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Background: Osteosarcoma (OS) is one of the most common malignant bone tumors and
specific microRNAs (miRNAs) are closely associated with malignant OS progression. In this
study, we examined the role of microRNA-193b-3p (miR-193b) and the involvement of
autophagy and apoptosis in the chemosensitivity of OS cells.

Methods: We employed qRT-PCR, Western blot, and immunohistochemistry to examine the
expression levels of miR-193b, flap endonuclease 1 (FEN1), and autophagy-related proteins.
Apoptosis was determined by flow cytometry using an Annexin V-FITC/PI apoptosis detec-
tion kit. Luciferase reporter assays confirmed the relationship between miR-193b and FEN1.
Results: miR-193b was downregulated in OS compared to adjacent normal tissues (p <
0.05). miR-193b overexpression in the OS cell lines induced autophagy and apoptosis, as
shown by Western blotting and flow cytometry. Knockdown of FENI, a structure-specific
nuclease overexpressed in OS tissues (p < 0.001), induced apoptosis through activation of
autophagy. Luciferase reporter assays confirmed that FEN1 is a direct target of miR-193b,
FEN1 knockdown reinforced miR-193b induced apoptosis. Moreover, miR-193b expression
enhanced epirubicin-induced autophagy and apoptosis.

Conclusion: Collectively, the results showed that miR-193b/FEN1 may serve as a novel
therapeutic target for OS aimed mainly at the induction of autophagy and apoptosis. The
miR-193b/FEN1 axis increased the chemosensitivity of OS cells, while activation of autop-
hagy enhanced the anticancer effects of epirubicin.
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Introduction

Osteosarcoma (OS) is one of the most common malignant bone tumors, with an
incidence of 4-5 per million among children and teenagers.'” Despite great
advances, the efficacy of OS treatment remains unsatisfactory, especially for
patients diagnosed at advanced stages of the disease.” Therefore, understanding
the molecular mechanisms that contribute to the carcinogenesis and development of
OS is essential for developing novel therapeutic approaches.

The expression and function of specific microRNAs (miRNAs) are reported to
be closely associated with malignant OS progression,*” and dysregulation of miR-
193b has been reported in various human malignancies. However, little is known
about the roles of miR-193b in OS and drug sensitivity.

Flap structure-specific endonuclease 1 (FEN1) participates in numerous DNA
processing pathways, including Okazaki fragment maturation, stalled replication
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fork rescue, telomere maintenance, long-patch base exci-
sion repair, and apoptotic DNA fragmentation,®’ and dis-
ruption of FENI1 function leads to the accumulation of
DNA double-strand breaks.® Moreover, FEN1 is consid-
ered a marker for metastasis and poor prognosis in multi-
ple cancers;” "
that FENI

chemotherapy.

additionally, recent studies have revealed
has a role in regulating sensitivity to
12,13

Autophagy is a stress-relieving/homeostatic cellular
recycling process involved in the maintenance of cellular
homeostasis through the lysosomal degradation of various
proteins and damaged organelles.'* Accumulating evi-
dence has shown that autophagy can promote survival in
patients undergoing chemotherapy, radiotherapy, and tar-
geted therapies.'>"”

The aim of the present study was to elucidate the
potential role of miR-193b in apoptosis and autophagy of
OS cells. We show that miR-193b regulates apoptosis and
autophagy in OS cells by regulating FEN1 expression,
which may lead to novel treatment methods and manage-
ment strategies for OS.

Materials and Methods

Patient Tissue Samples

The present study was approved by the Institutional Ethics
Committee of The Third Affiliated Hospital of Kunming
Medical University, China. Paired tumor and adjacent
normal formalin-fixed paraffin-embedded (FFPE) biopsy
samples were obtained from 53 patients, collected between
2016 and 2017. Informed consent was obtained from each
patient for the use of their tissues for research purposes.
Patients with a diagnosis of relapse and who had received
preoperative radiation, chemotherapy, or biotherapy were
excluded from the study to avoid changes in tumor marker
determination resulting from treatment. The miRNeasy
FFPE Kit (Qiagen, Germany) was used to extract RNA
from paraffin-embedded specimens.

Cell Culture and Transfection

The human MG-63, U20S and 143B cell lines were
purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Invitrogen;
Thermo Fisher Scientific, USA.) and 1% penicillin and
streptomycin and maintained at 37°C in a humidified
with 5% CO,. The

incubator miR-193b mimic,

miR-193b inhibitor, and negative control were designed
and synthesized by Guangzhou RiboBio Co., Ltd
(Guangzhou, China). The small interfering RNA
(siRNA) targeting FEN1 (si-FEN1) and negative control
(NC) siRNA were also synthesized by Guangzhou
RiboBio Co., Ltd. Plasmids for FEN1 and NC overexpres-
sion were purchased from Shanghai GenePharma Co.,
Ltd. All plasmid constructs were verified by sequencing.
2000 (Invitrogen; Fisher
Scientific, Inc.) was used for miRNA or siRNA transfec-

Lipofectamine® Thermo
tion into OS cells according to the manufacturer’s proto-
cols. Cells were harvested for subsequent experiments 48
h after transfection.

Luciferase Reporter Assay

The online prediction algorithm TargetScan (http://www.
targetscan.org/) was used to predict the direct targets of
miR-193b. The wild-type (WT) and mutant (MUT) FEN1
3'-UTRs were cloned into the pGL3-basic luciferase repor-
ter vector (Promega Cooperation, Madison, WI, USA) and
named FEN1 WT and FEN1 MUT, respectively. Briefly, OS
cells were seeded into a 24-well plate at a density of 1 x 10°
cells/well. The cells were co-transfected with FEN1 WT or
FEN1 MUT and the miR-193b mimic or NC miRNA using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). Luciferase activity was measured 48 h after co-
transfection using the Dual-Luciferase Reporter Assay kit
(Promega) with Renilla luciferase activity as the internal
control, according to the manufacturer’s protocol. Each
experiment was performed independently at least three
times.

Reverse Transcription-Quantitative

Polymerase Chain Reaction (RT-qPCR)
Total RNA was
(Invitrogen; Thermo Fisher Scientific, Inc.) and purified
with the RNeasy Maxi kit (Qiagen GmbH). To determine
miR-193b expression, the purified RNA was reverse tran-

extracted using TRIzol Reagent

scribed using the miScript Reverse Transcription kit
(Qiagen GmbH) in a Roche Lightcycler 480 Real-Time
PCR system (Roche Diagnostics, Basel, Switzerland). The
relative miR-193b expression levels in tissue specimens
and cells were calculated using the 2-AACq method,'®
with U6 as the internal control. The primer sequences
were as follows: FEN1 forward, 5- GTGAAGGCTG
GCAAAGTCTA-3' and reverse, 5'-GTGAAGGCTGGCA
AAGTCTA-3"; GAPDH forward, 5'- ACTCCCATTCTTC
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CACCTTTG-3' and reverse, 5'- CCCTGTTGCTGTAGCC
ATATT-3".

Immunoblotting

Cells were harvested 72 h after transfection and lysed in
RIPA buffer (89900, Pierce, USA). The lysates were cen-
trifuged at 14,000 rpm for 20 min at 4°C and the super-
natants collected. Protein concentrations were measured
using the BCA assay (23227, Thermo, USA). For each
sample, 50 pg of protein lysate was loaded per well.
Samples were electrophoresed on 10% SDS-PAGE gels
and transferred onto polyvinylidene fluoride (PVDF)
membranes (ISEQ00010, Millipore, USA) by electroblot-
ting. The membranes were pretreated with 5% nonfat dry
milk in Tris-buffered saline + Tween 20 (TBS-T) for 2 h,
followed by overnight incubation with primary antibodies
for 16 h at 4°C. The following primary antibodies were
anti-FEN1, ab17994; anti-LC3I/II, ab51520;
anti-p62, ab91526; anti-Beclin 1, ab62557; and
anti-Cleaved Caspase-3, ab49822, all from Abcam, USA.
The membranes were then incubated with a horseradish
peroxidase (HRP)-labeled secondary antibody (1:10,000,
#7076, Cell Signaling Technology, USA) for 1 h before
detection by electrochemiluminescence (ECL) (RPN2135,
GE healthcare, UK). GAPDH was used as the internal
loading control (1:1000, ab181602; Abcam).

used:

Cell Apoptosis Analysis

Cell apoptosis was analyzed wusing an Annexin
V-fluorescein isothiocyanate (FITC) Apoptosis kit (BD
Biosciences, San Diego, CA, USA) following the manufac-
turer’s protocol. Transfected cells were seeded into 24-well
plates (1 x 10° cells/well) and cultured in a humidified
incubator containing 5% CO, at 37°C for 24 h. The cells
were subsequently resuspended in 500 pL of binding buffer
containing 1% FITC-labeled Annexin V and propidium
iodide. After incubation in the dark for 30 min, apoptosis
levels were evaluated using the FACS Aria system (BD
Immunocytometry Systems, San Jose, CA, USA) and ana-
lyzed by Cell Quest software (Becton Dickinson Ltd). All
the samples were assayed three times.

Immunohistochemical (IHC) Analysis

Samples were processed for ITHC analysis to determine
FEN1 expression levels and distribution patterns. Paraffin-
embedded tissue sections (4 pm) were mounted on charged
glass slides and baked at 60°C for 2 h. The slides were then
allowed to cool to room temperature, deparaffinized in

xylene, and rehydrated in a graded alcohol series. Sections
were microwave-treated for 10 min in citrate buffer (pH
6.0) for antigen retrieval, and endogenous peroxidase activ-
ity was blocked by incubation in 0.3% hydrogen peroxide
for 10 min. Rabbit polyclonal antibodies (ab17994, Abcam)
diluted 1:250 in phosphate-buffered saline (PBS) were used
to detect the FENI1 protein. After two washes in PBS, the
slides were incubated with ABC (Vector Laboratories,
Burlingame, CA, USA), washed, overlaid with 3-30-
diaminobenzidine (DAB; Dako Corporation, Carpinteria,
CA, USA), and counterstained with hematoxylin. Human
lung squamous carcinoma tissue was used as a positive
control, while negative controls were obtained by replacing
the primary antibody with non-immunized serum. Tissue
was considered positive for FEN1 protein expression if
more than 10% of the tumor cells showed nuclear staining.
All the slides were independently evaluated for protein
expression by three different observers and slides with an
incongruent grading were re-evaluated and a consensus was
reached.

Statistics

The correlation between immunocytochemical labeling of
FENI1 and other clinical pathology parameters was ana-
lyzed by the »* test. Comparisons between groups were
performed using independent #-tests. A p-value <0.05 was
considered significant. All statistical analyses were per-
formed in SPSS for Windows version 18.0 (SPSS Inc.,
Chicago, IL, USA). Results are expressed as the mean +
standard deviation (SD).

Results
miR-193b Induces Apoptosis and

Autophagy in OS Cells

To determine whether miR-193b is dysregulated in OS
specimens, we RT-qPCR to analyze the expression of
miR-193b in 20 pairs of tumor and matched adjacent
normal specimens from OS patients. miR-193b expression
was lower in the tumor specimens than in adjacent normal
tissues (Figure 1A). To examine the role of miR-193b in
OS cell apoptosis, OS cell lines were transfected either
with an miR-193b mimic or with an inhibitor. miRNA
RT-PCR was utilized to assess miR-193b expression fol-
lowing transfection (Figure 1B), while flow cytometry was
used to examine the effects of miR-193b on apoptosis.
A higher rate of apoptosis was detected in OS cells treated
with the miR-193b mimic than in control cells, whereas
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Figure | miR-193b is downregulated in OS tissues, which induces apoptosis and autophagy in OS cells. (A, B) miR-193b expression in 20 pairs of OS and paired adjacent
normal specimens using miRNA RT-PCR. (C, D) The effects of altered miR-193b expression on apoptosis. (E) Western blot of the levels of Beclin I, p62, and LC3-l/ll
protein expression following the transfection of OS cells with either a mimic or an inhibitor of miR-193b. 3-MA blocked miR-193b mimic-induced effects but reinforced the

expression patterns of proteins associated with miR-193b inhibitor-induced autophagy. **p < 0.01, **p < 0.001 vs control.
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OS cells treated with the miR-193b inhibitor showed the
opposite trend (Figure 1C). The cleaved caspase 3 level
was also increased following transfection with an
miR-193b mimic (Figure 1D). In addition, Western blot-
ting showed that the miR-193b mimic increased Beclin 1
expression and the LC3-II/I ratio and decreased the
expression of p62; however, these miR-193b mimic-
induced effects were blocked by treatment with the autop-
hagy inhibitor 3-MA. In contrast, OS cells treated with the
miR-193b exhibited the

(Figure 1E). These results suggest that miR-193b may

inhibitor opposite  trend
induce apoptosis via an autophagy-dependent signaling

pathway.

FENI Is a Direct Target of miR-193b

TargetScan prediction indicated that FEN1 was a potential
target for miR-193b. In the dual-luciferase reporter assays
using pGL3 firefly luciferase reporter plasmids, both WT
and MUT 3'-UTR sequences of FEN1 were structured
based on potential binding sites. Compared to that in the
control, miR-193b overexpression greatly decreased luci-
ferase activity when FEN1 WT was co-transfected into
293T cells. Nevertheless, no marked inhibitory effect of
miR-193b on luciferase activity was observed following
co-transfection with FEN1 MUT. Furthermore, miR-193b
overexpression decreased FENI1 protein expression in OS
cells, whereas the miR-193b inhibitor elicited the opposite
effect (Figure 2A). These data suggest that FEN1 is
a direct target of miR-193b in OS cells.

To further determine the effect of FEN1 on apoptosis
and autophagy, si-FEN1 and FEN1 expression vectors
into OS cells. si-FENI
a higher rate of apoptosis compared to control cells,

were transfected induced
whereas OS cells transfected with the FEN1 expression
vectors showed the opposite trend (Figure 2B). In FEN1
expression vector transfected OS cells, FENI over-
expression decreased miR-193b mimics induced apopto-
sis compared with control group, indicated that miR-193b
induces OS cells apoptosis depend at least partly on
FEN1 (Figure 2C). Furthermore, si-FENI1 transfection
decreased autophagy levels relative to the control group
(Figure 2D). Immunohistochemistry further revealed that
FEN1 expression was considerably higher in the tumor
specimens than in those of adjacent normal tissue
(Figure 2E, Table 1). Together, these data indicate that
miR-193b induces apoptosis and autophagy by downre-
gulating FEN1 expression.

miR-193b Enhances the Chemosensitivity
of OS Cells

A complicated interplay exists between autophagy and apop-
tosis that is highly dependent on the cellular environment. To
further delineate the relationship between autophagy and
apoptosis, we first examined the effects of epirubicin on
miR-193b-induced autophagy. Western blotting analysis
showed that 3-MA inhibited miR-193b mimic-induced
autophagy but reinforced the opposite effect elicited by the
miR-193b inhibitor. More importantly, miR-193b increased
epirubicin-induced autophagy (Figure 3A). Next, a viability
assay was performed with OS cells pretreated with 10 mM
3-MA, miR-193b mimic, or vehicle alone before the addition
of epirubicin. Flow cytometric analysis showed that
miR-193b overexpression significantly increased epirubicin-
induced apoptosis, while 3-MA-mediated inhibition of
autophagy moderately abrogated miR-193b- and epirubicin-
induced apoptosis (Figure 3B). These findings suggest that
miR-193b mediates autophagy and enhances epirubicin-
induced apoptosis in OS cells.

Discussion

Emerging evidence suggests that miRNAs can function as
tumor suppressors or oncogenes depending on their target
mRNAs, thereby markedly affecting the biology of

cancer.'* 2!

Several miRNAs have been identified as
being associated with different cancers, including
08,223 and there is evidence that miR-193b acts as
a tumor suppressor in various types of cancer.***° In the
present study, we demonstrated that miR-193b expression
is lower in OS specimens than in adjacent normal tissue.
To better characterize the role of miR-193b, we then con-
ducted functional studies, and showed that miR-193b over-
expression induces apoptosis in OS cells, while miR-193b
knockdown yields the opposite effect in vitro. However,
the mechanism by which miR-193b induces apoptosis in
OS cells remains poorly known, although miR-193b upre-
gulation has been reported to result in activation of autop-
hagy and promotion of cell death.*!

Autophagy is a self-degradative process that involves
autophagosome  formation and maintains cellular
homeostasis.**** Autophagy may function either as a cell
survival mechanism under specific conditions, or as
a second type of programmed cell death.**** Several
reports have highlighted the participation of autophagy
regulation in different cancers, including 0S.***” In the

present study, we showed that miR-193b significantly
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Figure 2 FENI is a direct target of miR-193b and exhibits upregulated expression in OS tissues. (A) The miR-193b binding site in the 3'-UTR of FENI was identified by
TargetScan and matched mutations. A luciferase reporter assay was conducted in OS cells to verify the interaction between miR-193b and the FENI binding site. The level of
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staining of FENI in OS and paired adjacent normal specimens. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.

increases the expression of autophagy-related proteins in
OS cells and promotes cell sensitivity to epirubicin treat-
ment, indicating that miR-193b-induced OS cell apoptosis
may be autophagy-dependent.

In determining the mechanisms underlying the effect of

miR-193b on the induction of apoptosis in OS cells, we
revealed that miR-193b targets the 3-UTR of FEN1 directly
and negatively regulates FEN1 expression in OS cells. As
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Table | Expression of FENI in Human OS and Paired Adjacent
Normal Specimens

Osterosarcoma

Normal

p value

Positive

Negative

13
7

4
16

0.01

Note: p<0.05 Statistically significant difference.

a multifunctional nuclease, FENI plays a critical role in
DNA repair, and is frequently overexpressed in various
human cancers; consequently, FEN1 overexpression is

considered to be a potential therapeutic target and biomar-
ker to monitor cancer progression.*®*’ Consistent with the
observation in the OS cells, we demonstrated that FEN1
expression is upregulated in OS tissues. FEN1 knockdown
has been shown to significantly sensitize cancer cells to
DNA damaging agents such as taxol, mitomycin C, and
cisplatin.***' Epirubicin, commonly used as a treatment for
OS, acts by intercalating into DNA strands, resulting in

142

DNA cleavage by topoisomerase II.*° More importantly,

FENI was shown to participate in the repairment of DNA
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Figure 3 miR-193b enhances the chemosensitivity of OS cells in an autophagy-dependent manner. (A) An miR-193b mimic enhanced epirubicin-induced autophagy. (B) An

miR-193b mimic promoted epirubicin-induced cell death in OS cells, which was largely al

bolished by addition of 3-MA. *p < 0.05 vs control.
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damage agent induced Top2-SSB complexes then maintain
DNA stability,** and disruption of FEN1 function leads to
of DNA double-strand breaks.®
Autophagy is reportedly activated in response to DNA

the accumulation

damage, which may mediate survival at low levels of
DNA damage; however, excessive lesions that cannot be
repaired may lead to persistent, unrestrained autophagy, that
in turn induces a form of cell death known as “autophagic
cell death” (ACD).***® Consequently, we suspect that
FEN1 knockdown can sensitize OS cells to epirubicin
through the disruption of DNA damage repair processes.

In summary, our results indicated that miR-193b/FEN1
is a potential novel therapeutic target for OS aimed mainly
at the induction of apoptosis. Moreover, the results also
showed that the miR-193b/FEN1 axis increases the che-
mosensitivity of OS cells. These findings reveal a novel
pathway and suggest a potential strategy to reduce the
chemoresistance of OS cells.
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