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MicroRNA-7 modulates cellular senescence to relieve
gemcitabine resistance by targeting PARP1/NF-xB
signaling in pancreatic cancer cells
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Abstract. Senescence is activated in response to gemcitabine
to prevent the propagation of cancer cells. However, there
is little evidence on whether senescence is involved in
gemcitabine resistance in pancreatic cancer. Increasing
evidence has demonstrated that microRNAs (miRs) are
potential regulators of cellular senescence. The present study
aimed to investigate whether aberrant miR-7 expression
modulated senescence to influence pancreatic cancer resis-
tance to chemotherapy. In the present study, cell senescence
assay, ALDEFLUOR™ assay, luciferase reporter assay, flow
cytometry, quantitative PCR, immunohistochemistry and
western blot analysis were performed to explore the asso-
ciation between senescence and gemcitabine therapy response,
and to clarify the underlying mechanisms. The present study
revealed that gemcitabine-induced chronically existing
senescent pancreatic cells possessed stemness markers.
Therapy-induced senescence led to gemcitabine resistance.
Additionally, it was found that miR-7 expression was decreased
in gemcitabine-resistant pancreatic cancer cells, and that
miR-7 acted as an important regulator of cellular senescence
by targeting poly (ADP-ribose) polymerase 1 (PARP1)/NF-xB
signaling. When miR-7 expression was restored, it was able to
sensitize pancreatic cancer cells to gemcitabine. In conclusion,
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the present study demonstrated that miR-7 regulated cellular
senescence and relieved gemcitabine resistance by targeting
the PARP1/NF-«B axis in pancreatic cancer cells.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most
aggressive primary pancreatic neoplasm and has the poorest
prognosis among solid tumors, with a 5-year-survival rate of
only 9% (1). The management of pancreatic cancer is notably
difficult due to a poor response to available therapeutic modal-
ities, such as chemotherapy and radiotherapy (2). Over the
past decade, gemcitabine has been demonstrated to improve
median survival time and quality of life in patients with
advanced pancreatic cancer, but the prognosis of the disease
remains dismal (3). Gemcitabine resistance is one of the main
challenges, and the underlying mechanisms remain unclear.

It is known that numerous anticancer therapeutic agents,
including doxorubicin, cisplatin and camptotecin, typically rely
on causing DNA damage, which engages potent DNA damage
response signaling pathways that culminate in apoptosis or
growth arrest at checkpoints to allow for damage repair (4-6).
Cellular senescence, as a stress-responsive cell cycle arrest
program, is commonly considered as a tumor-suppressing
response (7) and has been demonstrated to contribute to the
outcomes of anticancer chemotherapy in vivo, such as in
lymphoma (8). However, previous studies have suggested that
senescence may protect cancer cells from genotoxic treatment
due to a chemoprotective environment (9,10). In addition,
the senescence phenotype of pancreatic cancer cells induced
by gemcitabine, which is characterized by enhanced senes-
cence-associated -galactosidase (SA-B-Gal) and increased
expression levels of senescence-associated secretory phenotype
(SASP), is associated with resistance to gemcitabine (11,12).
Thus, there is contrasting evidence on the tumor-suppressing
and tumor-promoting functions of therapy-induced senescence
(TIS). Therefore, the role of senescence in the chemotherapy
of pancreatic cancer and the underlying mechanisms remain
unclear.
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Emerging evidence has revealed that microRNAs
(miRNAs/miRs) are potential regulators of cellular senes-
cence by targeting genes involved in the production of reactive
oxygen species, shortening of telomeres, mitochondrial damage
and cell cycle arrest via production of tumor suppressor
proteins (13). miR-7, which acts as a tumor suppressor in
various gastrointestinal types of cancer, including pancreatic
cancer (14), can downregulate poly (ADP-ribose) polymerase 1
(PARP1), which functions as a regulator of diverse biological
processes, including DNA repair and chromatin remodeling in
the senescence program (15,16). Thus, considering the role of
cellular senescence as a contributing factor to therapy resis-
tance, the present study aimed to investigate whether aberrant
miR-7 expression modulated senescence to influence cancer
response to chemotherapy.

Materials and methods

Cell culture. The human pancreatic ductal adenocarcinoma
PANC-1 cell line was obtained from The Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences.
PANC-1 cells were cultured in DMEM supplemented with
10% FBS (both Gibco; Thermo Fisher Scientific, Inc.) at 37°C
in a 5% CO, incubator. A gemcitabine-resistant pancreatic
cancer cell line was established by treating PANC-1 cells with
0.25 uM gemcitabine for 4 weeks.

Constructs, oligonucleotides and reagents. TargetScanHuman
7.2 (http://www.targetscan.org) was used to identify potential
target genes of miR-7. To confirm the molecular interaction
between miR-7 and PARPI, the total RNA of human embry-
onic kidney 293T cells (purchased from The Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences
and cultured in DMEM with 10% FBS) was exacted using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and then reverse transcribed into cDNA using PrimeScript™
RT Master Mix according to standard procedures (Takara
Biotechnology Co., Ltd.). PCR amplification was performed
using PrimerSTAR HS DNA polymerase (Takara
Biotechnology Co., Ltd.) with initial denaturation at 98°C for
10 sec, followed by 30 cycles of 5 sec denaturation at 55°C and
1 min extension at 72°C, and final extension at 72°C for 2 min.
The products were collected by 1% agarose gel electrophoresis
using Gel-red for visualization. The 3'-untranslated region
(UTR; 769 bp) of PARP1 was amplified by PCR using the
following primers: forward, 5~ ACTGCTAGCGGTAATTGG
GAGAGGTAGC-3' and reverse, 5"-TGAGTCGACTAGAGA
AGGCATCTGCATTTTTAATC-3". The amplified 3'-UTR
was sequenced by Sangon Biotech Co., Ltd., double-digested
with Nhel/Sall and inserted into the corresponding digested
reporter plasmid pmirGLO (7,350 bp; Promega Corporation).
Similarly, the putative counterparts [wild-type (WT) and
mutant (MT)] of the miR-7-target sequence in the 3'-UTR of
PARPI1 (GenBank NM_001618.4) were also used to construct
the corresponding reporter plasmids, pmirGLO-PARP1-WT
and pmirGLO-PARPI-MT, respectively. Sequencing of the
luciferase reporter constructs was performed by Sangon
Biotech Co.,Ltd. Synthetic miR-7-5p mimics (50 nM), miR-7-5p
inhibitor (100 nM) and their negative control oligonucleotides
(non-targeting), purchased from Guangzhou RiboBio Co., Ltd.,

were transfected into parent and gemcitabine-resistant PANC-1
cells using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 15 min at room temperature. Subsequent
experiments were performed 24 h after transfection. The
PARP signaling inhibitor rucaparib (AG-014699) phosphate
was purchased from Selleck Chemicals. All the enzymes for
molecular cloning were purchased from New England Biolabs,
Inc. The sequences of the synthesized oligonucleotides used in
the present study are listed in Table SI.

Luciferase reporter assay. To determine the miR-7 target
genes, PANC-1 cells cultured in 24-well plates were
co-transfected with reporter plasmids and miR-7 mimics using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). Cells were harvested and lysed 48 h after transfection.
Luciferase assays were performed using the Dual-Luciferase®
Reporter Assay (cat. no. E1910; Promega Corporation)
according to the manufacturer's protocol. Firefly luciferase
activity was normalized to Renilla luciferase activity, and the
relative luciferase score was calculated.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA from PANC-1 cells was extracted
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and 1 ug RNA was reverse transcribed into cDNA using
PrimeScript™ RT reagent kit according to the manufac-
turer's protocol (Takara Biotechnology Co., Ltd.). qPCR was
performed in triplicate with the use of the SYBR® Premix Ex
Taq™ (Takara Biotechnology Co., Ltd.) on the QuantStudio™
6 Flex System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The primers for the genes used in present study were
synthesized by Sangon Biotech Co., Ltd. The thermocycling
conditions were as follows: Initial denaturation at 95°C for
30 sec, followed by 40 cycles of 5 sec denaturation at 95°C and
34 sec extension at 60°C. U6 small nuclear RNA and GAPDH
were used as internal controls for miRNA and mRNA assays,
respectively. The 224 method (17) was used to calculate the
relative mRNA expression level after normalization to U6 and
GAPDH RNA. All the RT-gPCR primer sequences are listed
in Table SII.

Western blotting. RIPA lysis buffer (Thermo Fisher Scientific,
Inc.) was used to lyse and extract total protein from PANC-1
gemcitabine-resistant and parent cell lines. Protein concen-
tration was determined used a BCA protein assay and
protein lysates (25 ng/ul; 6 ul/lane) were separated via 10 or
12% SDS-PAGE according to molecular weight. Subsequently,
separated protein bands were transferred onto polyvinylidene
fluoride membranes (PVDF) (EMD Millipore) and blocked
with 5% skimmed milk for 1 h at room temperature. Next,
the membranes were first probed with the relevant primary
antibodies overnight at 4°C and subsequently incubated with
HRP-labeled secondary antibodies for 2 h at room tempera-
ture for visualization using Immobilon™ Western HRP
Substrate kit (EMD Millipore). The antibodies used are listed
in Table SIII.

Immunofluorescence. Cells were plated onto glass coverslips,
fixed with 4% paraformaldehyde for 20 min and permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS)
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for 15 min at room temperature. Next, 5% BSA (Invitrogen;
Thermo Fisher Scientific, Inc.) was applied for 1 h at room
temperature, and then rabbit anti-human phospho-NF-xB p65
(Ser536; Table SIIT) was added and incubated at 4°C overnight.
Next, Alexa Fluor 594-conjugated goat anti-rabbit secondary
antibody was added and incubated for 2 h at room temperature.
Finally, the cells were stained with DAPI to stain cell nuclei
for 5 min at room temperature. Immunostaining signals and
DAPI-stained nuclei were visualized using a confocal micro-
scope at x40 magnification (TCS SP8; Leica Microsystems,
Inc.).

ALDEFLUOR™ assay. The ALDEFLUOR™ kit (Stemcell
Technologies, Inc.) was used to analyze the population
with aldehyde dehydrogenase (ALDH) enzymatic activity
according to the manufacturer's protocol. Briefly, cells were
incubated in the ALDEFLUOR™ assay buffer containing
the ALDH substrate BAAA at 37°C for 45 min, whereas
control cells were incubated with 50 mM ALDH inhibitor
diethylamino-benzaldehyde under the same conditions.
BAAA-stained cells were analyzed using a FACSCalibur flow
cytometer (Becton, Dickinson and Company) with CellQuest
software (version 4.0.2; Becton, Dickinson and Company).

Flow cytometry assay. The ratio of CD24*CD326" subpopu-
lation was evaluated using flow cytometry assay. Briefly, the
cells were collected, resuspended in binding buffer and labeled
with 10 ul PE mouse anti-human CD24 antibody and 10 ul
BB515 mouse anti-human CD326 antibody (Table SIII) in the
dark at room temperature for 15 min. Cells were then analyzed
using a FACSCalibur flow cytometer (Becton, Dickinson and
Company) with CellQuest software (version 4.0.2; Becton,
Dickinson and Company) to determine the percentage of
CD24*CD326* cells.

Tumorsphere culture. The tumorsphere culture method
and medium preparation were performed according to a
previous study (18). PANC-1 cells were plated in 6-well
ultralow attachment plates (Corning Inc.) at a concentration
of 10,000 cells/well. After 14 days, spheres with =50 ym in
diameter were counted under an inverted phase-contrast light
microscope at x10 magnification.

Cell viability assay. Cells were plated at a density of 2x10°/well
in 6-well plates with different concentrations (0, 0.1, 0.25 and
1.0 uM) of gemcitabine at 37°C in a 5% CO, incubator for
24 h. After 2 days, cells were collected and counted using a
hemocytometer.

Cell senescence assay. Cell senescence was detected using
a SA-B-Gal assay kit (Cell Signaling Technology, Inc.),
following the manufacturer's protocol. The cells with different
treatments were grown on 6-well culture plates, washed and
fixed for 15 min at room temperature with 4% paraformalde-
hyde. Subsequently, cells were washed with PBS three times
and incubated with (3-galactosidase staining solution overnight
at 37°C (pH 6.0). A light microscope at x10 magnification was
used to collect the image files and the percentage of blue cells
was calculated using Image-Pro Plus software (version 6.0;
Media Cybernetics, Inc.).
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EdU assay. Cell proliferation was analyzed using a Cell-Light
EdU DNA Cell Proliferation kit (Guangzhou RiboBio Co.,
Ltd.) according to the manufacturer's protocol. PANC-1 parent
and gemcitabine-resistant cells were detected using a fluores-
cence microscope (magnification, x20), and cell proliferation
was determined as the ratio of EdU-positive cells.

Cell Counting Kit-8 (CCK-8) assay. The CCK-8 assay
(Dojindo Molecular Technologies, Inc.) was performed to
assess gemcitabine-resistant PANC-1 cell viability according
to the manufacturer's protocol. Briefly, cells were incubated
in 96-well plates with 10 ul CCK-8 reagent per well for 2 h
at 37°C. Subsequently, cell viability was measured at a wave-
length of 450 nm using a microplate reader.

Tissue microarrays. The pancreatic tissue microarray
HPan-Adel80Sur-02 was purchased from Shanghai Xinchao
Biological Technology Co., Ltd. HPan-Ade180Sur-02 incorpo-
rated 100 cases of pancreatic tumor and 80 cases of adjacent
non-tumor tissues, of which 63 males and 37 females. The
median age was 62 years (range, 34-85 years). All the raw
data including overall survival are available from Shanghai
Xinchao Biological Technology Co., Ltd.

Immunohistochemistry. Immunohistochemistry was
performed on tissue microarray chips (Shanghai Xinchao
Biological Technology Co., Ltd.). Paraffin-embedded sections
were immersed in xylene solution to dewax for 10 min
twice at room temperature and rehydrated in 100, 95, 85 and
75% gradient ethanol. Subsequently, 3% hydrogen peroxide
was used for quenching. After recovering the antigens and
blocking with 5% BSA (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C for 1 h, the slides were probed with the primary
antibody rabbit anti-human histone H3 (trimethyl K9) at 4°C
overnight and then with an HRP-conjugated goat anti-rabbit
secondary antibody for 2 h at room temperature (Table SIII).
The proteins were visualized in situ with DAB chromogenic
substrate. The sections were observed using light microscopy
at a magnification of x20. The results of immunostaining were
evaluated as follows: The mean percentage of stained tumor
cells per specimen was determined semi-quantitatively and
scored as 0 for no positive cells, 1 for <10% positive cells, 2 for
10-50% positive cells and 3 for >50% positive cells. The inten-
sity of staining was determined as O for no staining, 1 for weak
staining, 2 for moderate staining and 3 for strong staining. The
staining index (SI) for each specimen was calculated as the
product of the staining intensity by the percentage of positive
tumor cells. A SI of 0-3 represented negative triMeH3K9
expression, while a SI of 4-9 represented positive triMeH3K9
expression.

Bioinformatic analysis. Raw RNA-seq data and survival
data for 175 pancreatic tumors were downloaded from The
Cancer Genome Atlas (TCGA) pancreatic ductal adenocar-
cinoma project (http://oncolnc.org). Data were analyzed for
cyclin-dependent kinase inhibitor 1A (CDKNI1A/p21) and
Ki67 gene expression. The expression levels of CDKNIA
were listed from the lowest to the highest. The corresponding
patients were numbered 1 to 175 in sequence. The expression
levels of Ki67 were listed from the highest to the lowest, and
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Figure 1. Association between cellular senescence and prognosis in patients with pancreatic cancer. (A) Kaplan-Meier analysis was performed to classify
the 175 patients with pancreatic cancer according to the senescent score, which was calculated based on CDKN1A/p21 positivity in combination with Ki67
negativity in pancreatic cancer from The Cancer Genome Atlas dataset. (B) Immunohistochemical analysis of pancreatic tissue microarrays using an antibody
against the senescent marker triMeH3K9. Scale bar, 200 gm. (C) triMeH3K9 expression in pancreatic cancer and adjacent normal tissues was assessed
semi-quantitatively by staining intensity. The difference between the two groups was analyzed by x? test. “P<0.01. (D) Overall survival according to the

expression levels of triMeH3K9. triMeH3K9, histone H3 trimethyl K9.

the patients were numbered as aforementioned. The senescence
score was the sum of the number generated from the expression
levels of CDKNI1A and Ki67. The larger summed number was
associated with a more senescent state. Kaplan-Meier analysis
and log-rank test were used to assess the association between
the senescence score and survival. RNA-seq and sample
profiling dataset of GSE140077 (19) was obtained from the
Gene Expression Omnibus (GEO) database (https:/www.ncbi.
nlm.nih.gov/geo/) and used for comparison of gene expression
levels between the BxPC-3 gemcitabine-resistant cell line
and the parental cell line. For TCGA and GEO databases, the
expression levels were transformed into log2 (TPM + 1) for
subsequent analyses.

Statistical analysis. Normally distributed data were
presented as the mean + SD of =3 independent experiments.
The unpaired Student's t-test was used to compare differ-
ences between two groups. Data were analyzed via one-way
ANOVA followed by Dunnett's post-hoc test for multiple
comparisons. Frequencies of categorical variables were
compared using y* test. Statistical analyses were performed
using SPSS 19.0 software (IBM Corp.). All statistical tests
were two-tailed, and P<0.05 was considered to indicate a
statistically significant difference.

Results

Association between cellular senescence and prognosis in
patients with pancreatic cancer. Cellular senescence is often
observed in clinical pancreatic cancer tissues (20). Therefore,
the present study investigated whether there was an associa-
tion between cellular senescence and prognosis of pancreatic
cancer. First, the clinical relevance of cellular senescence was
assessed with classification based on CDKNI1A/p21 positivity
in combination with Ki67 negativity in pancreatic cancer
samples from TCGA dataset. The results demonstrated that a
higher senescence level tended to be associated with improved
patient prognosis (Fig. 1A).

Considering that the formation of senescence-associated
heterochromatic foci specifically enriched for H3K9me3 has
been implicated in cellular senescence (21), the present study
further examined the expression levels of triMeH3K9 by immu-
nohistochemistry in tissue microarrays containing 100 cases of
pancreatic tumors and 80 cases of adjacent non-tumor tissues
(Fig. 1B). It was observed that low triMeH3K9 expression
(staining index, 0-3) was detected in 92 of the examined PDAC
tumors versus 14 of the adjacent non-tumor tissues (Fig. 1C).
However, when the 100 cases of PDAC tissues were divided
into two groups, namely a positive and a negative triMeH3K9
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Figure 2. Gem-induced senescent pancreatic cancer cells possess phenotypic and functional stemness features. (A) PANC-1 cells were treated with the indi-
cated doses of gem for 24 h, and the cells were counted after 3 days. (B) PANC-1 cells exposed to gem were stained for SA-f-Gal activity. The values
shown in the panels represent the percentage + SD of SA-f-Gal-positive cells. Scale bar, 100 zm. Cells were harvested and subjected to RT-qPCR to detect
(C) senescence-associated signaling and (D) secretion of molecular mRNA. “P<0.01 vs. control. (E) Gem-resistant PANC-1 cells were either fixed and stained
for SA-p-Gal (left), or incubated for 24 h with EAU and then fixed and stained (right). The results are shown as the percentage of positive cells (>100 cells
scored; n=3 independent experiments). “P<0.01 vs. parent. Scale bar, 50 ym. (F) Relative expression levels of senescence-associated signaling molecules
detected by qPCR (left panel) and western blotting (right) panel in gem-resistant PANC-1 cells. “P<0.01 vs. parent. (G) RT-qPCR analysis of mRNA levels
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B-galactosidase; RT-qPCR, reverse transcription-quantitative PCR; Gem, gemcitabine; triMeH3K9, histone H3 trimethyl K9; PARPI, poly (ADP-ribose)
polymerase 1; CDKN, cyclin-dependent kinase inhibitor; NC, negative control; ALDH, aldehyde dehydrogenase.
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expression group, it was observed that the average overall
survival of the positive triMeH3K9 group was lower than that
of the negative group (Fig. 1D). These results indicated that
cellular senescence functioned as a potent tumor-suppressive
process, as well as exerting deleterious effects in patients with
pancreatic cancer.

Gemcitabine-induced senescent cells present novel stem-cell
features in gemcitabine-resistant pancreatic cancer cells. The
association between senescence and gemcitabine-resistance
in pancreatic cancer was further explored. It is well known
that gemcitabine is a first-line chemotherapeutic agent in
pancreatic cancer. One anticancer activity of gemcitabine
results from blocking DNA polymerase and causing DNA
chain termination (22). As a consequence of DNA damage,
senescence is activated in response to gemcitabine to prevent
the propagation of pancreatic cancer cells (21). In the present
study, PDAC PANC-1 cells were exposed to different doses
of gemcitabine, and it was observed that gemcitabine induced
senescence in PANC-1 cells, as measured by decreased cell
proliferation (Fig. 2A), increased SA-B-Gal activity (Fig. 2B),
elevated senescence-associated signaling (Fig. 2C) and
increased expression levels of several SASP factors (Fig. 2D)
mainly in a dose-dependent manner.

Furthermore, gemcitabine-resistant pancreatic cancer cells
exhibited upregulated SA-f-Gal activity (Fig. 2E, left panel)
and a significant decrease in DNA synthesis (Fig. 2E, right
panel). In addition, senescence was confirmed by increased
expression levels of CDKNI1A/p21, CDKN2A/pl6 and

p38MAPK/PARPI/NF-«B senescent signaling, and of
triMeH3KO9 proteins by qPCR or western blot analysis (Fig. 2F),
as well as elevated mRNA levels of SASP components
(Fig. 2G) using qPCR. In addition, the transcriptional levels
of senescence-associated genes in gemcitabine-resistant and
parental BxPC-3 cells were determined by analyzing the GEO
GSE140077 dataset. Notably, most key senescence-associated
genes were significantly higher in gemcitabine-resistant
BxPC-3 cells compared with their levels in parental BxPC-3
cells (Fig. 2H). These data indicated that gemcitabine
induced senescence in pancreatic cancer cells, and that
gemcitabine-resistant pancreatic cells had an increased senes-
cence response.

It is known that cancer stem cells possess the ability to
survive therapeutic intervention. Since a previous study
reported that there was a cell-intrinsic association between
the senescence program and the acquisition of self-renewing
properties (23), the present study investigated whether the
senescence condition promoted cancer stemness to induce
resistance to gemcitabine in pancreatic cancer. Thus, stem-
ness-associated membrane markers were analyzed in senescent
PANC-1 cells with gemcitabine resistance. Acquisition of the
stemness-associated markers CD24 and CD326 was observed
in gemcitabine-resistant pancreatic cancer (Fig. 2I). In addi-
tion, as shown in Fig. 2J and K, ALDH"* subpopulations
were markedly increased in gemcitabine-resistant pancreatic
cancer, as revealed using the ALDEFLUOR™ assay, and the
number of spheres of pancreatic cancer cells was significantly
increased in the gemcitabine-resistant group compared with
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negative control.

that in the parental group. Hence, pancreatic cancer cells
acquired novel stem-cell features upon chemotherapy-induced
cellular senescence.

Gemcitabine-induced senescence is repressed by miR-7 via
targeting PARPI/NF-xB signaling in pancreatic cancer cells.
In our previous study, it was observed that miR-7 expression
was decreased in pancreatic cancer, as well as in patients
with gemcitabine-resistant pancreatic cancer, thus potentially
being a biomarker for gemcitabine sensitivity in pancreatic
cancer (24), and this may be associated with the regulation
of senescence. The present study further explored whether
miR-7 was involved in gemcitabine resistance via regulation of
senescence in pancreatic cancer cells. Compared with that in
the parental group, miR-7 exhibited a significantly decreased
expression in the gemcitabine-resistant group of PANC-1 cells
(Fig. 3A).

To further explore how miR-7 may be involved in
gemcitabine resistance through the regulation of senescence,
TargetScanHuman 7.2 was used, which identified PARP1
(GenBank NM_001618.4) as a potential target gene of
miR-7. PARPI is a genotoxic sensor involved in the activa-
tion of NF-«B and it mediates the pro-invasive capacity of
senescence-associated secretome (25). Thus, the 3'-UTR of
PARPI1 (PPU), and the corresponding PPU-WT or PPU-MT
sequence of the putative miR-7-binding site were cloned into
the pmirGLO Dual-luciferase reporter vector (Fig. 3B). As

a result, the luciferase activity in PANC-1 cells was signifi-
cantly decreased after co-transfection of miR-7 mimics with
pmirGLO-PPU or pmirGLO-PPU-WT for 48 h, while the
luciferase activity upon transfection with pmirGLO-PPU-MT
was not affected by the inhibition of miR-7 mimics (Fig. 3C).
Furthermore, when miR-7 was ectopically expressed (Fig. 3D),
both the mRNA and protein levels of PARP1 were decreased
using miR-7 mimics and increased using miR-7 inhibitors in
PANC-1 cells (Fig. 3E and F).

Additionally, the effects of miR-7 on PARP1/NF-«xB
signaling were further evaluated. It is well known that NF-xB
is present as an inactive cytoplasmic form, while activated
NF-«B is translocated into the nucleus and binds to specific
kB enhancer elements in the promoter of targets genes.
Thus, the present study investigated the expression levels of
the p65/RelA subunit of NF-«B by western blot analysis and
immunofluorescence. The results revealed that, after inhibiting
PARPI expression using miR-7 mimics, the phosphorylation of
p65/RelA decreased in PANC-1 cells (Fig. 3F). Additionally,
under control conditions, p65/RelA localized mainly in the
cytoplasm, while in the miR-7 inhibitor group, p65/RelA
localized in the nucleus (Fig. 3G). A marked nuclear accumu-
lation of p65/RelA in pancreatic cancer cells was observed
upon miR-7 inhibitor treatment, which was stronger than that
induced by miR-7 mimics (Fig. 3G). Furthermore, as expected,
miR-7 negatively regulated triMeH3K9 formation (Fig. 3F).
Overall, the current data demonstrated that PARP1 may be a
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target of miR-7, and that overexpression of miR-7 resulted in
a marked decrease in cellular PARPI and subsequent NF-kB
inactivation, further repressing the senescence-associated
phenotype.

miR-7 restores sensitivity to gemcitabine by restraining
cellular senescence in pancreatic cancer cells. The present
study demonstrated that gemcitabine-resistant pancreatic
cancer cells had increased chemotherapy-induced senescence,
and senescence-associated reprogramming promoted pancre-
atic cancer stemness. Additionally, it revealed that miR-7
expression was decreased in gemcitabine-resistant PANC-1
cells, and that miR-7 may be an important regulator of cellular
senescence via targeting PARP1/NF-kB signaling. Therefore,
miR-7 expression was restored in gemcitabine-resistant
PANC-1 cells to determine if this could sensitize pancreatic
cancer cells to gemcitabine by repressing cellular senescence
and decreasing the population of cancer stem cells.
Gemcitabine-resistant PANC-1 cells were transfected
with miR-7 mimics or treated with the PARP inhibitor ruca-
parib. After 48 h, it was observed that the overexpression
of miR-7 in gemcitabine-resistant PANC-1 cells markedly
decreased cellular senescence, and comparable results were
also obtained in the rucaparib group, including decreased
SA-B-Gal activity (Fig. 4A), decreased expression levels
of SASP (Fig. 4B) and downregulation of PARP1/NF-«B
senescent signaling (Fig. 4C). Additionally, assessment of
the mRNA expression levels of the cancer stem cell tran-
scription factors OCT3/4 and NANOG, which are involved
in pluripotent cell maintenance and differentiation (26), in
gemcitabine-resistant PANC-1 cells revealed that miR-7
mimics or rucaparib treatment decreased the expression
levels of these molecules compared with those observed
after gemcitabine treatment alone in gemcitabine-resis-
tant PANC-1 cells (Fig. 4D). Similarly, following
ALDEFLOUR™ staining, the population of ALDH* cells in
the miR-7 mimics group was decreased by ~62% compared

with that in the miR-7 mimics-NC group (Fig. 4E). Next,
to evaluate the role of miR-7 in the gemcitabine sensitivity
of pancreatic cancer cells, gemcitabine-resistant cells were
treated with gemcitabine for 24 h after being transfected
with miR-7 mimics or being incubated with rucaparib, and
cell viability was evaluated 3 days later by CCK-8 assay. The
results revealed that overexpression of miR-7 or treatment
with the PARP inhibitor rucaparib significantly increased
the sensitivity of resistant PANC-1 cells to gemcitabine
(Fig. 4F). The current findings suggested that PARP1 deple-
tion by miR-7 may attenuate senescence and decrease the
stem cell population, which may enhance the sensitivity of
PANC-1 cells to gemcitabine.

Discussion

Pancreatic cancer is an aggressive disease associated with
major morbidity and mortality, and chemo-resistance is a
major obstacle for PDAC treatment (27). In the last decade,
gemcitabine has been considered as the standard treat-
ment, and has been widely utilized as the first-line drug for
advanced pancreatic cancer (3). However, development of
chemo-resistance to gemcitabine severely limits the effective-
ness of this chemotherapy (28). Therefore, it is urgent to clarify
the underlying mechanism of the development of gemcitabine
resistance.

Recent studies have demonstrated that cellular senescence
may be involved in the acquisition of tumor cell resistance to
chemotherapy (29). Cellular senescence is a state of permanent
cell growth arrest that is often one of the terminal outcomes
of chemotherapy (29). Traditionally, senescence induction is
considered to be an important mechanism of cancer prevention
and cellular aging (30). However, a recent study has revealed
that senescence is a prominent solid tumor response to therapy
in which cancer cells evade apoptosis and instead enter into
a stable and prolonged cell cycle arrest (31). The present
study detected TIS in a gemcitabine-resistant PDAC cell line



through B-Gal activity assay, assessment of SASP expression
and senescence signaling. As a result, it was demonstrated
that senescence protected tumors from gemcitabine-induced
cytotoxicity. Thus, the present study suggested that senescence
may be involved in poor chemotherapy responses in pancreatic
cancer.

Compared with tumors undergoing apoptosis, there are
several problems with tumors becoming senescent. Firstly,
senescence can send cancer cells into a state similar to extended
sleep, in which cells are alive but not dividing; therefore,
tumor growth is arrested and does not regress (32). Senescence
helps cancer cells avoid death and turns them into cancer stem
cells. Secondly, a cell-cycle-targeting chemotherapeutic agent
such as gemcitabine (33) will lose efficiency in senescent
cells. Thirdly, the senescence-evoked cell-intrinsic factors
can reprogram cancer cells into a stem-like state (23), and the
subpopulation of chemotherapy-induced senescent cancer cells
have demonstrated the capability of escaping, thus leading to
relapse (29). Lastly, senescent tumor cells are metabolically
active, and can secrete cytokines and other paracrine factors,
which feed and stimulate the growth of adjacent cells (34).
Thus, senescence is viewed as a potentially important target
in cancer therapy.

Recently, the ectopic expression of miRNAs in the regula-
tion and induction of senescence has been investigated (13).
Our previous study demonstrated that miR-7 served as a
marker for gemcitabine sensitivity in pancreatic cancer (24).
In the present study, miR-7 expression was downregulated
in accelerated senescent gemcitabine-resistant pancreatic
cancer cells, implying that decreased miR-7 expression may
be an important cause of TIS in gemcitabine-resistant pancre-
atic cancer cells. To explore the potential mechanism
underlying the involvement of miR-7 on senescent signaling
in gemcitabine-resistant PDAC cells, bioinformatics analysis
and dual-luciferase reporter assays were utilized to predict the
gene targets of miR-7. The results revealed that miR-7 directly
targeted PARP1 and suppressed PARP1/NF-kB signaling
in gemcitabine-resistant PDAC cells. PARPI1, which detects
DNA damage (such as that mediated by chemotherapeutics)
and drives DNA repair, acts upstream of NF-kB, while the
PARPI/NF-kB signaling cascade activated during senes-
cence drives the formation of a secretome endowed with
pro-tumoral and pro-metastatic properties (25). The current
results revealed that miR-7-mediated suppression of cellular
senescence in pancreatic cancer cells was attributed to the
effect of chemotherapy by blockade of the PARP1/NF-xB
signaling cascade, which is consistent with our previous
study that miR-7 enhances the sensitivity to gemcitabine
chemotherapy (24). Next, it was demonstrated that the influ-
ence of miR-7 co-treatment with gemcitabine on the viability
of gemcitabine-resistant pancreatic cancer cells affected the
stemness phenotype and senescence of the cells. The present
results strongly suggested that miR-7 exerted a regulatory
effect on chemo-sensitivity via inhibition of senescence-like
phenotypes in pancreatic cancer.

In conclusion, cellular senescence appears to be primarily
a beneficial response by keeping tumor growth in check.
However, activating a senescence program within tumor stem
cells may exert potential detrimental effects on chemotherapy
resistance (Fig. 5). In the present study, miR-7 significantly
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inhibited senescence-like changes to sensitize pancreatic
cancer to gemcitabine through PARP1/NF-«xB signaling.
Attenuating senescence via miR-7 may contribute to fight
against gemcitabine resistance in pancreatic cancer in vitro.
However, there are several limitations in the present study,
including the use of only one pancreatic cancer cell line and
performing only in vitro experiments. Thus, further research
on more pancreatic cancer cell lines and in vivo studies are
required to fully clarify the molecular mechanism of miR-7
and senescence in chemotherapy-resistant pancreatic cancer
in the future.
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