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Objectives: Osteosarcoma (OS) is the most common bone cancer diagnosed in children and
adolescents. Expression of APEl is commonly increased in OS, and this is negatively
correlated with a sensitivity to platinum and a favorable prognosis. However, the mechanism
underlying high APE1 expression in OS is not fully understood.

Methods: A bioinformatics analysis of the APE1 3°-UTR combined with previous micro-
array data was used to identify miRNAs that regulate APE1 expression. The effects of miR-
765 on cisplatin (cDDP) sensitivity were estimated in OS cell lines (9901 and HOS) and
BALB/c mice (n=4 per group). The relative expression and association between miR-765
and APE1 were assessed in a cohort of OS patients (n=43 in total) with Kaplan-Meier and
Cox proportional hazards regression. All statistical tests were two-sided and p<0.05 was
considered significant.

Results: Bioinformatics analysis implied that miR-765 may target APE1. Luciferase assay
and WB showed that miR-765 bound directly to the 3’-UTR of APE1 and downregulated
APEI expression in OS cells. Further experiments revealed that miR-765 sensitized OS cells
to cisplatin and was associated with decreased DNA repair activity. In vivo analyses
suggested the sensitivity of cisplatin in xenograft OS tissues was increased after injection
with miR-765 agomir. The clinical data showed a negative correlation between miR-765 and
APEI expression (1=0.307, p=0.045). Log-rank test revealed that OS patients with positive
expression of miR-765 obtained a significantly longer survival than those with negative
expression (22.0 vs. 9.0 months, p=0.001), which is just the opposite with respect to APE1
expression (12.00 vs. 22.00 months, p=0.039). The Cox regression analysis found miR-765
may be an independent prognostic factor for OS survival (p=0.007, HR=0.389, 95% CI:
0.196-0.772).

Conclusion: miR-765 sensitizes OS cells to cisplatin and impedes DNA damage repair
through the downregulation of APE1. High expression of miR-765 may benefit OS patient
survival, making it a viable target for reversing cisplatin-induced resistance in OS patients.
Keywords: miR-765, APEI, osteosarcoma, chemosensitivity, DNA damage repair

Introduction

Osteosarcoma (OS) is the most common type of bone cancer diagnosed in children
and adolescents. The incidence of OS increases starting at the age of 5 years and
remains elevated during childhood and adolescence, and then the incidence
decreases in adulthood." Since the introduction of standard systemic therapy con-
sisting of neoadjuvant chemotherapy followed by surgery and adjuvant therapy, the
overall survival of OS patients has improved greatly.”> However, chemoresistance
was still a limitation for extending the overall survival of OS patients.® Thus,
identifying potential factors involved in OS chemoresistance and elucidating their
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underlying mechanisms was pivotal for the development
of new therapeutic strategies.*

MicroRNAs (miRNAs), which were short noncod-
ing RNAs with a length of 21-23 nucleotides, partici-
pate in regulating multiple cell functions. These small
molecules inhibit translation and induce degradation of
target messenger RNAs (mRNAs) by binding to their 3’
untranslated regions (3’ UTRs), thus resulting in post-
transcriptional downregulation of gene expression.’
Recently, miRNAs have displayed great potential in
regulating tumor biology, including tumor proliferation,
invasion, angiogenesis, and chemosensitivity by regu-
lating downstream oncogenes or tumor Suppressors.
APE1l, a key protein of the base excision repair
(BER) pathway, plays a pivotal role in regulating che-
mosensitivity of OS.* A previous study demonstrated
that downregulation of APE1 contributed to enhanced
chemosensitivity of OS cells to chemotherapeutic
agents and enabled a favorable prognosis for OS
patients. Likewise, the overexpression of APEl in
tumor tissues and cancer cells lead to chemoresistance
and poor prognoses for OS patients.® Thus, exploring
factors that downregulate APE1 expression might pro-
vide promising strategies for overcoming the chemore-
sistance of OS patients.

Given the powerful role of APEI in triggering che-
moresistance in OS patients, we rationalized that
miRNA-suppressed APE1 expression might improve
the chemosensitivity of OS. In this study, we aim to
explore the mechanism by which miR-765 sensitizes
osteosarcoma cells to cisplatin.

Materials and methods

Cell lines and cell culture

Saos-2, U20S, MG63, HOS and hFOB 1.19 cell lines
were purchased from the American Tissue Culture
Collection (Manassas, VA, USA). 9901 cells were donated
by Fourth Military Medical University, Xian, China. All of
the osteosarcoma cell lines were cultured as recommended
by the suppliers and was approved by ethics committee of
Daping Hospital.

Reagents

miRNA mimics and their matched miRNA NC, agomiR-
765 and matched scramble NC were purchased from
RiboBio Co. Ltd (Guangzhou, China). Cisplatin was pur-
chased from Sigma-Aldrich (Wisconsin, USA)

miRNA/vector transfections

Cells were plated without antibiotics approximately 24 h
before transfection. Transient transfection of miRNA
mimics/inhibitor (Ribobio, GuangZhou, China) or siRNA
(Sigma, USA) were carried out by using
LipofectamineTM 2000 (Invitrogen, CA, USA) according
to the manufacturer’s protocol. All miRNA/siRNA were
transfected for 48 hrs.

The custom APE1-siRNA (5-GUCUGGUACGACU
GGAGUACC-3",5'-UACUCCAGUCGUACCAGACCU-3")
and the negative control (5'-CCAUGAGGUCAGCAUGG
UCUG-3', 5-GACCAUGCUGACCUCAUGGAA-3") were

devised according to Wang et al®*' studies.

Plasmid construction and luciferase assay
The full-length 3'-UTR of human APE1 was amplified by
PCR from genomic DNA of 9901 cells, and the potential
miR-765 binding site in the 3'-UTR of APE1 was mutated by
the overlap extension PCR method. Both wild-type and
mutant 3’-UTRs were subcloned into the pMIR-Report plas-
mid (Promega, Wisconsin, USA) directly downstream of the
renilla luciferase coding sequence. The authenticity and
orientation of the inserts were confirmed by sequencing.
Luciferase assays were performed as previously described
riefly, 5x10° cells per well were seeded in 96-well plates 24 h
before transfection. Cells were co-transfected with miRNA
mimics or NC plus wild-type or mutant APE1 3'-UTR plas-
mids using LipofectamineTM 2000 (Invitrogen, CA, USA).
36 h post-transfection, cells were assayed for both firefly and
renilla luciferase using Dual-GloTM Luciferase Assay
System (Promega, Wisconsin, USA) according to the manu-
facturer’s instruction.

Quantitative real time qRT-PCR analysis

Total RNAs, including miRNAs, were extracted by using
GeneJET RNA Purification Kit (Thermo, CA, USA) from
cultured cells following the manufacturer’s instructions.
Expression of mature miR-765 was determined by
Bulge-Loop™ miRNA ¢RT-PCR Primer Set (Ribobio,
Guangzhou, China) with SYBR Green quantitive real
time-PCR (qRT-PCR), and U6 snRNA was used as an
internal control. Gene mRNA expression analyses were
performed by qRT-PCR assays using the PrimeScript RT
reagent Kit (TaKaRa, Dalian, China) and SYBR Premix
Ex Taq (TaKaRa, Dalian, China) according to the manu-
facturer’s instructions. The comparative Ct method was
used to calculate the relative changes in gene expression.
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Western blot

Total protein was collected by using RIPA buffer contain-
ing protease inhibitors (Sigma, Wisconsin, USA). The
supernatant protein concentration was measured using a
BCA kit (Beijing Dingguo, Beijing, China). Western blot
was done as described previously.”” Primary antibodies
included mouse monoclonal antibody anti-APE1 (1:8000)
and mouse monoclonal antibody anti-B-Actin (Proteintech,
Wuhan, China), The HRP-conjugated Goat anti mouse
secondary antibody was used, and the bands were visua-
lized by chemiluminescence. Protein expression was quan-
tified using Image-Lad 5.0 software (Bio-Rad, USA)
normalized against internal control (B-actin).

Assessing chemosensitivity to cisplatin

To assess the sensitivity to cisplatin in vitro, cell viability
assays were performed by CCK-8 (Beyotime, Beijing,
China). Logarithmically growing cells which were trans-
fected with miR-765 mimics or miR NC were seeded at
5x10° cells/well in a 96-well plate. Cells were then treated
for the indicated time with cisplatin within a suitable con-
centration range, and then 10 pl of CCK-8 solution was
added to each well, and the plate was incubated for 2 h in a
humidified incubator. The absorbance of each well was mea-
sured at 450 nm using a Model 550 series microplate reader.
The assay was performed using three replicates. Cell viability
was expressed as the ratio of treated cells to that of untreated
controls at each dose or concentration. The IC50 value for
each cell line was determined by nonlinear regression analy-
sis using GraphPad Prism (GraphPad Software Inc., San
Diego, CA). Statistical differences between IC50 values for
the various groups were determined by one-way ANOVA
analysis.

v-H2AX immunofluorescence microscopy
The 9901 cells were plated on 4-well chamber slides, allowed
to attach overnight, and exposed to 4 ug/mL CISPLATIN for
different time points. After treatment, cells were washed with
ice-cold phosphate-buffered saline (PBS), blocked in 5%
bovine serum albumin for 1 hr at room temperature, incu-
bated with the antibody (fluorescein isothiocyanate [FITC]-
conjugated  anti-phospho-histone y-H2AX [Millipore,
Billerica, MA, USA]) for 16 hrs at 4 °C in the dark, washed
with PBS, and mounted in Vectashield mounting medium
containing diamidino-2-phenylindole (Vector Laboratories,
Burlingame, USA). y-H2AX foci were examined using a
Zeiss Axio Imager A1 fluorescence microscope.

Tumor xenograft studies

This research was approved by the Research Ethics
Board of Daping Hospital. We subcutaneously injected
5x10° 9901 cells resuspended with phosphate-buffered
saline into the right flanks of 5-week-old BALB/C athy-
mic mice (HFK Bioscience, Beijing). Mice were housed
and maintained under specific pathogen-free conditions.
All animal experiments were carried out in accordance
with the Guide for the Care and Use of Laboratory
Animals of Daping Hospital. When mice had palpable
tumors, the mice were randomly assigned, in order to
avoid treatment bias, to treatment groups (n=4 mice per
group). Cisplatin (5 mg/kg) was administered intraper-
itoneally every 4 days for 28 days. For agomiR treat-
agomiR-NC  (RiboBio,
Guangdong, China) was directly injected intratumorally
at the dose of 1 nmol (diluted in 20 pL phosphate
buffered saline) per mouse every 4 days for 7 total

ment, agomiR-765  or

injections. Tumor volumes were calculated as
length x (square of width)/2. After the initial treatment,
the tumor size was measured every day. Mice were
sacrificed by cervical dislocation under anesthesia.

Investigators were blinded to the treatment groups.

Tissue samples

Forty-three patient samples were collected between
September 2010 and June 2013. All the patients never
received preoperative adjuvant chemotherapy. The tumor con-
tent of the specimens was assessed by hematoxylin and eosin
staining in the pathology units. Only specimens containing
more than 60% of tumor tissue were used. All samples were
routinely fixed immediately after surgery in 10% formalin.
After fixation, samples were dehydrated, incubated in xylene,
infiltrated with paraffin, and finally embedded in paraffin.
Samples were the diagnoses performed by a sarcoma pathol-
ogist. This research was approved by the Research Ethics
Board of Daping Hospital. All patients who provided tissues
were provided with written informed consent, and all of them
agreed to the use of their samples in scientific research.

Tissue microarray construction

Tissue Microarray Construction has been described pre-
viously .* Briefly, areas containing viable tumor were
marked on the paraffin wax tissue blocks. Duplicate 2.0
mm tissue cores taken from different areas of the same
tissue block for each case (three cores per case) were used
to construct the tissue microarrays using an arraying
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machine from Beecher Instruments (Sun Prairie, WI).
Array blocks were sectioned to produce 4 pm sections.

In situ hybridization (ISH) and analysis

The cellular expression of miR-765 was determined by an in-
situ hybridization technique. Briefly, tissue microarrays were
deparaffinized and rehydrated. After Proteinase-K incubation
for 15 min at 37 °C, tissue sections were hybridized with 3',5'-
DIG-labeled LNA miR-765 antisense probeor LNA scrambled
control probe (Ruibo, Guangzhou, China) at 55 °C for 1 hr.
Slides were then washed and blocked with DIG blocking
buffer (Roche, Switzerland, Basel), incubated with anti-DIG
antibody(Roche, Switzerland, Basel)diluted 1:1000 in block-
ing solution containing 2% sheep serum and incubated for
60 min at RT. Color development was achieved by applying
freshly prepared BCIP (Amrescon) to the sections and incubat-
ing slides for 2 hrs at 30 °C in the humidifying chamber.
Nuclear Fast Red (Amrescon) was applied for nuclear
counterstaining.

Immunohistochemical staining and

analysis

Immunohistochemical staining was performed according to
standard procedures. Sections were stained with mouse
monoclonal anti-APE! antibody (1:8000) and mouse mono-
clonal anti-Ki67 antibody (1:100,zhongsanjingiao,Beijing,
China) overnight at 4 °C. Negative controls were treated
identically but without the primary antibody. The results for
APE]1(the same as Western Blot)staining were scored on the
basis of the percentage of positively stained cells (score 0: no
positive cells; score 1: <10% positive cells; score 2: 11%-
25% positive cells; score 3: 26-50% positive cells; and score
4: >51% positive cells). For further statistical analysis, scores
0 and | were categorized as negative expression, and scores 2
and 3 were categorized as positive expression as described
previously.”* The staining was simultaneously determined
separately by two independent experts under the same con-
ditions. In rare cases, discordant scores were reevaluated and
scored on the basis of consensual opinion.

Statistical analysis
All p-values less than 0.05 were considered statistically
significant. All assays were independently performed at
least three times. All values are presented as mean =+ stan-
dard deviation (SD). One-way ANOVA was used for mul-
tiple group comparisons.

Spearman rank correlation was used to determine the
correlation between APE1 and miR-765 expression. The
overall survival rate of patients with Osteosarcoma (OS)
was calculated using a Kaplan- Meier survival analysis.
The significance of multiple predictors of survival was
assessed using Cox regression analysis.

Results
miR-765 targeting of APEI in osteosarcoma
cells

The qRT-PCR results showed that intrinsic APE1 levels were
negatively associated with miR-765 in a panel of osteosar-
coma cells (Saos2, 9901, MG63, U20S, hFOB1.19, and HOS)
(Figure 1A). Moreover, using several different databases and
software programs, including DIANA-microT, TargetScan,
and RNA Hybrid, our data showed that the APE1 gene is a
potential miR-765 target in silico. The mature sequence of
miR-765 and its seed region are shown in Figure 1B.

To determine whether miR-765 is capable of regulat-
ing APE1 expression via the binding sites in its 3'-UTR,
we cloned the APEl 3'-UTR containing the predicted
miR-765 binding site and placed it downstream of the
firefly luciferase coding region in the pMIR-REPORT
luciferase vector, resulting in wild type luciferase repor-
ter pMIR-APE1-wt-3'-UTR (Figure 1C and D). The
putative miR-765 binding sites were mutated, which
generated mutant luciferase reporter pMIR-APE1-mut-
3’-UTR (Figure 1C and D).

Each reporter was cotransfected with miR-765 mimics
(inhibitors) into HOS cells, and luciferase assays were com-
pleted to determine the effects of miR-765 on the expression
of APEI. Real-time PCR analysis verified the efficacy of
transfection by revealing markedly increased expression of
mature miR-765 in HOS after transfection. For the wild type
APEI reporter, overexpression of miR-765 mimics signifi-
cantly reduced luciferase activities (p<0.05) compared to
nontarget negative control miRNA mimics, whereas this
effect was abolished in the case of the mutant reporter in
which the miR-765 binding site was mutated (Figure 1E).
These results strongly suggest that miR-765 downregulates
the expression of APE1 by directly targeting its 3'-UTR.

To further validate the finding that miR-765 regulates
expression of APE1, we assessed its protein expression
level using Western blot analysis in HOS cells transfected
with miR-765 mimics (inhibitors) or nontarget negative
controls. Compared to negative controls, miR-765 mimics
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Figure | MiR-765 targets APE| in OS cells. (A) Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis in five osteosarcoma cancer cell lines
showed an inverse expression trend between miR-765 and APE| expression. The expression levels of miR-765 and APE| were normalized to hFOBI.19. (B) The predicted
duplex formation between human WT APE| 3'-UTR and miR-765 is shown. (C) The WT andMut APEI 3’-UTR sequences are shown. (D) Schematic diagram showing
luciferase reporter constructs containing the APE| 3'-UTR sequences. (E) Effects of miR-765 mimics (inhibitors) on APEI 3’-UTR luciferase reporters in HOS cells. Empty
vector pmirGLO-Report and negative control mimics (N) were included as controls. Luciferase activities were calculated as the ratio of firefly/renilla activities and
normalized to the negative control mimics group. The results were obtained from three independent experiments, with each experiment conducted in triplicate. Data are
shown as the mean * SD. (F and G) Western blot analysis was performed to quantify the intracellular APE| levels. Actin was used as an internal control.

significantly reduced the protein level of APE1 (p<0.05)
(Figure 1F and G).

miR-765 sensitized osteosarcoma cells to
cisplatin through APEI

APEI] is an integral component of the cellular DNA damage
response. Thus, miR-765-mediated APE1 downregulation is
hypothesized to increase the sensitivity of cells to cisplatin.
The CCK-8 results showed that osteosarcoma cells overex-
pressing miR-765 were more sensitive to cisplatin compared
to control cells (Figure 2A and B). Furthermore, osteosar-
coma cells cotransfected with miR-765 mimics and APEI
siRNA showed an increased sensitivity to cisplatin in com-
parison with cells co-transfected with miR-765 mimics and
control siRNA (Figure 2C and D). Taken together, these

results suggest that miR-765 could sensitize osteosarcoma
cells to cisplatin through APEL.

miR-765 increased the DNA damage of

osteosarcoma cells treated with cisplatin
We subsequently investigated whether miR-765 downregu-
lation of APE1 modulates unrepaired DNA damage: this
was accomplished via the assessment of phosphorylated
histone H2AX (y-H2AX), which forms foci at double-
stranded DNA breaks and recruits DSB repair proteins.””
Correlating with the amount of unrepaired damage, the
number of y-H2AX foci was quantified at different time
points after cisplatin treatment. Compared with cells treated
only with cisplatin, the combination of miR-765 mimics
and cisplatin induced a significant increase of y-H2AX
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Figure 2 Effect of miR-765 on cisplatin sensitivity through APEI inhibition. (A and B) 9901/HOS cells were transfected with miR-765 mimics or the miR mimic negative
control (miR NC) for 48 hrs. Cell viability was assayed by CCK-8 after treatment with increasing concentrations of cisplatin for 48 hrs. Data are shown as the mean +95%
confidence interval from three independent experiments. (C and D) 9901/HOS cells were transfected with APE| siRNA or the siRNA negative control (miR NC) for 48 hrs.
Cell viability was assayed by CCK-8 after treatment with increasing concentrations of cisplatin for 48 hrs. Data are shown as the mean +95% confidence interval from three
independent experiments. (E and F) 9901/HOS cells were cotransfected with miR-765 mimics and siAPE| (siNC) for 48 hrs. Cell viability was assayed by CCK-8 after
treatment with increasing concentrations of cisplatin for 48 hrs. Data are shown as the mean +95% confidence interval from three independent experiments.

foci (Figure 3A and B). Moreover, the addition of APE1
siRNA to OS cells treated with miR-765 mimics and cis-
platin led to retention of these foci. Taken together, these
results indicate that miR-765 increases the DNA damage of
osteosarcoma cells partially through downregulating APE1.

miR-765 combined with cisplatin
enhanced the tumor growth inhibition in

xenograft models
To further demonstrate the role of miR-765 in chemosen-
sitization, we used miR-765 agomiR, a cholesterol-con-
jugated  2'-O-methyl-modified miR-765
suitable pharmacokinetic properties for in vivo studies.

exhibiting
10
Mice were treated with vehicle alone, cisplatin plus miR-
765 agomiR, or cisplatin plus scrambled agomiR.
Cisplatin plus scrambled agomiR had no statistically sig-
nificant effects on tumor growth. However, in mice trea-
ted with cisplatin plus miR-765 agomiR, tumor growth
was statistically significantly delayed, with 59.8%
(»=0.0041) and 47.1% (p=0.0044) reductions in tumor
volume at day 35 compared with vehicle or cisplatin

plus scramble agomiR, respectively (cisplatin plus miR-
765 agomiR: mean tumor volume =259.2 mm®, 95%
CI =169.0-349.4 mm3; vehicle alone: mean tumor
volume =644.0 mm®, 95% CI =386.8-901.3 mm®; cispla-
tin  plus  scrambled agomiR: mean  tumor
volume =489.8 mm’, 95% CI =350.8-628.8 mm?)
(Figure 4A and B). Moreover, tumor weights on day 35
after tumor cell injection with cisplatin plus miR-765
agomiR were statistically significantly lower than vehicle
or cisplatin plus scramble agomiR, with 62.6%
(»=0.0034) and 51.7% (p=0.0027) reductions, respec-
tively (cisplatin plus miR-765 agomiR: mean tumor
weight =0.2190 g, 95% CI =0.1364-0.3016 g; vehicle
alone: mean tumor weight =0.5850 g, 95% CI =0.3495-
0.8205 g; cisplatin plus scrambled agomiR: mean tumor
weight =0.4530 g, 95% CI =0.3258-0.5802 g) (Figure
4C). These data support the notion that miR-765 is a
potent cisplatin sensitizer in vivo.

Tumor sections were analyzed using immunohisto-
chemistry with anti-APE1 and anti-Ki67 antibodies to
measure the expression of APE1 and the cellular pro-
liferation levels. Tumors overexpressing miR-765 had
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Figure 3 Effect of miR-765 on DNA repair through APEI inhibition. The number of y-H2AX foci/cell was counted in a minimum of 200 cells per treatment group. The
average number of y-H2AX foci/cell is shown. Error bars indicate S.D. * p<0.05. (A and B) The representative images of 9901 cells transfected with miR-765 mimics or the
miR NC and treated with cisplatin (5 ug/ml) from the 6 hr groups are shown. (C and D) The representative images of 9901 cells cotransfected with miR-765 mimics and

siAPE| (siNC) and treated with cisplatin (5 ug/ml) from the 6 hr groups are shown.

a lower level of APEl expression and proliferation
than 4D).
Furthermore, miR-765-overexpressing tumors had a

potential control  tumors  (Figure
higher apoptosis index according to TUNEL staining.
Therefore, these data suggest that miR-765-dependent
downregulation of APEI plays a potential role in the

treatment of osteosarcoma.

Prognostic role of miR-765 in

osteosarcoma patients

The physiological relevance of the APE1/miR-765 inter-
action was further established by evaluating the endogen-
ous expression patterns of miR-765 and APEl in
osteosarcoma patients. The demographic and clinical
characteristics of patients are shown in Table 1. APE1
level was quantified using immunohistochemistry (IHC),
while miR-765 level was assessed using fluorescent in
situ hybridization (FISH). Among 43 samples, the aver-
age APEl level was higher (approximately twofold,;

p=0.0034) in the miR-765 negative group than that in
the miR-765 positive group (Figure 5A). The representa-
tive images are shown in Figure 5B. Using Spearman
correlation analysis, an inverse correlation, with
R?=0.307, was observed between miR-765 and APEI
(»<0.001); this suggests miR-765-dependent regulation
of APE1 (Table 2).

Kaplan-Meier survival analysis was used to assess the
relationship between miR-765 expression and patient survival.
Similarly, to negative APE1 expression (negative vs positive
APEL1 expression: median overall survival =22.00 months vs
median overall survival=12.00 months, p=0.039), positive
expression of miR-765 is associated with longer OS (positive
vs negative miR-765 expression, median overall survi-
val =22.00 months vs median overall survival =9.00 months,
p=0.001) (Figure 4C and D). The COX hazard probability
regression models revealed that only miR-765 was an inde-
pendent prognostic factor for osteosarcoma patients (HR =0.
389, 95% CI =0.196 to 0. 772, p=0. 007) (Table 3).
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Figure 4 Effect of miR-765 on tumor growth combined with cisplatin in the xenograft model. (A) Growth curves of 9901 subcutaneous xenograft tumors treated with
vehicle, cisplatin (5 mg/kg, intraperitoneally every 4 days) plus agomiR-765 (I nmol, intratumoral injection, every 4 days), or cisplatin (5 mg/kg, intraperitoneally every 4 days)
plus agomiR-scramble-NC (I nmol, intratumoral injection, every 4 days) are shown. Tumor volumes were calculated as length x (square of width)/2. Upwards and
downwards arrows indicate the start and end of treatment, respectively. n=4 per group (**p<0.005, two-sided Student t-test). (B) The gross morphology of tumors
measured on day 35 after tumor cell injection. (C) The tumors were weighed immediately after isolation from mice (**p<0.005, two-sided Student t-test). (D) The
immunohistochemistry analyses for APE| and Ki67, along with TUNEL staining, were carried out on 9901 xenograft tumor sections collected from mice treated with the

indicated treatments. Representative staining samples are shown.

Table | The demographic and clinical characteristics for the
research group

Parameters No. of patients | Percentage (%)
Age (range) 33 (11-77)

<33 22 51.2

>33 21 48.8
Gender

Male 22 51.2

Female 21 48.8
TNM stages

[~1I 22 51.2

I~V 21 48.8
Histology

Poor 10 233

Moderate 18 41.9

WVell I5 349
MiRNA-765 expression

Negative 19 44.2

Positive 24 55.8
APE| expression

Negative 21 48.8

Positive 22 51.2

Discussion

Through decades of progress, the survival rate of OS
patients with localized disease has improved greatly.
However, for patients with metastatic or recurrent dis-
ease, the long-term survival situation remains unsatis-
factory, largely due to chemoresistance. In this study,
we demonstrated that miR-765-mediated APE1l sup-
pression sensitized OS cells to cisplatin chemotherapy.
Thus, our findings provided a potential strategy for the
management of chemoresistant OS patients.

We focused on the regulation of APEl expression
by miRNAs, since APE1 was a well-documented initia-
tor of chemoresistance in OS patients by mediating
base excision repair. Utilizing bioinformatic analysis,
we successfully selected one miRNA (miR-765) as a
direct inhibitor of APE1. Additional miRNAs could be
involved in the regulation of APEI, and there could
also be additional chemoresistance-related targets
besides APE1 regulated by miR-765. Therefore, high
throughput methods are necessary in future studies to
identify more OS chemoresistance-related miRNAs and
genes.
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Figure 5 Clinical validation of miR-765 and APEI. (A) APEI and miR-765 expression are inversely correlated in osteosarcoma samples. Patients were divided equally into
two groups according to miR-765 expression level, and APE| expression showed considerable differences between the miR-765 low and miR-765 high groups (p=0.0034,
Mann-Whitney U test). (B) Paraffin-embedded, formalin-fixed osteosarcoma cancer tissues were incubated with a locked nucleic acid anti-miR-765 probe for in situ
hybridization (ISH) and anti-APE| antibody for immunohistochemical (IHC) analysis with scrambled probe and phosphate-buffered saline as negative controls, respectively.
Representative photographs are shown. Scale bars =50 pm. (C and D) A Kaplan—Meier analysis of overall survival for osteosarcoma patients with the corresponding
expression profiles of APEI (D) and miR-765 (C) is shown (p=0.039 and p=0.001, respectively, log-rank test).

Table 2 The correlation between miR-765 and APEI expression
in OS patients

miR-765 APEI
miR-765 1.000 —0.307
p-value 0.000 0.045

MiRNAs are a class of small noncoding regulatory
RNA molecules involved in a wide array of biological
processes. The abnormal expression of miRNA is asso-
ciated with various cancers.*''"'* Our data demon-
strated that miR-765 was highly expressed in OS
cells, and an increasing sensitivity to cisplatin was

observed both in cell lines and xenograft tumors. The
cytotoxicity of cisplatin primarily results from adduct
formation ability with DNA. These DNA distortions
could effectively block the progression of DNA repli-
cation and activate the cell cycle checkpoint.'®"’
Multiple pathways are involved in the repair of DNA
damage induced by cisplatin. The nucleotide excision
repair pathway participates in the removal of DNA

1316 while the HR pathway is

17,18

intrastrand crosslinks,

involved in removing interstrand crosslinks.
During DNA damage, single and double strand breaks
are generated, and other repair systems are involved,

including the base excision repair (BER) pathway. We
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~ o found that DNA repair capability was decreased in OS
~N o
o ':E - cells with elevated expression of miR-765 when treated
|
EN s with cisplatin, which indicated that miR-765 may sen-
o ° s sitize OS cells to cisplatin through decreasing DNA
repair capabilities.
APE] is a multifunctional protein with both DNA repair
and redox activity. APE1 was found to be rate limiting for
o~ — the repair of DNA damage induced by hydrogen peroxide
% § § (presumably  3’-phosphate) and  bleomycin  (3'-
phosphoglycolates)'® and was a predominant enzyme for
8 the excision of 3'-phosphoglycolate residues from a single
§ nucleotide gap.”® These findings suggested the essential role
-~ . .
g for APEI in the BER pathway. A previous study demon-
5 'é A strated that RNA-mediated APE1 suppresses sensitivity of
Zla S S OS to DNA damaging agents.® In accord with our current
E study, the suppression of APEl by miR-765 resulted in
>
3 identical effects in OS chemotherapy. These results sug-
T gested that APE1 was a powerful and promising target in
[
3 —unog® OS chemotherapy.
K} Glaaa23 ~ We designed the in vivo and clinical research to con-
| . .
g 32 :J,; = QI :i.l’ ,°é al firm the roles of miR-765 and APE1 in OS chemotherapy.
o | e~ oY =29 . . .
g T [eeeee - The in vivo experiments revealed that miR-765 could
§ enhance the therapeutic effect of cisplatin by increasing
2 apoptosis in the OS xenograft tumor. The clinical investi-
% gation also confirmed the negative correlation between
a miR-765 and APEl. Further studies were performed to
S 23838 mh - . o . .
% % e determine the significance of miR-765 with respect to
8 . . . .
= prognosis. The results showed that patients with high
< expression of miR-765 or low expression of APE1 exhib-
g % ited a re.latively longér survival Z.ll’ld a better pr.ognf)sis than
8 = those with the opposite expression. The multivariate ana-
S E AaINSZSS lysis confirmed that miR-765 was independent prognostic
8|5 n Mm99 . :
g L |scccoo factors for osteosarcoma. These findings were consistent
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with our in vitro results. However, due to the retrospective
design and sample size limitation, our findings require
further confirmation by large scale prospective trials.

We concluded that the expression of miR-765 was
positively related to both cisplatin sensitivity and favor-
able prognosis in osteosarcoma, and we partially con-
firmed that the mechanism was via interference with the
DNA repair capability, which occurs because of decreased
APE1
miRNA might represent a promising intervention for

expression. Chemotherapy with an auxiliary

improving OS patient prognosis (Figure 6).
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