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Because of the modest response rate after surgery and chemotherapy, treatment of
osteosarcoma (OS) remains challenging due to tumor recurrence and metastasis. miR-
135a has been reported to act as an anticarcinogenic regulator of several cancers.
However, its expression and function in osteosarcoma remain largely unknown. Here, we
reported that abridged miR-135a expression in OS cells and tissues, and its expression is
inversely correlated with the expression of BMI1 and KLF4, which are described as
oncogenes in several cancers. Ectopic expression of miR-135a inhibited cell invasion and
expression of BMI1 and KLF4 in OS cells. In vivo investigation confirmed that miR-135a
acts as a tumor suppressor in OS to inhibit tumor growth and lung metastasis in xenograft
nude mice. BMI1 and KLF4 were revealed to be direct targets of miR-135a, and miR-135a
had a similar effect as the combination of si-BMI1 and si-KLF4 on inhibiting tumor
progression and the expression of BMI1 and KLF4 in vivo. Altogether, our results
demonstrate that the targeting of BMI1/KLF4 with miR-135a may provide an applicable
strategy for exploring novel therapeutic approaches for OS.

Keywords: osteosarcoma, metastasis, KLF4, BMI1, microRNA
INTRODUCTION

Human osteosarcoma (OS), accounting for approximately 56% of bone sarcomas, is the most
common malignant bone tumor and typically affects children, adolescents, and young adults with a
median age of 16 years (1, 2). Clinically, OS is often diagnosed with lung metastasis at late stages due
to its high proclivity for the local invasion and preferential metastasis to pulmonary parenchyma, in
addition, recurrent disease is reported to be observed in 30%-50% of the population (2–5). The
current standard care for OS consists of extensive surgical resection, neoadjuvant chemotherapy,
and adjuvant chemotherapy (6). Although several anticarcinogens have been applied clinically, the
prognosis for metastatic and recurrent OS has remained stagnant over the last few decades (7).
Around 68% of localized OS patients survive for five years or longer (8), but unfortunately, 20–30%
suffer from metastatic or recurrent tumors (9). Given the barriers to conventional treatment
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methods, there is a crying need to establish novel therapeutic
strategies that may improve the overall survival of OS.

B cell-specific Moloney murine leukemia virus integration site
1 (BMI1) is the core component of the PRC1 complex and is
reported as an oncogene able to induce cell transformation and
self-renewal and promote tumor growth (10, 11). It has been
reported that BMI-1 also plays a critical role in OS cell migration,
metastasis (11), and chemosensitivity toward cisplatin-induced
apoptosis (12, 13). Krüppel-like factor 4 (KLF4), also referred to
as gut-enriched Krüppel-like factor and GKLF, belongs to the SP/
KLF family that are characterized by three zinc finger motifs and
regulates various biological processes, including differentiation,
cell cycle progression, proliferation, cellular migration, and stem
cell renewal (14–17). KLF4 was found to increase and act as an
oncogene in several cancers, including OS (16, 17). The
extracellular matrix (ECM) hosts some structural molecules
and enzymes in part to create cellular microenvironments or
niches (18, 19). Failing to regulate ECM remodeling results in the
development of pathological processes, such as connective tissue
disorders, cancers, as well as metastasis (20, 21). Matrix
metalloproteinases (MMPs) are reported to involved in ECM
degradation (22), and our previous study showed that some
MMPs play vital roles in the invasion and metastasis of OS cells
(8). Some MMPs function as downstream nodes of the BMI1 and
KLF4 pathways, which suggests that these two molecules may
also promote tumors through MMPs (23, 24).

MicroRNAs (miRNAs) are a family of small, noncoding
RNA molecules that regulate gene expression at the
posttranscriptional level through either mRNA cleavage or
translational repression through direct binding to the 3′
untranslated region (3′-UTR) (25, 26). Our previous studies
indicated that upregulation of some miRNAs could intensely
restrain the growth, invasion, and metastasis in OS xenograft
tumors and attenuate angiogenesis (8, 27). We also found that
the level of miRNA-135 (miR-135a-5p) was reduced in OS
tissues from patients in whom BMI1, KLF4, and MMP
expression was upregulated. In addition, these molecules were
theoretically predicted to be direct targets of miR-135a in a
bioinformatics database, which was confirmed by our study. In
the present study, we explored the effects of miR-135a on
targeting of BMI1, KLF4, and MMPs to suppress OS cell
proliferation, invasion, and lung metastasis and we also
compared the therapeutic effects of miR-135a, the combination
of anti-BMI1 and anti-KLF4, and PTC-209 in vitro and in vivo.
Consequently, miR-135a, as a novel cancer suppressor gene, may
have implications for the treatment of OS.
MATERIALS AND METHODS

Clinical Tissue Specimen
The biopsies from 10 OS patients were acquired during the
diagnostic process at Second Hospital of Shanxi Medical
University (Taiyuan, China) and then subjected to RT-qPCR.
The paraffin-embedded samples from 10 OS patients and non-
malignant cartilage from 3 patients for knee replacement surgery
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were subjected to immunohistochemistry. Informed consent was
obtained from all patients, and the protocols in this study were
approved by the Ethics Committee of Shanxi Medical
University (2017LL077).

Cell Lines and Culture
The human OS cell lines (MG-63 and Saos-2) were obtained
from ATCC and cultured at 37°C in a humidified incubator with
5% CO2 in RPMI-1640 and Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), plus
antibiotics. Osteoblast-like cells were isolated from cartilage
tissue and cultured in a-MEM as described in a previous
study (28).

Cell Transfection, Transduction, and
Compounds
Saos-2 cells were cultured overnight to reach 60% confluence and
transfected with siRNAs: si-BMI1, si-KLF4, a combination of si-
BMI1 and si-KLF4 (si-B+K), or control siRNA (Genepharma,
Shanghai, China) at a final concentration of 20 nM in OPTI-
MEM for 48 h using a Lipofectamine 3000 kit (Thermo Fisher
Scientific) following the instructions. Similarly, the cells were
transduced with lentiviral miR-135a (LV-miR-135a; Genechem)
or lentiviral control miR-NC in the 5 mg/ml Polybrene for 24 h
and treated with 3 mg/ml of puromycin for 3 days. miR-135a
expression in generated cell clones was tested for stable
expression. Correspondingly, the cells were treated with PTC-
209 (an inhibitor of BMI1, purchased from MedChemExpress
company, Monmouth Junction, NJ, USA) at a final concentration
of 10 mM diluted in DMSO or their DMSO control for 2 days.
The cells were grown to 80% confluence after subculture in
complete medium for further experiments.

RNA Isolation and qRT-PCR
Total RNA and miRNAs were extracted from Osteoblast-like
cells and OS cell lines and then transfected cells with a TRIzol
reagent (Thermo Fisher Scientific) and the miRNeasy Mini Kit
(Qiagen, MD, USA) following the protocol provided by the
manufacturer. qRT-PCR was utilized to measure the relative
expressions of target gene to the control 18S rRNA or U6
transcripts with a IQ5 Multicolour Real-Time PCR Detection
system (Bio-Rad Laboratories, CA, USA). The conditions of the
PCRs for miR-135a were as described in our recent publication
(8). The primers sequences of U6 were 5′-CTCGCTTC
GGCAGCACA-3′ and 5′-AACGCTTCACGAATTTGCGT-3′.
The primers sequences of miR-135a-5p were 5′AACCCTG
CTCGCAGTATTTGAG-3′ and 5′-GCGGCAGTATGGCTT
TTTATTCC-3′. The data were normalized to the controls and
analyzed by using the comparative CT method (2−DDCt) (29).

Transwell Invasion Assay
Saos-2 cells were divided into 8 groups: control miR-NC (NC),
LV-miR-135a (miR-135), control siRNA (Control), si-BMI1, si-
KLF4, combined si-BMI1 and si-KLF4 (si-B+K), DMSO, and
PTC-209 at a final concentration of 10 mM (PTC-209). The
invasion assay was performed using chambers of 24‐well plates
coated with Matrigel matrix on the 8−mm pore size membrane of
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the upper chamber. A total of 180 ml of Matrigel Matrix Reduced
(Corning, NY, US) diluted 1:3 with serum-free medium was used
to coat 24-well inserts and incubated for 2 h. Two hundred
microliters of Saos-2 cell suspensions were then added into the
upper chambers at a density of 1×106 cells/mL in RPMI 1640
medium containing 1% FBS. The basolateral chambers were
filled with 600 mL RPMI 1640 medium with 10% FBS. After
incubation for 72 h with 5% CO2 at 37°C, the cells remaining on
the upper membrane were removed by cotton swabs, and cells
that invaded across the membrane were washed twice and fixed
with 4% paraformaldehyde for 15 min and stained with 0.5%
crystal violet for 15 min. The invasive cell numbers were
calculated in 5 images per well.

5-Ethynyl-20-Deoxyuridine (EdU) Assay
For the EdU assay, si-KLF4/BMI1, control siRNA, LV-miR-135a
or the corresponding NC were transfected, and PTC-209 or
DMSO was added to Saos-2 cells. Then, the cells were cultured in
the supplement of EdU for 8 h, and the cells were fixed with 4%
paraformaldehyde for 15 min. Then, 0.5% Triton™ X−100 was
employed for 20 min to permeabilize the nuclear membrane, and
used 5% normal serum for blocking at 25°C for 1 h. Finally, cells
were stained with a Cell-Light™ EdU Apollo®488 in vitro
Imaging Kit (Life Technologies, New York, USA). Staining was
observed under a Pannoramic MIDI digital slide scanner
(3DHISTECH, Ltd. Budapest, Hungary). The level of
proliferation was represented as a percentage of the EdU-
positive cells to the total cells.

Immunofluorescence Assay
A total of 3×105 cells were seeded on glass coverslips overnight
and then fixed for 15 min with 4% paraformaldehyde. Blocking
buffer (5% normal serum and 0.5% Triton™ X−100) was used
for blocking for 1 h. Next, coverslips were incubated with specific
primary antibodies overnight at 4°C. The primary antibodies
were as follows: KLF4 (#BS90773, BioWorld, Nanjing, China),
BMI1 (#10832-1-AP, Proteintech, Rosemont, IL, USA), MMP2
(#bs-0412R, Bioss, London, UK), MMP9 (#bs-4593R, Bioss,
London, UK), Ki67 (#ab15580, Cambridge, UK). The cells
were then incubated in fluorochrome−conjugated secondary
antibody and stained with DAPI (Cell Signalling Technology,
Danvers, MA, USA), and slides were examined under a
slide scanner.

In Vivo Growth and Bioimaging Analysis
Female BALB/c nude (n=50; 5 weeks old) mice were obtained
from Charles River Laboratory (Beijing, China), implanted
subcutaneously with 1×106/200 mL of Saos-2 cells mixed with
200 mL Matrigel (Corning, NY, USA) into the back flank of each
mouse and maintained in a SPF “barrier” facility. Two weeks
after implantation, the mice were randomly divided into 5 groups
(n=10 in each group) and injected intratumorally with 5 nmol
combination of KLF4 and BMI1 siRNA (Combination
treatment/si-B+K, RIBOBIO, Ltd. Guangzhou, China),
cholesterol-conjugated 2′-O-methyl-modified miR-135a mimics
(miR-135 mimic) or their controls (NC), and 30 mg/kg PTC-209
or 8% DMSO once every 2 days for 2 weeks. The dynamic growth
Frontiers in Oncology | www.frontiersin.org 3
tumors were monitored every day. At week 2 postinoculation,
bioimaging for MMP activity in vivo was detected by MMPSense
680 (PerkinElmer) and performed with fluorescence molecular
tomography (FMT) (PerkinElmer, Waltham, USA). The mice
were sacrificed, and their tumors and lungs were dissected.
Tumors were measured using callipers, and the volumes were
calculated according to our pervious study (8). Weight was
measured after excision. Lung samples were stored in 10%
formalin for HE staining. Tumor samples were stored in 10%
formalin, RNAlater, or RIPA buffer for later use.

Hematoxylin and Eosin (HE) Staining
The resection and farther processing of mouse lung samples for
the HE staining were performed as described in our previous
study (8). After HE staining, the sections were analyzed with a
Pannoramic MIDI digital slide scanner. Each slide was examined
for metastases, and metastatic burden was evaluated as the
number of nodules per lung.

Immunohistochemistry
The xenograft tumor tissues, tumor tissues from OS patients, and
nonmalignant bone tissues were fixed with 10% formalin for 2 days,
and the tumor sections (5 mm) were dewaxed, rehydrated, and
blocked using a standard immunohistochemical staining procedure
as described in our previous studies (8, 27). The sections were
stained with anti-KLF4/BMI1/MMP2/MMP9 at 4°C overnight. The
staining intensity was analyzed by immunoreactive score (IRS)
system (8) using a slide scanner and software (3DHISTECH, Ltd.
Budapest, Hungary).

Western Blotting
The mouse xenograft tumor tissues were homogenized in the
RIPA lysis buffer with PMSF, phosphatase and protease
inhibitors (Keygen, Nanjing, China). The concentrations of
total proteins in each sample were detected by bicinchoninic
acid (BCA). Protein samples of each loading was separated in
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS/PAGE) gels and transferred onto polyvinylidene difluoride
membrane (Millipore, Danvers, MA, USA). The polyvinylidene
difluoride membranes were blotted with anti-KLF4, anti-BMI1,
anti-MMP-2, anti-MMP-9, and anti-b-actin (Bioss, London,
UK). The immunoblots on the membranes were developed
with the enhanced chemiluminescence reagent. The band
intensity was determined by densitometric analysis using
IMAGEJ software for relative quantification of protein levels
by normalized with b-actin in the tumor.

Dual-Luciferase Reporter
A total of 2×105 Saos-2 cells were inoculated into 24-well plates per
well. When the confluence of cells reached 80%, the cells were
transiently transfected with 10 nM miR-135a mimic or miR-NC
and cotransfected with 0.25 mg per/well of plasmids containing 3′-
UTR of BMI1 or KLF4 or their mutant (GenePharma, Shanghai,
China) using Lipofectamine 3000 (Invitrogen) for 2 days. Total cell
protein was extracted using RIPA buffer and quantified using the
bicinchoninic acid method. The luciferase activity in each well was
measured in a GLOMAX 20/20 luminometer (Promega) using the
March 2021 | Volume 11 | Article 620295
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Dual-Luciferase Reporter Assay System (Promega Corp, Madison,
USA) following the manufacturer’s instructions. Luciferase values
were normalized for transfection efficiency (firefly/Renilla ratios).

Kaplan-Meier Survival Analyses
Kaplan-Meier survival analyses was performed on R2: Genomics
Analysis and Visualization Platform (http://r2.amc.nl). Gene
expression in single gene (BMI1 or KLF4) was selected on Mixed
Osteosarcoma Dataset and cut-off modus of scan was selected for
overall survival analysis.

Statistical Analysis Assay
All data are presented as the mean ± SEM, and the significance of
differences among groups were analyzed by ANOVA test, and the
difference in unpaired groups was analyzed using Student’s t-test.
Using Mann–Whitney U test for comparisons between two groups,
and in multiple groups the Kruskal-Wallis-H test was used when
Frontiers in Oncology | www.frontiersin.org 4
data did not coincide with a normal distribution. Repeatedmeasures
ANOVA was used for repeated measurement data. Statistical
significance was set at p < 0.05 and the analyses were performed
using SPSS (version 21.0, SPSS Inc., Chicago, USA).
RESULTS

Aberrant Expression of miR-135a, BMI1,
and KLF4 in Human OS Tissues and Cells
In this study, we first assessed the expression of miR-135a in OS
cell lines, primary human normal bone cells, OS tissue, and
normal bone tissue using qRT-PCR and we found that the miR-
135 expression in Saos-2 and MG-63 cells or OS tissue were
lower than those in nonmalignant bone cells or tissue (**p < 0.01;
***p < 0.001; Figures 1A, B). We further examined expression
A B

D

E

C

FIGURE 1 | Downregulation of miR-135a and upregulation of BMI1 and KLF4 in OS cell lines and tissues. (A) RT-qPCR. OS cell lines Saos-2 and MG-63, and
primary normal bone cells (osteoblasts) were grown and then subjected to RT-qPCR analysis. The results showed that endogenous miR-135a expression was
decreased in Saos-2 and MG63 cells when compared to osteoblasts (**p < 0.01; ***p < 0.001; n=3). (B) RT-qPCR. Levels of endogenous miR-135a expression was
decreased in OS tissues when compared to normal bone (***p < 0.001; n=3). (C) RT-qPCR. Levels of BMI1 and KLF4 mRNA were higher in Saos-2 and MG63 cell
lines compared with osteoblasts (**p < 0.01; n=3). (D) Immunohistochemistry. Human OS and normal bone tissues were collected and subjected to
immunohistochemical analysis. Scale bar, 100 mm. (E) The graph represents quantified data of the immunohistochemistry (***p < 0.001; n = 10). All the data from
qPCR were expressed as the mean ± SEM.
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level of BMI1 and KLF4 in OS cell lines and normal bone cells
using qRT-PCR, and expression level of BMI1, KLF4, and Ki67
in human OS samples using immunohistochemistry also found
that the BMI1 and KLF4 expressions were significantly higher in
OS cell lines than in normal bone cells (**p < 0.01; Figure 1C) or
higher in human OS samples than in nonmalignant bone
samples (***p < 0.001; Figure 1D).

miR-135a, Combination Treatment, and
PTC-209 Suppress OS Cell Invasion and
Proliferation
We next assessed and compared the role of miR-135a, si-BMI1, si-
KLF4, combined si-BMI1 and si-KLF4 (combination therapy), and
PTC-209 on OS cell proliferation and motility using EdU assays
and Transwell invasion assays (Figures 2A, B). Our data presented
that overexpression of miR-135a decreased the invasion capability
of OS cells (*p < 0.05; **p < 0.01; Figures 2B, D). Similarly, we
observed that si-BMI1, si-KLF4, combination therapy, and PTC-
209 all significantly inhibited tumor cell invasion compared with
each control group (*p < 0.05; **p < 0.01; Figures 2B, D).
Furthermore, among the five groups, miR-135a was significantly
superior to si-KLF4 in inhibiting cell invasion (*p < 0.05), and
Frontiers in Oncology | www.frontiersin.org 5
PTC-209 was inferior to the other reagents (*p < 0.05). Using the
EdU assay, we observed that si-KLF4 and PTC-209 significantly
inhibited tumor cell proliferation compared with each control
group (*p < 0.05; **p < 0.01; Figures 2A, C). However, there
were no significant differences in proliferation capacity among the
five treatment groups (p>0.05).

miR-135a, Combination Therapy, and PTC-
209 Inhibition of Xenograft Growth and
Pulmonary Metastasis
We tested the miR-135a levels in the control and miR-135
groups (group transfected with miR135a mimics) of xenograft
models by using qRT-PCR and confirmed the overexpression of
miR-135a in the miR-135 group (***p < 0.001; n=9;
Supplementary Figure 1). We further examined the effect of
miR-135a, combination treatment, and PTC-209 in vivo using a
mouse tumor cell xenograft model. Our data showed that the
xenograft volumes in the therapy groups were smaller than those
in each control group. The time difference was statistically
significant (**p < 0.01), and the time * group differences were
significantly different, with a significant interaction effect within
groups * time (*p < 0.05), and the decreased amplitude in
A

B

D

C

FIGURE 2 | Downregulating of KLF4 and using PTC-209 suppress the OS cell proliferation; miR-135a, si-BMI1, si-KLF4, combination therapy, and PTC-209
suppress the OS cell invasion. (A) Representative pictures from tumor cell EdU assay. Saos-2 cells were grown and transfected with Lv-miR-135a or negative
controls, si-BMI1/KLF4 or their control, and treatment with PTC-209 or DMSO, and then subjected to the EdU assay. Scale bar, 200 mm. (B) Representative
pictures from transwell invasion assay. The Saos-2 cells with same treatments as above were subjected to the transwell assay. Scale bar, 300 mm. (C) The graph is
the quantified data of the EdU assay (ns p > 0.05; *p < 0.05; **P < 0.01; n = 3). (D) The graph is the quantified data of the transwell invasion assay (*p < 0.05;
**p < 0.01; n = 3). The data were expressed as the mean ± SEM. NC (Lentivirus negative control), miR-135 (Lentivirus overexpressed miR-135a), Control (siRNA
negative control), si-BMI1 (group interfered with siRNA-BMI1), KLF4 (group interfered with siRNA-KLF4), si-B+K (group interfered with siRNA-BMI1 and siRNA-KLF4).
ns, not significant.
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miR-135a group was greater than that in other two treatment
groups (*p < 0.05; Figures 3A, D). The data showed the
xenograft weight in miR-135a group was lesser than that in the
control NC group(p<0.05; Figure 3E), but no significant
differences in xenograft weights between other treatment
groups and each control group or among the miR-135a,
combination therapy, and PTC-209 groups (p>0.05; Figure
3E). The miR-135a, combination therapy, and PTC-209 groups
all reduced MMP probe activation and retention, as shown by the
Frontiers in Oncology | www.frontiersin.org 6
fluorescence images of fluorescence molecular tomography
(FMT) and the quantification of the intensity of the probe
fluorescence signal level in the xenografts, indicating that
MMP enzyme activity was lower in the treatment groups than
in the control groups (**p < 0.01; Figures 3C, G), but there was
no significant difference among the three treatment groups
(p>0.05). Furthermore, miR-135a and combination therapy
also inhibited the number of metastatic nodules in the lung
(*p < 0.05; **p < 0.01; Figures 3B, F).
A B

D E F G

C

FIGURE 3 | miR-135a, combination therapy, and PTC-209 suppression of mouse OS cell xenograft growth; miR-135a and combination therapy suppression of
lung metastasis in vivo. (A) Xenograft photographs. Saos-2 cells were grown and injected into nude mice, and then treat mice with miR-135 mimic, si-B+K, negative
control, PTC-209, and DMSO respectively. After 2 weeks, the mice were sacrificed and the xenografts were photographed. (B) HE staining of mouse lung tissues.
The mice were sacrificed and the lungs were resected and subjected to tissue processing, embedding, sectioning, and HE staining to quantify tumor cell lung
metastasis. Scale bar, 100 mm. (C) Bioimages. Before sacrificed, mice were subjected to bioimaging of the MMPs activity in xenograft tumors with the fluorescence
molecular tomography using MMPSense 680. (D) Growth curves of mouse OS cell xenografts. (*p < 0.05; **p < 0.01; n = 10). The significance of differences among
groups were analyzed by ANOVA test and the effects were corrected using the Greenhouse–Geisser method in tumor volume because the data did not meet the
hypothesis of sphericity (Mauchly’s test statistic W=0.000, p < 0.001). (E) Weight of mouse OS cell xenografts. (*p < 0.05; ns p >0.05; n = 10). (F) The graph of
the quantified data of metastatic nodules. (ns p > 0.05; *p < 0.05; **p < 0.01; n = 10). (G) The graph of the quantified data of MMPs activity in xenograft tumors.
(**p < 0.01; n = 5). ns, not significant.
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miR-135a, si-BMI1, si-KLF4, Combination
Therapy, and PTC-209 Inhibited BMI1,
KLF4, and MMP Expression in OS Cells
We explored the effect offive approaches (miR-135a, si-BMI1, si-
KLF4, combination therapy, and PTC-209) on the expression of
BMI1 and KLF4 in OS cells. Immunofluorescence revealed that
the approaches all reduced the expression levels of BMI1 and
Frontiers in Oncology | www.frontiersin.org 7
KLF4 in OS cells (*p < 0.05; ** p < 0.01; ***p < 0.001; Figures 4A,
C, D). For BMI1 expression, the si-BMI1 and combination
therapy groups showed a greater effect on BMI1 protein
reduction than the si-KLF4 group (*p < 0.05); the si-BMI1 and
PTC-209 groups showed more decreased protein expression
than the miR-135a group (*p < 0.05). For KLF4 expression, the
si-BMI1, si-KLF4, and combination therapy groups showed
A

B

D

E

C

FIGURE 4 | miR-135a, si-BMI1, si-KLF4, combination treatment, and PTC-209 inhibit BMI1 and KLF4 expression in OS cells. (A) Representative pictures from
tumor cell immunofluorescence assay. The Saos-2 cells with same treatments as above were subjected to the immunofluorescence assay. Scale bar, 100 mm.
(B) Western blot. Saos-2 cells were grown and transfected with Lv-miR-135a or negative controls and then subjected to the protein extraction and western blot.
(C, D) The graphs were the quantified data of immunofluorescence staining of BMI1 and KLF4. (ns p > 0.05; *p < 0.05; **p < 0.01; n = 3). Quantitation was
performed by analyzing the positive cells in relation to DAPI. (E) The graph is the quantified data of the western blot. (ns p > 0.05; *p < 0.05; **p < 0.01; n = 3). The
data were expressed as the mean ± SEM. NC (Lentivirus negative control), miR-135 (Lentivirus overexpressed miR-135a), Control (siRNA negative control), si-BMI1
(group interfered with siRNA-BMI1), KLF4 (group interfered with siRNA-KLF4), si-B+K (group interfered with siRNA-BMI1 and siRNA-KLF4). ns, not significant.
March 2021 | Volume 11 | Article 620295
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more decreased protein expression than the miR-135a and PTC-
209 groups (*p < 0.05). The Western blot results confirmed that
miR-135a inhibited BMI1, KLF4, and MMP2 expression in OS
cells (*p < 0.05; **p < 0.01; Figures 4B, E).

miR-135a, Combination Therapy, and PTC-
209 Suppressed BMI1, KLF4, and MMP9
Expression in Mouse OS Cell Xenografts
We further tested the effect of three approaches (miR-135 mimic,
si-B+K, and PTC-209) on BMI1, KLF4, and Ki67 expressions in
mouse OS xenografts. Immunohistochemistry revealed that the
three approaches all suppressed BMI1, KLF4, and Ki67
expression in vivo (***p < 0.001; Figures 5A–D). For KLF4
expression, the miR-135 mimic and si-B+K groups showed more
decreased protein expression than the PTC-209 group (*p <
0.05). We used parallel measure to detect BMI1, KLF4, MMP2,
and MMP9 expressions using Western blot and found a similar
Frontiers in Oncology | www.frontiersin.org 8
decrease of BMI1, MMP2, and MMP9 in each group (*p < 0.05;
**p < 0.01; ***p < 0.001; Figures 5E, G–I), and there was no
significant difference among treatment groups (p > 0.05). miR-
135 mimic and si-B+K both suppressed BMI1, KLF4, MMP2,
and MMP9 expression (**p < 0.01; ***p < 0.001; Figures 5D–I).

Positive BMI1 and KLF4 Expression Are
Associated With OS Metastasis, and
Predicted a Short Survival Time
We tested the expression of BMI1 and KLF4 of primary and
metastasis tumor in mouse OS xenografts, and the IHC results
demonstrated that the expression of BMI1 and KLF4 was
higher in metastasis tumor than that in primary (**p < 0.01;
***p < 0.001; Figures 6A, B). We further used the Kaplan-Meier
methods to compute the survival analyses on R2: Genomics
Analysis and Visualization Platform, and the results showed that
positive BMI1 and KLF4 expression are associated worse survival
A B

D

E F G

IH

C

FIGURE 5 | miR-135a, combination therapy, and PTC-209 suppression of BMI1 and KLF4 in mouse OS cell xenografts. (A) Immunohistochemistry. The mouse OS
cell xenografts were resected from the nude mice and subjected to tissue processing, embedding, sectioning, and immunohistochemistry. Scale bar, 100 mm. (B–D)
The graph of the quantified data of immunohistochemical staining of BMI1, KLF4, and Ki67. (***p < 0.001; n = 10). (E) Western blot. The mouse OS cell xenografts
were resected from the nude mice and subjected to protein extraction and western blot. (E–I) The graph of the quantified data of the western blots (ns p>0.05;
*p <0.05; **p < 0.01; ***p < 0.001; n = 3). The data were expressed as the mean ± SEM. ns, not significant.
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rate in OS patients (p > 0.05; **p < 0.01; Figures 6C, D). This
indicated that the BMI1 and KLF4 expression was valuable in
predicting prognosis in OS.

miR-135a Targeting of BMI1 and KLF4 in
OS Cells
We then used TargetScan and miRanda database to perform
bioinformatics analysis and found potential binding sites for
miR-135a (Figures 7A, B). We performed Luciferase assay to test
the biological functions of predicted binding sites and the results
revealed that upregulating miR-135a decreased the reporter
activity of both the 3′ UTRs of WT BMI1 and KLF4 (**p <
0.01; ***p < 0.001; Figures 7C, D), whereas had no noticeable
effect on the mutated reporter activity of BMI1 and KLF4 (p >
0.05; Figures 7C, D).
DISCUSSION

Mounting evidence supports the notion that aberrant BMI1 and
KLF4 expression are responsible for tumor generation, metastasis,
Frontiers in Oncology | www.frontiersin.org 9
and treatment failure (10, 15, 17, 30). Accordingly, to achieve
tumor eradication, new approaches capable of targeting these
tumorigenic cores of cancers are needed. Many antioncogenes
and drugs are reported to inhibit BMI1 or KLF4 expression in
tumors, but few approaches can simultaneously suppress the
expression of these two molecules, especially in OS (30–32).
Consequently, targeting BMI1 and KLF4 simultaneously in OS
may be the key for developing more effective treatments.

miRNAs are characterized as a group of endogenous
noncoding RNAs that play key roles by binding to the protein-
coding genes of mRNAs to direct their posttranscriptional
repression and to regulate approximately 30%–50% of human
gene expression (33). Previous studies indicated that miR-135
inhibits proliferation, invasion, and metastasis in several cancers,
such as lung cancer, breast cancer, prostate cancer, tongue
squamous cell carcinoma, and metastatic bone disease (34–38).
Our current data on downregulation of miR-135a in OS are
consistent with previous studies (39, 40). Although some of the
studies found that miR-135 acts as an antioncogene in several
cancers including OS (40), and this is the first report that miR-
135a can inhibit OS development by targeting BMI1 and KLF4 in
A

B

DC

FIGURE 6 | Positive BMI1 and KLF4 expression are associated with OS metastasis, and predicted a short survival time in patients. (A) Immunohistochemistry.
The mouse OS cell xenografts and lung tissues were resected from the nude mice and subjected to tissue processing, embedding, sectioning, and
immunohistochemistry (magnification, ×40). (B) The graph of the quantified data of immunohistochemical staining of BMI1 and KLF4. (**p < 0.01; ***p < 0.001;
n = 3). (C, D) Kaplan-Meier analyses. BMI1 and KLF4 expression in OS was analyzed to predict the prognosis of OS patients by using Kaplan-Meier method on R2:
Genomics Analysis and Visualization Platform. (p > 0.05; ** p < 0.01; C, D). The data were expressed as the mean ± SEM.
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vitro and in vivo. Even though many studies showed the anti-
tumor effect of miR-135a, there are many studies showing an
oncogenic role for miR-135a (41). In hepatocellular carcinoma,
for example, miR-135a promotes the migration and invasion of
cancer cells by increasing the phosphorylation of AKT (42).
Considering that different cancers may have completely different
biological characteristics and genetic backgrounds, this seems to
be explained by the unique role of miR-135a, because the
expression levels of miR-135a target vary from different
cancers (41). In the current study, we revealed that miR-135a
was able to bind to BMI1 and KLF4 through the 3′-UTR and
inhibit the translation or reduce BMI1/KLF4 mRNA expression
in OS. This finding is consistent with previous studies reporting
that miR-135 directly targets KLF4 (43) and its homolog KLF8
(38) and showing that miR-135 reduced cell proliferation (35),
invasion, metastasis (36, 44) and increased sensitivity to
chemotherapy (34) in a variety of cancer cells. Furthermore,
the targeting of BMI1 or KLF4 has been demonstrated to benefit
cancer patients or inhibit tumor progression in preclinical
studies (17, 45–48). This finding is also consistent with our
data that both BMI1 and KLF4 were inhibited by upregulation of
miR-135a and that the development of OS was suppressed in
vitro and in vivo. We found that in addition to KLF4 and BMI1,
miR-135a also inhibited the expression of MMP2 and MMP9, as
shown byWestern blot, and inhibited MMP activation, as shown
by the decrease in the intensity of MMPSense in FMT, which
Frontiers in Oncology | www.frontiersin.org 10
plays important roles in promoting tumor invasion and
metastasis. These data are consistent with our previously
published study (8). Meanwhile, Zheng et al. (38) showed that
the decrease in MMP2 and MMP9 protein levels induced by
DANCR silencing was partially increased by the miR-135a-5p
inhibitor, which supports our result that miR-135a inhibits
MMP2 and MMP9. Furthermore, we found that miR-135a
exerted a better antineoplastic effect on tumor growth over
time than PTC-209 and combination therapy in nude mouse
xenograft model. These results indicated that miR-135a
might act as a wide target to regulate multiple molecule
functions in tumors. We will further investigate the underlying
mechanisms of miR-135a as an antioncogene and its pros and
cons in different development pathological stages of tumors in
the future.

Our study does have some limitations. This is a small sample
size study and lack the comprehensive investigation of the BMI1,
KLF4, andMMP downstream signaling genes. In conclusion, this
study revealed that abridged miR-135a expression in OS, while
restoration of miR-135a suppressed tumor invasion and
pulmonary metastasis by targeting BMI1 and KLF4 in vitro
and in vivo. The present study extended previous findings of
non-coding RNA regulation and provided insight into the miR-
135a effects in OS progression. Future investigations of miR-135a
as potential tumor suppressor could benefit patients to effectively
block OS progression in clinic.
A B

DC

FIGURE 7 | miR-135a targeting of BMI1 and KLF4 expression in OS cells. (A) A schematic diagram illustrated how miR-135a inhibited OS progression by targeting
BMI1 and KLF4 pathway. (B) Bioinformatic analysis of miR-135a targeting of BMI1 and KLF4 3′-UTR. (C, D) Luciferase reporter assay. Saos-2 cells were grown and
cotransfected with 10 nM of miR-135a mimic or control miR-NC and with 0.25 lg per/well of plasmids containing the 3′-UTR of BMI1 and KLF4 or their mutants
using Lipofectamine 3000 for 2 days and then subjected to luciferase reporter assay. (ns p >0.05; **p < 0.01; ***p < 0.001; n = 3). The data were expressed as the
mean ± SEM. ns, not significant.
March 2021 | Volume 11 | Article 620295

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. miR-135a Reduces Osteosarcoma Lung Metastasis
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, 406925.
ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Shanxi Medical University (2017LL077).
AUTHOR CONTRIBUTIONS

XS, CLC, and ZL designed the study. WG and TR supervised the
study. CLC, XM, CTC, and YJ performed the experiments. CLC
and YZ analyzed the data. CLC and XS interpreted the results
Frontiers in Oncology | www.frontiersin.org 11
and wrote the manuscript. All authors contributed to the article
and approved the submitted version.
FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (nos. 81772867, 81572633), Natural
Science Foundation of Beijing Municipality (no. 7182170),
and Science and Technology Planning Project of Beijing (nos.
Z1811000019118025, 2144000026).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
620295/full#supplementary-material
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA: Cancer J Clin
(2018) 68:7–30. doi: 10.3322/caac.21442

2. Sakamoto A, Iwamoto Y. Current status and perspectives regarding the
treatment of osteo-sarcoma: chemotherapy. Rev Recent Clin Trials (2008)
3:228–31. doi: 10.2174/157488708785700267

3. Brown HK, Tellez-Gabriel M, Heymann D. Cancer stem cells in
osteosarcoma. Cancer Lett (2017) 386:189–95. doi: 10.1016/j.canlet.2016.
11.019

4. Kager L, Zoubek A, Pötschger U, Kastner U, Flege S, Kempf-Bielack B, et al.
Primary metastatic osteosarcoma: presentation and outcome of patients
treated on neoadjuvant Cooperative Osteosarcoma Study Group protocols.
J Clin Oncol (2003) 21:2011–8. doi: 10.1200/JCO.2003.08.132

5. Berhe S, Danzer E, Meyers P, Behr G, LaQuaglia MP, Price AP. Unusual
abdominal metastases in osteosarcoma. J Pediatr Surg Case Rep (2018) 28:13–
6. doi: 10.1016/j.epsc.2017.09.022

6. Thanindratarn P, Dean DC, Nelson SD, Hornicek FJ, Duan Z. Advances in
immune checkpoint inhibitors for bone sarcoma therapy. J Bone Oncol (2019)
15:100221. doi: 10.1016/j.jbo.2019.100221

7. Lussier DM, Johnson JL, Hingorani P, Blattman JN. Combination
immunotherapy with a-CTLA-4 and a-PD-L1 antibody blockade prevents
immune escape and leads to complete control of metastatic osteosarcoma.
J Immunother Cancer (2015) 3:21. doi: 10.1186/s40425-015-0067-z

8. Chen CL, Zhang L, Jiao YR, Zhou Y, Ge QF, Li PC, et al. miR-134 inhibits
osteosarcoma cell invasion and metastasis through targeting MMP1 and
MMP3 in vitro and in vivo. FEBS Lett (2019) 593:1089–101. doi: 10.1002/
1873-3468.13387

9. Hellström I, Sjögren HO. In vitro demonstration of humoral and cell-bound
immunity against common specific transplantation atigen(s) of adenovirus
12-induced mouse and hamster tumors. J Exp Med (1967) 125:1105–18. doi:
10.1084/jem.125.6.1105

10. Siddique HR, Saleem M. Role of BMI1, a stem cell factor, in cancer recurrence
and chemoresistance: preclinical and clinical evidences. Stem Cells (Dayton
Ohio) (2012) 30:372–8. doi: 10.1002/stem.1035

11. Cao L, Bombard J, Cintron K, Sheedy J, Weetall ML, Davis TW. BMI1 as a
novel target for drug discovery in cancer. J Cell Biochem (2011) 112:2729–41.
doi: 10.1002/jcb.23234

12. Wu Z, Min L, Chen D, Hao D, Duan Y, Qiu G, et al. Overexpression of BMI-1
promotes cell growth and resistance to cisplatin treatment in osteosarcoma.
PLoS One (2011) 6:e14648. doi: 10.1371/journal.pone.0014648

13. Liu J, Luo B, Zhao M. Bmi−1−targeting suppresses osteosarcoma
aggressiveness through the NF−kB signaling pathway. Mol Med Rep (2017)
16:7949–58. doi: 10.3892/mmr.2017.7660
14. Ghaleb AM, Yang VW. Krüppel-like factor 4 (KLF4): What we currently
know. Gene (2017) 611:27–37. doi: 10.1016/j.gene.2017.02.025

15. Qi XT, Li YL, Zhang YQ, Xu T, Lu B, Fang L, et al. KLF4 functions as an
oncogene in promoting cancer stem cell-like characteristics in osteosarcoma
cells. Acta pharmacologica Sinica (2019) 40:546–55. doi: 10.1038/s41401-018-
0050-6

16. Zhang D, Zhu L, Li C, Mu J, Fu Y, Zhu Q, et al. Sialyltransferase7A, a Klf4-
responsive gene, promotes cardiomyocyte apoptosis during myocardial
infarction. Basic Res Cardiol (2015) 110:28. doi: 10.1007/s00395-015-0484-7

17. Zhang L, Zhang L, Xia X, He S, He H, ZhaoW. Krüppel-like factor 4 promotes
human osteosarcoma growth and metastasis via regulating CRYAB
expression. Oncotarget (2016) 7:30990–1000. doi: 10.18632/oncotarget.8824

18. Noguera R, Nieto OA, Tadeo I, Fariñas F, Alvaro T. Extracellular matrix,
biotensegrity and tumor microenvironment. Update Overview Histol
Histopathol (2012) 27:693–705. doi: 10.14670/HH-27.693

19. Rozario T, DeSimone DW. The extracellular matrix in development and
morphogenesis: a dynamic view. Dev Biol (2010) 341:126–40. doi: 10.1016/
j.ydbio.2009.10.026

20. Catalano V, Turdo A, Di Franco S, Dieli F, Todaro M, Stassi G. Tumor and its
microenvironment: a synergistic interplay. Semin Cancer Biol (2013) 23:522–
32. doi: 10.1016/j.semcancer.2013.08.007

21. Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in
cancer progression. J Cell Biol (2012) 196:395–406. doi: 10.1083/jcb.201102147

22. Deryugina EI, Quigley JP. Pleiotropic roles of matrix metalloproteinases in
tumor angiogenesis: contrasting, overlapping and compensatory functions.
Biochim Biophys Acta (2010) 1803:103–20. doi: 10.1016/j.bbamcr.2009.09.017

23. Jiang L, Wu J, Yang Y, Liu L, Song L, Li J, et al. Bmi-1 promotes the
aggressiveness of glioma via activating the NF-kappaB/MMP-9 signaling
pathway. BMC Cancer (2012) 12:406. doi: 10.1186/1471-2407-12-406

24. Li X, Yang Z, Song W, Zhou L, Li Q, Tao K, et al. Overexpression of Bmi-1
contributes to the invasion and metastasis of hepatocellular carcinoma by
increasing the expression of matrix metalloproteinase (MMP)−2, MMP-9 and
vascular endothelial growth factor via the PTEN/PI3K/Akt pathway. Int J
Oncol (2013) 43:793–802. doi: 10.3892/ijo.2013.1992

25. Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev
Mol Cell Biol (2005) 6:376–85. doi: 10.1038/nrm1644

26. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116:281–97. doi: 10.1016/S0092-8674(04)00045-5

27. Zhang L, Lv Z, Xu J, Chen C, Ge Q, Li P, et al. MicroRNA-134 inhibits
osteosarcoma angiogenesis and proliferation by targeting the VEGFA/
VEGFR1 pathway. FEBS J (2018) 285:1359–71. doi: 10.1111/febs.14416

28. Gartland A, Rumney RM, Dillon JP, Gallagher JA. Isolation and culture of
human osteoblasts. Methods Mol Biol (Clifton N J) (2012) 806:337–55. doi:
10.1007/978-1-61779-367-7_22
March 2021 | Volume 11 | Article 620295

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fonc.2021.620295/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.620295/full#supplementary-material
https://doi.org/10.3322/caac.21442
https://doi.org/10.2174/157488708785700267
https://doi.org/10.1016/j.canlet.2016.11.019
https://doi.org/10.1016/j.canlet.2016.11.019
https://doi.org/10.1200/JCO.2003.08.132
https://doi.org/10.1016/j.epsc.2017.09.022
https://doi.org/10.1016/j.jbo.2019.100221
https://doi.org/10.1186/s40425-015-0067-z
https://doi.org/10.1002/1873-3468.13387
https://doi.org/10.1002/1873-3468.13387
https://doi.org/10.1084/jem.125.6.1105
https://doi.org/10.1002/stem.1035
https://doi.org/10.1002/jcb.23234
https://doi.org/10.1371/journal.pone.0014648
https://doi.org/10.3892/mmr.2017.7660
https://doi.org/10.1016/j.gene.2017.02.025
https://doi.org/10.1038/s41401-018-0050-6
https://doi.org/10.1038/s41401-018-0050-6
https://doi.org/10.1007/s00395-015-0484-7
https://doi.org/10.18632/oncotarget.8824
https://doi.org/10.14670/HH-27.693
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.semcancer.2013.08.007
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1016/j.bbamcr.2009.09.017
https://doi.org/10.1186/1471-2407-12-406
https://doi.org/10.3892/ijo.2013.1992
https://doi.org/10.1038/nrm1644
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1111/febs.14416
https://doi.org/10.1007/978-1-61779-367-7_22
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. miR-135a Reduces Osteosarcoma Lung Metastasis
29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001)
25:402–8. doi: 10.1006/meth.2001.1262

30. Li Y, Xian M, Yang B, Ying M, He Q. Inhibition of KLF4 by Statins Reverses
Adriamycin-Induced Metastasis and Cancer Stemness in Osteosarcoma Cells.
Stem Cell Rep (2017) 8:1617–29. doi: 10.1016/j.stemcr.2017.04.025

31. Dey A, Mustafi SB, Saha S, Kumar Dhar Dwivedi S, Mukherjee P,
Bhattacharya R. Inhibition of BMI1 induces autophagy-mediated
necroptosis. Autophagy (2016) 12:659–70. doi: 10.1080/15548627.2016.
1147670

32. Morales-Martinez M, Valencia-Hipolito A, Vega GG, Neri N, Nambo MJ,
Alvarado I, et al. Regulation of Krüppel-Like Factor 4 (KLF4) expression
through the transcription factor Yin-Yang 1 (YY1) in non-Hodgkin B-cell
lymphoma. Oncotarget (2019) 10:2173–88. doi: 10.18632/oncotarget.26745

33. Rajewsky N. microRNA target predictions in animals. Nat Genet (2006) 38
Suppl:S8–13. doi: 10.1038/ng1798

34. Golubovskaya VM, Sumbler B, Ho B, Yemma M, Cance WG. MiR-138 and
MiR-135 directly target focal adhesion kinase, inhibit cell invasion, and
increase sensitivity to chemotherapy in cancer cells. Anti-cancer Agents Med
Chem (2014) 14:18–28. doi: 10.2174/187152061401140108113435

35. Jiang D, Zhou B, Xiong Y, Cai H. miR-135 regulated breast cancer
proliferation and epithelial-mesenchymal transition acts by the Wnt/b-
catenin signaling pathway. Int J Mol Med (2019) 43:1623–34. doi: 10.3892/
ijmm.2019.4081

36. Taipaleenmäki H, Browne G, Akech J, Zustin J, van Wijnen AJ, Stein JL, et al.
Targeting of Runx2 by miR-135 and miR-203 Impairs Progression of Breast
Cancer and Metastatic Bone Disease. Cancer Res (2015) 75:1433–44. doi:
10.1158/0008-5472.CAN-14-1026

37. Xu B, Tao T, Wang Y, Fang F, Huang Y, Chen S, et al. hsa-miR-135a-1 inhibits
prostate cancer cell growth and migration by targeting EGFR. Tumour Biol J Int
Soc Oncodev Biol Med (2016) 37:14141–51. doi: 10.1007/s13277-016-5196-6

38. Zheng Y, Zheng B, Meng X, Yan Y, He J, Liu Y. LncRNA DANCR promotes
the proliferation, migration, and invasion of tongue squamous cell carcinoma
cells through miR-135a-5p/KLF8 axis. Cancer Cell Int (2019) 19:302. doi:
10.1186/s12935-019-1016-6

39. Liu Z, Zhang G, Li J, Liu J, Lv P. The tumor-suppressive microRNA-135b
targets c-myc in osteoscarcoma. PLoS One (2014) 9:e102621. doi: 10.1371/
journal.pone.0102621

40. Zhao Z, Lin X, Tong Y, Li W. Silencing lncRNA ZFAS1 or elevated
microRNA-135a represses proliferation, migration, invasion and resistance
Frontiers in Oncology | www.frontiersin.org 12
to apoptosis of osteosarcoma cells. Cancer Cell Int (2019) 19:326. doi: 10.1186/
s12935-019-1049-x

41. Cao Z, Qiu J, Yang G, Liu Y, Luo W, You L, et al. MiR-135a biogenesis and
regulation in malignancy: a new hope for cancer research and therapy. Cancer
Biol Med (2020) 17:569–82. doi: 10.20892/j.issn.2095-3941.2020.0033

42. Zeng YB, Liang XH, Zhang GX, Jiang N, Zhang T, Huang JY, et al. miRNA-
135a promotes hepatocellular carcinoma cell migration and invasion by
targeting forkhead box O1. Cancer Cell Int (2016) 16:63. doi: 10.1186/
s12935-016-0328-z

43. van Battum EY, Verhagen MG, Vangoor VR, Fujita Y, Derijck A, O’Duibhir E,
et al. An Image-Based miRNA Screen Identifies miRNA-135s As Regulators of
CNS Axon Growth and Regeneration by Targeting Krüppel-like Factor 4.
J Neurosci (2018) 38:613–30. doi: 10.1523/JNEUROSCI.0662-17.2017

44. He Y,Wu L, Dai Y, Li J, Liu S. MicroRNA-135 inhibits gastric cancer metastasis
by targeting SMAD2. Eur Rev Med Pharmacol Sci (2019) 23:9436–44. doi:
10.26355/eurrev_201911_19437

45. Ren H, Du P, Ge Z, Jin Y, Ding D, Liu X, et al. TWIST1 and BMI1 in Cancer
Metastasis and Chemoresistance. J Cancer (2016) 7:1074–80. doi: 10.7150/
jca.14031

46. Buechel M, Dey A, Dwivedi SKD, Crim A, Ding K, Zhang R, et al. Inhibition
of BMI1, a Therapeutic Approach in Endometrial Cancer. Mol Cancer Ther
(2018) 17:2136–43. doi: 10.1158/1535-7163.MCT-17-1192

47. Jiao M, Qi M, Zhang F, Hu J, Feng T, Zhao M, et al. CUL4B regulates cancer
stem-like traits of prostate cancer cells by targeting BMI1 via miR200b/c.
Prostate (2019) 79:1294–303. doi: 10.1002/pros.23835

48. Zhang L, ZhouQ, Qiu Q, Hou L,WuM, Li J, et al. CircPLEKHM3 acts as a tumor
suppressor through regulation of the miR-9/BRCA1/DNAJB6/KLF4/AKT1 axis
in ovarian cancer. Mol Cancer (2019) 18:144. doi: 10.1186/s12943-019-1080-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Mao, Cheng, Jiao, Zhou, Ren, Wu, Lv, Sun and Guo. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
March 2021 | Volume 11 | Article 620295

https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.stemcr.2017.04.025
https://doi.org/10.1080/15548627.2016.1147670
https://doi.org/10.1080/15548627.2016.1147670
https://doi.org/10.18632/oncotarget.26745
https://doi.org/10.1038/ng1798
https://doi.org/10.2174/187152061401140108113435
https://doi.org/10.3892/ijmm.2019.4081
https://doi.org/10.3892/ijmm.2019.4081
https://doi.org/10.1158/0008-5472.CAN-14-1026
https://doi.org/10.1007/s13277-016-5196-6
https://doi.org/10.1186/s12935-019-1016-6
https://doi.org/10.1371/journal.pone.0102621
https://doi.org/10.1371/journal.pone.0102621
https://doi.org/10.1186/s12935-019-1049-x
https://doi.org/10.1186/s12935-019-1049-x
https://doi.org/10.20892/j.issn.2095-3941.2020.0033
https://doi.org/10.1186/s12935-016-0328-z
https://doi.org/10.1186/s12935-016-0328-z
https://doi.org/10.1523/JNEUROSCI.0662-17.2017
https://doi.org/10.26355/eurrev_201911_19437
https://doi.org/10.7150/jca.14031
https://doi.org/10.7150/jca.14031
https://doi.org/10.1158/1535-7163.MCT-17-1192
https://doi.org/10.1002/pros.23835
https://doi.org/10.1186/s12943-019-1080-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	miR-135a Reduces Osteosarcoma Pulmonary Metastasis by Targeting Both BMI1 and KLF4
	Introduction
	Materials and Methods
	Clinical Tissue Specimen
	Cell Lines and Culture
	Cell Transfection, Transduction, and Compounds
	RNA Isolation and qRT-PCR
	Transwell Invasion Assay
	5-Ethynyl-20-Deoxyuridine (EdU) Assay
	Immunofluorescence Assay
	In Vivo Growth and Bioimaging Analysis
	Hematoxylin and Eosin (HE) Staining
	Immunohistochemistry
	Western Blotting
	Dual-Luciferase Reporter
	Kaplan-Meier Survival Analyses
	Statistical Analysis Assay

	Results
	Aberrant Expression of miR-135a, BMI1, and KLF4 in Human OS Tissues and Cells
	miR-135a, Combination Treatment, and PTC-209 Suppress OS Cell Invasion and Proliferation
	miR-135a, Combination Therapy, and PTC-209 Inhibition of Xenograft Growth and Pulmonary Metastasis
	miR-135a, si-BMI1, si-KLF4, Combination Therapy, and PTC-209 Inhibited BMI1, KLF4, and MMP Expression in OS Cells
	miR-135a, Combination Therapy, and PTC-209 Suppressed BMI1, KLF4, and MMP9 Expression in Mouse OS Cell Xenografts
	Positive BMI1 and KLF4 Expression Are Associated With OS Metastasis, and Predicted a Short Survival Time
	miR-135a Targeting of BMI1 and KLF4 in OS Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


