 significantly enhanced
the sensitivity of GR cells to gemcitabine. Fur-
thermore, downregulation of NEAT1 improved
the chemotherapeutic effect of gemcitabine in
nude mouse xenograft models. These findings
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indicated that the chemoresistance of GR cells
could partly be due to the upregulation of
NEAT1.

Multiple studies have revealed that IncRNAs
play a critical role in the regulation of drug
resistance-mediated EMT [32]. Yao et al. [14]
reported that the INcRNA NONHSAT101069 is
upregulated in breast cancer tissues and pro-
motes epirubicin resistance via regulation of
Twistl. Gao et al. [33] indicated that the down-
regulation of INcRNA H19 elevates tamoxifen
sensitivity by inhibiting the Wnt pathway and
EMT process in tamoxifen-resistant breast can-
cer cells. The expression of INcCRNA LEIGC has
been found to be significantly lower in human
gastric cancers; the upregulation of LEIGC
enhances the sensitivity of gastric cancer cells
to 5-fluorouracil, whereas downregulation of
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a sponge of miRNAs. Zhou et
al. [37] reported that NEAT1
promotes cell proliferation
and invasion in liver cancer
by regulating miRNA-22-3p/
akt2. ZEB2, a key EMT regula-
tory factor, plays its role in the
development of a variety of
tumors by inhibiting the ex-
pression of E-cadherin and
promoting EMT [38]. Duan et
al. [39] found that miR-203
inhibits EMT and enhances
the chemosensitivity of lung
cancer by targeting ZEB2.
LncRNA ATB induces EMT and
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Figure 8. The schematic illustration of the potential molecular mechanism
of NEAT1 as a key regulator in PC chemoresistance. NEAT1 was remarkably
upregulated in gemcitabine-resistant pancreatic cancer cells and regulated
ZEB2 expression by sponging miR-506-3p. Downregulation of NEAT1 sensi-
tizes gemcitabine-resistant pancreatic cancer cells to gemcitabine through

modulation of the miR-506-3p/ZEB2/EMT axis.

LEIGC has the opposite effect. Moreover, LEIGC
functions by inhibiting the EMT process in gas-
tric cancer [34]. Consistently, we found that
downregulation of NEAT1 reversed the EMT
process in GR cells. Furthermore, the NEAT1
shRNA-induced enhanced cytotoxicity of gem-
citabine to GR cells was partially offset by an
inducer of EMT (TGF-B). These findings suggest-
ed that downregulation of NEAT1 enhances the
chemotherapeutic effect of gemcitabine, most
likely by inhibiting the EMT process.

It is well known IncRNAs function as ceRNAs to
protect mRNAs by competing for their targeting
miRNAs. For example, Liu et al. [35] demon-
strated that the IncRNA growth arrest-specific
5 (GAS5) suppresses gemcitabine resistance
in PC by regulating the miR-221/S0OCS3 path-
way, which mediates the EMT process. IncRNA
LINCO0346 promotes PC growth and gem-
citabine resistance by sponging miR-188-3p
to derepress BRD4 expression [36]. Likewise,
NEAT1 has a critical role in cancers by acting as
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invasion of HCC cells in vitro
and in vivo by upregulating
its target gene ZEB2 through
competitive binding with miR-
200 [40]. In the present study,
the luciferase reporter assay
confirmed that ZEB2 was a

resistance

direct target of miR-506-3p
and that NEAT1 regulated
ZEB2 expression by sponging
miR-506-3p in GR cells. Fur-
thermore, the rescue experi-
ments demonstrated that the
function of NEAT1 in GR cells
was dependent on miR-506-
3p and ZEB2. Collectively, these findings indi-
cated that downregulation of IncRNA NEAT1
sensitized GR cells to gemcitabine through
modulation of the miR-506-3p/ZEB2/EMT axis.

In summary, the present study provides con-
vincing evidence that GR PC cells displayed an
EMT phenotype. Furthermore, we identified the
IncRNA, NEAT1, as a key modulator of PC che-
moresistance for the first time. Downregulation
of NEAT1 enhanced the sensitivity of GR cells
to gemcitabine by reversing the EMT process.
Mechanistically, NEAT1 mediates ZEB2 mRNA
expression through sponging miR-506-3p. Our
findings suggested that downregulation of
NEAT1 sensitized the GR PC cells to gem-
citabine through modulation of the miR-506-
3p/ZEB2/EMT axis (Figure 8). These results
provide the novel evidence for understanding
the function and molecular mechanism of
NEAT1, and a new direction for improving the
chemotherapeutic effects in PC.
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The role and mechanism of NEAT1 in PC gemcitabine resistance

A = Cc X
= 120 PANC-1/GR __ e 2 60 PANC-1/GR 40 - :g-\ggggegs?r'\tgiﬂg?ne
; 100 + SI-ZEB2 @ —_—
£ £ ) %k
% 20 g 40 26’, 30 -
S 40 ﬁ", 204 *kk Q
2 P Q 104
g » S <
3 | o L= 4
& o—— g B o 0
o0 o5 a0 s 20 25 e si-NC si-ZEB2 PANC-1/GR
B st SW1990/GR - sine Z 501 SW1990/GR D = REasCemetabine
> 1001 - SiZEB2 E © =M ukd
= 2 @
] E 204 =
: s 20 *% g_ 104
£ %5 104 o
s o <
x 0 : : : : lg(bM) - 1w - o
= s PANC-1/GR SW1990/GR
ES, PanceR  F 5. swisoer G : H
% ek % 40 5 g 30 T § 30 -T- ==
S 40 < £ 2
‘E E 30 7] 4 20
g g 9o 20 Q
£ 5ol E 20 a2 ‘g'.
.g’ _— g‘ 10 - 8 10 8 10
8 "o 3 8 "o 9 _— .
= (¥ = » O > O 4 G 1
,;ox\ X\ 139 & ¥ é\x\ w 1’@0 g‘\,\“ & 1’@6
sh-NEAT1-1 sh-NEAT1-1 sh-NEAT1-1 sh-NEAT1-1

Figure S1. The function of NEAT1 in SW1990/GR and PANC-1/GR cells was dependent on ZEB2. A, B. The MTT assay
was used to determine the cytotoxicity of gemcitabine to GR cells after transfection with si-ZEB2 or si-NC. IC,  values
of gemcitabine in each group were calculated. C, D. Flow cytometry analysis of gemcitabine induced cell apoptosis
in GR cells after transfection with si-ZEB2 or si-NC. Cells in each group were exposed to 5 uM gemcitabine for 48 h.
E, F. MTT assay was used to determine the cytotoxicity of gemcitabine to GR cells transfected with NEAT1 shRNA in
the presence of ZEB2 overexpression plasmid or NC. IC_, values of gemcitabine in each group were calculated. G,
H. Flow cytometry analysis of the gemcitabine-induced cell apoptosis in GR cells transfected with NEAT1 shRNA in
the presence of ZEB2 overexpression plasmid or NC. Cells in each group were exposed to 5 yM gemcitabine for 48
h. At least three independent experiments were performed in each group and mean + SD was used to represent the
final result. *P<0.05, **P<0.01, ***P<0.001.



