Figure 8 | SCC categorized as NSCLC analyzed by in situ hybridization
for miR-199a-5p or immunohistochemistry for Brm, CD44, MET,
CAV1. The bar indicates 200 wm. In the HE staining slide, less
differentiated cells are surrounded by white solid lines and highly
differentiated cells which still retain cellular nuclei at the periphery of a
cancer pearl are shown by a white broken line, respectively.

pathways, their interplay would also contribute to anchorage-inde-

pendent growth or metastasis*®**. Importantly, CD44 and MET were -

reported to co-localize with CAV1 in caveolae®, and CAV2 is also
localized in caveolae when it forms hetero-oligomers with CAV1®.
In normal epithelial cells, caveolae function as plasma membrane
sensors, responding to changes in extracellular matrix via integrin
signaling and also as interacting domains with cytoskeltones®. By
unregulated expression of these four proteins in type 1 cells, their
intimate and coordinated interactions would generate strong down-
stream signaling preferable to grow in soft agar. Therefore, in normal
epithelial cells, we expect miR-199a-5p and -3p would fine-tune
caveolin function such as homeostasis for plasma membrane integ-
rity, signaling platforms, cytoskeleton remodeling and cell migration.
In addition to overlapping subcellular localizations of these gene
products, it should also be pointed out that the genetic loci of
MET, CAV1,and CAV2all reside in the fragile chromosomal region,
FRA7G at 7q31.2°%. These regions seems to be neither amplified nor
deleted based on the copy number data compiled in CCLE (hitps://
ccle.ucla.edu/); copy number data of eight cell lines (data of SW13,
C33A, HeLaS3 and KB are not available) and the copy numbers of
this region are distributed from 1.72 to 2.61.

Currently, we cannot fully explain why type 2 cells can form
tumors when tested in xenograft models using immunodeficient
mice but fail to form colonies in soft agar in vitro. Our preliminary
analyses indicated that type 2 cells express TNF-o, IL-1, or CCL5,
whereas they do not express Brm-dependent genes, IL-6 and IL-8,
whose products support cell-autonomous growth in soft agar®.
When type 2 cells are introduced into mice, their production of
TNF-a, IL-10, or CCL5 is expected to induce the production of
cytokines such as IL-6 and IL-8 in the associated fibroblast-like cells,

which might in turn function as paracrine factors in tumor
formation.

Stable Brm knockdown in type 1 cell lines by short hairpin retro-
viral vectors reduced the expression levels of several type 1-specific
genes when examined within 2 weeks after the transduction, but
cloning of these shBrm-expressing cells in culture is usually dif-
ficult™®. These genes are induced by the transient expression of
Brm in type 2 cells (Fig. 4a), but type 2 cells stably expressing exo-
genous Brm are also difficult to establish, as observed by our group®
and others®. These observations indicate that transition from either
type 2 to type 1 or from type 1 to type 2 is inevitably partial and
transient, suggesting that both type 1 and type 2 cells are strongly tied
to their own state after the loops are established and therefore stable
switching to the opposite type would be difficult. This robustness of
each type may reflect some aspects of “oncogene addiction” or
“oncomiR addiction™".

The results in our present study reveal that in normal cells, the
interplay between chromatin remodeling factors and miRNAs would
fine-tune plasma membrane sensors by several motifs including the
miR-199a/Brm/EGR1 axis and two feedforward motifs detected
here. These motifs, once misapplied during the process of carcino-
genesis, would finally fix the cancer cells to extreme steady states,
which cannot be easily reversed. We believe our current findings will
give us clues to elucidate how the homeostatic balance is abrogated at
cancer initiation to establish type 1 or type 2 tumors and how to guide
the development of distinct therapeutic strategies in each case.

Methods

Cell culture. The following human cell lines were used in this study: SW13
(adrenocortical carcinoma) [SW13(vim-) was used as a subtype of SW13 that is
deficient in Brm and BRG1]'$; HuTu80 {(duodenum carcinoma; the previous
nomenclature, AZ521, was corrected according to the instructions of the American
Type Culture Collection); NCI-H522, A549, and NCI-H1299 (non-small-cell lung
carcinoma); C33A and HelLaS3 (cervical carcinoma); KB (recently shown to be a
derivative of HeLaS3); Panc-1 (pancreatic carcinoma); and DLD-1, HT29, and
HCT116 {colon carcinoma). All cultures were maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum. A549, NCI-H522, NCI-H1299,
C33A, A549, KB, Panc-1, DLD-1, HT29, and HCT116 cell lines were purchased from
the American Type Culture Collection. AZ521 (HuTu80) and HeLaS3 cell lines were
obtained from the Cell Resource Center for Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku University, Japan.

Expression vectors. Expression vectors for Brm (pCAG-Brm-IG)* and NF-xB-
expressing vectors (pRK5-RelA, -RelB, -p50, and p52)*° used in this study have been
described previously. To generate EGR1 expressing retrovirus vector, a EcoRI-Notl
DNA fragment of pCMV-SPORT6-EGR1'7 was inserted to the corresponding
cloning site of pMXs-IRES-Puro or -Bla.

Plasmid preparation for retroviral vectors expressing shRNA. Pairs of
oligonucleotides encoding gene-specific short hairpin RNA (shRNA) were
synthesized (Supplementary Table 4) and inserted between the Bbsl/EcoRI sites of
pmUS6. The pmU6 derivatives shCre#4* [used as negative control (NC)] and
shBrm#4*” were previously described. These pmU6-based plasmids were digested
with BamHI and EcoRI and inserted between these sites in pSSSP for the retroviral
vectors.

DNA transfection and preparation of retrovirus. For the transfection of plasmid
vectors into cell lines, Lipofectamine 2000 (Invitrogen Corp.) was used in accordance
with the manufacturer’s instructions. The preparation and transduction of vesicular
stomatitis virus-G (VSV-G) pseudotyped retroviral vectors were performed as
described previously™®.

Quantitative RT-PCR. Total RNA was extracted using a mirVana microRNA
Isolation Kit (Ambion). To detect coding gene mRNAs, cDNA was synthesized with a
PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa Bio)
in accordance with the manufacturer’s instructions. Quantitative (real-time) RT-PCR
was performed using a SYBR® Select Master Mix (Applied Biosystems). GAPDH was
used as an internal control. The primer pairs used are listed in Supplementary Table 4.
For the detection of miRNA, miRNA-specific looped RT-primers and TagMan
probes were used as described by the manufacturer’s protocol (Applied Biosystems).
RNUB6 RNA was used as an internal control. PCRs were performed in triplicate using
a 7300 Real-Time PCR system (Applied Biosystems).

Western blotting. Total protein extracts were prepared by boiling the cells in SDS
sample buffer for 5 min at 95°C. The proteins were then separated by 10% SDS-PAGE
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and transferred onto Immobilon-P PVDF membranes (Millipore). Immunoblotting
was performed by incubating the membrane overnight at 4°C with primary

. antibodies against the following proteins: Brm (ab15597; Abcam), BRG1 (sc-10768;
Santa Cruz), EGRI (#4153; Cell Signaling), CD44 (#3570; Cell Signaling), MET
(#8198; Cell Signaling), CAV1(#3267; Cell Signaling), CAV2 (#8522; Cell Signaling),
SIRT1 (sc-74465; Santa Cruz), GSK3 (#12456; Cell Signaling), RELA. (ab7971;
Abcam), PTEN (#9552; Cell Signaling), IKK B (#8943; Cell Signaling), and B-actin (sc-
47778; Santa Cruz). After three washes with Tris-buffered saline (TBS) containing
Tween 20, the membranes were incubated with secondary antibodies [donkey anti-
rabbit-horseradish peroxidase (AP182P) and donkey anti-mouse-horseradish
peroxidase (AP192P)]; Millipore) for 1 h at room temperature, Signals were detected
using ECL reagent (Promega) or ImmunoStar LD (Wako). Amounts of charged
protein samples were roughly normalized to B-actin. Relative protein amounts were
quantified by Ez-Capture MG (ATTO) using Multi Gauge V3.2 (Fuji Film) software
after strict normalization by the internal control, B-actin.

Immunohistochemical staining. Deparaffinization, endogenous peroxidase
inactivation, and antigen retrieval of formalin-fixed, paraffin-embedded clinical
tissues and immunostaining of Brm were performed as described previously'”. For
CD44 (#3570; Cell Signaling), MET (ab51067; Abcam), and CAV1 (sc-894; Santa
Cruz) immunostaining, the sections were incubated overnight at room temperature
with the corresponding antibody used for western blotting and washed in phosphate-
buffered saline. N-Histofine® Simple Stain™ MAX PO (MULTI) (414154F; Nichirei
Biosciences Inc.) were then applied to the slides for 30 min at room temperature,
followed by three washes in PBS. The reaction products were visualized using a

50 mg/dL 3,3’-diaminobenzidine tetrahydrochloride solution containing 0.003%
H,0,. The immunostained sections were evaluated independently by two
pathologists in conjunction with hematoxylin and eosin-stained sections from the
same lesions.

In situ hybridization. In situ hybridization analysis to detect miR-199a-5p in
formalin-fixed, paraffin-embedded sections was performed using LNA-modified
oligonucleotide probes as described previously'*. Use of the clinical tissue sections
in this study was approved by the Fujita Health University ethical review board for
human investigation.

Statistical analysis. Results are presented as means = S.D. Statistical significance for
quantitative RT-PCR assays was determined using a two-tajled Student’s t-test.
Statistical significance for the differences of a parameter between type 1 and type 2 cell
lines was determined using Mann-Whitney test. In both cases, P-values<0.05 were
considered statistically significant.
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Clinical Relevance and Therapeutic Significance of
MicroRNA-133a Expression Profiles and Functions
in Malignant Osteosarcoma-Initiating Cells

TOMOHIRO FUIWARA, > TakesHi KaTsuba,? KEmaro HAGIWARA,? NOBUYOSHI KosAkA,?
YUSUKE YOSHIOKA,” Ryou—U TakaHASHI,® FUMITAKA TAKESHITA,” DAISUKE KUBOTA,d
TADASHI Kom)o,"| HitosHt IcHikawa,® AkIHIKO YOSHIDA,f Eisuke KOBAYASHI,b

AKIRA KAWAI,b TosHtruml Ozakt,® TAKAHIRO OcHIVA®

Key Words. Osteosarcoma * MicroRNA « Locked nucleic acid * Clinical translation

Novel strategies against treatment-resistant tumor cells remain a challenging but promising
therapeutic approach. Despite accumulated evidence suggesting the presence of highly malig-
nant cell populations within tumors, the unsolved issues such as in vivo targeting and clinical
relevance remain. Here, we report a preclinical trial based on the identified molecular mecha-
nisms underlying osteosarcoma-initiating cells and their clinical relevance. We identified key
microRNAs (miRNAs) that were deregulated in a highly malignant cD133Men population and
found that miR-133a regulated the cell invasion that characterizes a lethal tumor phenotype.
Silencing of miR-133a with locked nucleic acid (LNA) reduced cell invasion of this cell popula-
tion, and systemic administration of LNA along with chemotherapy suppressed lung metastasis
and prolonged the survival of osteosarcoma-bearing mice. Furthermore, in a clinical study, high
expression levels of CD133 and miR-133a were significantly correlated with poor prognosis,
whereas high expression levels of the four miR-133a target genes were correlated with good
prognosis. Overall, silencing of miR-133a with concurrent chemotherapy would represent a
novel strategy that targets multiple regulatory pathways associated with metastasis of the
malignant cell population within osteosarcoma. STEM CELLS 2014,;32:959-973

Sarcomas are distinctly heterogeneous tumors
[1, 2]. Although the origin of sarcomas remains
unknown, the overwhelming number of histo-
pathological types and subtypes implies that
sarcomas are a “stem cell malignancy” with
multilineage differentiation abilities that result
from dysregulated self-renewal [3]. The cancer
stem cell theory, which states that a subset of
cells within a tumor have stem-like phenotypes
such as self-renewal and differentiation, has
introduced a novel biological paradigm for
many human tumors [4, 5]. These cancer stem
cells (CSCs) or tumor-initiating cells (TICs) have
been proposed to cause tumor recurrence and
metastasis because of their lethal characteris-
tics, including drug resistance, invasion, and
tumorigenicity [6, 7]. Therefore, the develop-
ment of TiC-targeted therapy would provide
new hope for cancer patients, but these treat-

ments have not reached the clinic. )
Osteosarcoma is the most common pri-

mary bone malignancy [2, 8]. Along with the
development of multiagent chemotherapy and
surgical techniques including the concepts of
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surgical margins [9] and reconstruction [10],
patient prognosis has gradually improved over
the past 30 years. However, for patients who
present with metastatic disease, the outcomes
are far worse, with survival rates below 30%,
within 5 years of diagnosis [11]. Furthermore,
some cases present with distant metastases
long after the initial treatment [12]. Consider-
ing these clinical characteristics and histopath-
ological heterogeneity, emerging reports have
implicated a role for osteosarcoma TiCs [13—
21]. However, the molecular mechanisms
underlying the phenotypes of TICs and the
importance of this population in clinical situa-
tions have not been elucidated. In this study,
we focused on the multiple pathways within
TICs in view of microRNA (miRNA) regulation.
Emerging evidence suggests that cancer
initiation and progression involve miRNAs,
which are small noncoding single-stranded
RNAs of 20-22 nucleotides that negatively reg-
ulate gene expression at the post-
transcriptional level through imperfect base
paring with the 3’ untranslated region (UTR)
of their target mRNA [22]. These miRNAs are
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central to RNA interference (RNAi) [23]. The biogenesis of
miRNAs involves a complex protein system, including mem-
bers of the Argonaute family, Pol Il-dependent transcription,
and the RNase lils Drosha and Dicer [24]. Growing evidence
suggests that miRNAs are involved in crucial biological proc-
esses, including development, differentiation, apoptosis, and
proliferation [24]. Numerous profiling studies of miRNAs have
revealed that deregulation of miRNA may contribute to many
types of human diseases, including cancer. Depending on the
target mRNAs that they regulate, miRNAs can function as
tumor promoters or suppressors, regulating the maintenance
and progression of cancers and TICs [25, 26]. In addition,
miRNA expression profiles have been correlated with the
tumor stage, progression, and prognosis of cancer patients
[27, 28]. These findings indicate that miRNAs are critical regu-
lators of tumor development and progression.

To date, the molecular mechanisms underlying the tumor-
initiating phenotypes of osteosarcoma, their clinical correla-
tions, and effective treatments against them have not been
elucidated. In this study, we confirmed that the osteosarcoma
cD133"e" cell population not only demonstrate a tumor-
initiating phenotype but also show significant correlation with
poor prognoses for osteosarcoma patients. In addition, we elu-
cidated that miR-133a is a key regulator of cell invasion, which
constitutes these malignant phenotypes of osteosarcoma, and
that silencing of miR-133a with locked nucleic acid (LNA) inhib-
ited osteosarcoma metastasis in vivo when applied with current
chemotherapy. Furthermore, the expression of miR-133a and
its target genes significantly correlated with the prognoses of
osteosarcoma patients. Thus, our preclinical trial using LNA
therapeutics may represent a novel strategy for osteosarcoma
treatment through regulating multiple molecular pathways of
the malignant cell population within osteosarcoma.

Osteosarcoma Cell Purification from Fresh Clinical
Samples

Fresh human osteosarcoma samples were obtained in accord-
ance with the ethical standards of the Institutional Committee
on Human Experimentation from two patients who were
undergoing diagnostic incisional biopsy from primary sites of
osteosarcoma prior to receiving neoadjuvant chemotherapy at
the National Cancer Center Hospital of Japan between October
2010 and June 2011. The osteosarcoma diagnosis and the his-
tological subtypes were determined by certified pathologists.
The surgical specimens were obtained at the time of resection
and were received in the laboratory within 10 minutes, imme-
diately mechanically disaggregated, digested with collagenase
(Nitta Gelatin, Osaka, Japan, http://www.nitta-gelatin.co.jp)
and washed twice with phosphate-buffered saline (PBS). The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Carlsbad, CA, http://www.lifetech.
com) containing 10% heat-inactivated fetal bovine serum (FBS)
(Life Technologies), penicillin (100 U/mL), and streptomycin
(100 pg/mL) in 5% CO, in a humidified incubator at 37°C.

Cells and Cell Culture

The human osteosarcoma cell lines Sa0S2, U20S, MG63, HOS,
MNNG/HOS, and 143B were purchased from the American
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Type Culture Collection (ATCC, Manassas, VA, http://www.atcc.
org). The human osteosarcoma cell lines HUO9 and 143B-luc
were previously established in our laboratory [29, 30], and
Sa0S2-luc cell line, a stable luciferase-expressing cell line, was
newly established using a plasmid vector. We cultured Sa0S2,
Sa0S-luc, and HuQ9 cells in RPMI 1640 (Life Technologies).
U20S, MG63, HOS, MNNG/HOS, 143B, and 143B-fuc cells
were cultured in DMEM. All media were supplemented with
10% heat-inactivated FBS (Life Technologies), penicillin (100
U/mL), and streptomycin (100 pg/mL). The cells were main-
tained under 5% CO; in a humidified incubator at 37°C.

Cell Sorting and Flow Cytometry

Cell sorting by flow cytometry was performed on osteosar-
coma cell lines and clinical samples using allophycocyanin
(APC)-conjugated monoclonal mouse anti-human CD133/2
(293C3, Miltenyi Biotec, Auburn, CA, https://www.miltenyibio-
tec.com) and phycoerythrin  (PE)-conjugated monoclonal
mouse anti-human CD44 (eBioscience, San Diego, CA, http://
www.ebioscience.com) antibodies. [sotype control mouse
1gG2b-APC (Miltenyi Biotec) and mouse 1gG2b-PE (eBio-
science) served as a control. The samples were analyzed and
sorted on a JSAN cell sorter (Bay Bioscience, Kobe, lJapan,
http://www.baybio.co.jp) and a BD FACS Aria Il (BD Bioscien-
ces, Tokyo, Japan, http://www.bdbiosciences.com). Viability
was assessed using propidium iodide (Pl) to exclude dead
cells. The results were analyzed using Flowlo software (Tree
Star, San Carlos, CA, http://www.treestar.com).

Cell Proliferation and Cytotoxicity Assays

The cell proliferation rates and cell viability were used as indi-
cators of the relative sensitivity of the cells to doxorubicin
(DOX), cisplatin (CDDP), and methotrexate (MTX), and these
measurements were determined using the TetraColor ONE
Cell Proliferation Assay (Seikagaku, Tokyo, Japan, http://www.
seikagaku.co.jp/) or Cell proliferation kit 8 (Dojindo, Kuma-
moto, Japan, http://www.dojindo.co.jp), according to the
manufacturer’s instructions. Cells growing in the logarithmic
phase were seeded in 96-well plates (3 X 10° per well),
allowed to attach overnight, and then treated with varying
doses of doxorubicin (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com), CDDP (Enzo Life Sciences, Farming-
dale, NY, http://www.enzolifesciences.com), or MTX (Sigma-
Aldrich) for 72 hours in triplicate. The absorbance was meas-
ured at 450 nm with a reference wavelength at 620 nm using
EnVision (Perkin-Elmer, Waltham, MA, http://www.perki-
nelmer.com). The relative number of viable cells was
expressed as the percent of viable cells.

Sphere Formation

Freshly isolated CD133Me&" and €D133'Y osteosarcoma Sa0S2
cells were plated on ultra low-attachment 96-well plates
(Corning, Corning, NY, http://www.corning.com) at a concen-
tration of a single cell per well containing 100 pL of culture
medium, which was confirmed visually. Wells containing either
no cells or more than one cell were excluded for further anal-
ysis. The ratios of the wells containing spheres formed from
single cells on day 10 were counted. The wells containing
the cells that did not form spheres were excluded. The num-
bers of spheroids were counted 10 days after cell sorting.
Serum-free DMEM/F12 (Life Technologies) supplemented with
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20 ng/mlL human recombinant epidermal growth factor
(Sigma-Aldrich), 10 ng/mL human recombinant basic fibroblast
growth factor (Life Technologies), 4 pg/mL insulin (Sigma-
Aldrich), B27 (1:50; Life Technologies), 500 units/mL penicillin
(Life Technologies) and 500 pg/mL streptomycin (Life Technol-
ogies) was used as the culture medium.

Invasion Assay

Invasion assays were performed using 24-well BD BioCoat
Invasion Chambers with Matrige! (BD). A total of 1 X 10° cells
were suspended in 500 pb DMEM or RPMI 1640 medium
without FBS and added to the upper chamber. DMEM or
RPMI 1640 medium with 10% FBS was added to the lower
chamber. After incubation for 24 or 36 hours, the cells on the
upper surface of the filter were completely removed by wip-
ing with cotton swabs. The filters were fixed in methanol and
stained with 1% toluidine blue in 1% sodium tetraborate (Sys-
mex, Kobe, Japan, http://www.sysmex.co.jp). The filters were
mounted onto slides, and the cells on the lower surfaces
were counted.

miRNA Profiling

miRNA expression profiling was performed using a miRNA
microarray manufactured by Agilent Technologies (Santa Clara,
CA, http://www.home.agilent.com) that contained 866 human
miRNAs. Three independently extracted RNA samples obtained
from CD133"&" and CD133'% cells just after isolation were
used for the array analyses. The labeling and hybridization of
the total RNA samples were performed according to the man-
ufacturer’s protocol. The microarray results were extracted
using the Agilent Feature Extraction software (v10.7.3.1) and
analyzed using GeneSpring GX 11.0.2 software (Agilent
Technologies). ’

Clinical Samples for Correlating Survival with the
Expression of CD133, MiR-133a, and Targets of
MiR-133a

The osteosarcoma tissue samples were obtained from diag-
nostic incisional biopsies of primary osteosarcoma sites before
the start of neoadjuvant chemotherapy at the National Cancer
Center Hospital of Japan between June 1997 and September
2010. We did not include patients older than 40 years or
patients who had primary tumors located outside the extrem-
ities. Each fresh tumor sample was cut into two pieces; one
piece was immediately cryopreserved in liquid nitrogen, and
the other piece was fixed in formalin. The osteosarcoma diag-
nosis and the histological subtypes were determined by certi-
fied pathologists. Only osteosarcoma samples with the
osteoblastic, chondroblastic, fibroblastic, or telangiectatic sub-
types were included. The response to chemotherapy was clas-
sified as good if the tumor necrosis was 90% or greater. To
correlate the survival studies with the expression of CD133
and the targets of miR-133a, 35 available cDNA samples from
the cDNA library were used, and RNA from 48 available
formalin-fixed paraffin-embedded (FFPE) samples were used
for the correlation study with miR-133a expression. The
patient clinical information is summarized in Supporting Infor-
mation Table S1 and S2. All patients provided written,
informed consent authorizing the collection and use of their
samples for research purposes. The study protocol for obtain-
ing clinical information and collecting samples was approved
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by the Institutional Review Board of the National Cancer Cen-
ter of Japan.

RNA Isolation and Quantitative Real-Time Reverse
Transcriptase Polymerase Chain Reaction of mRNAs
and miRNAs

We purified total RNA from cells and tumor tissues using the
miRNeasy Mini Kit (Qiagen, Valencia, CA, http://www.giagen.
com). For quantitative polymerase chain reaction (qPCR) of
mRNAs, cDNA was synthesized using a High-Capacity cDNA
Reverse Transcription Kit (Life Technologies). For each gPCR,
equal amounts of cDNA were mixed with Platinum SYBR
Green qPCR SuperMix (Life Technologies) and the specific pri-
mers (Supporting Information Table S3). We normalized gene
expression levels to f-actin or GAPDH. For the gPCR of miR-
NAs, miRNA was converted to cDNA using the TagMan Micro-
RNA Reverse Transcription Kit (Life Technologies). RNUGB
small nuclear RNA was amplified as an internal control. gPCR
was performed using each miRNA-specific probe included
with the TagMan MicroRNA Assay. The reactions were per-
formed using a Real-Time PCR System 7300 with the SDS soft-
ware (Life Technologies).

Transfection with Synthetic miRNAs, LNAs, and siRNAs
Synthetic hsa-miRs (Pre-miR-hsa-miR-1, 10b, 133a, and nega-
tive control (NC); Life Technologies; Supporting Information
Table S4) and LNAs (LNA-1, 10b, 133a, and negative control;
Exiqon, Vedbaek, Denmark, http://www.exigon.com and Gene
Design, lIbaraki, Japan, http://www.genedesign.co.jp, Support-
ing Information Table S5) were transfected into each cell line
at 30 nM each (final concentration) using DharmaFECT one
(Thermo Scientific, Yokohama, Japan, http://www.thermoscien-
tific.jp). The synthetic siRNAs (Bonac Corporation, Kurume,
Japan, http://www.bonac.com, Supporting Information Table
S6) were transfected into cells at 100 nM each (final concen-
tration) using DharmaFECT one (Thermo Scientific). After 24
hours of incubation, the cells were harvested and reseeded
into a 6-well or 96-well plate.

Tumor Transplantation Experiments

The animal experiments in this study were performed in compli-
ance with the guidelines of the Institute for Laboratory Animal
Research at the National Cancer Center Research Institute.
Athymic nude mice or NOD/SCID mice (CLEA Japan, Tokyo,
Japan, http://www.clea-japan.com) were purchased at 4 weeks
of age and given at least 1 week to adapt to their new environ-
ment prior to tumor transplantation. On day 0, the mice were
anesthetized with 3% isoflurane, and the right leg was disin-
fected with 70% ethanol. The cells were aspirated into a 1 mL
tuberculin syringe fitted with a 27-G needle. The needle was
inserted through the cortex of the anterior tuberosity of the
tibia with a rotating movement to avoid cortical fracture. Once
the bone was traversed, the needle was inserted further to frac-
ture the posterior cortex of the tibia. A 100 pL volume of solu-
tion containing Sa0S2-luc cells (107 10°%, 10% 10°) or 143B-luc
cells (1.5 X 10°) was injected while slowly removing the needle.

Monitoring Tumor Growth, Lung Metastasis, and
Toxicity with/Without LNA-Anti-MiR-133a

To evaluate LNA-133a administration to mice with spontane-
ous osteosarcoma lung metastases, individual mice were

©AlphaMed Press 2013

229



962

Clinical Relevance of MiR-133a in Osteosarcoma-TIC

injected with 10 mg/kg of LNA-133a or control LNA-NC (LNA-
negative control) via the tail vain. LNAs were injected on days
4, 11, 18 postinoculation with the 143B-luc cells, followed by
intraperitoneal injection of 3.5 mg/kg of CDDP on days 5, 12,
and 19. Each experimental condition included 10 animals per
group. The development of subsequent lung metastases was
monitored once per week in vivo using bioluminescent imag-
ing for 3 weeks. All data were analyzed using Livingimage
software (version 2.50, Xenogen, Alameda, CA). On day 22,
the primary tumors and lungs of five mice in each group
were resected at necropsy for weight, bioluminescence, and
histological analyses. A blood examination, weighing of the
whole body, heart, liver, and skeletal muscle, and a histopath-
ological examinations were performed for toxicity assessment.
The remaining mice were observed for survival.

Comprehensive Collection and Identification of MiR-
133a Target mRNAs

To identify comprehensive downstream targets of miR-133a,
we performed cDNA microarray profiling using two experi-
mental approaches. First, we collected candidate genes from
the c¢cDNA microarray analysis performed on total RNA col-
lected from 5a0S2 CD133"% celis transfected with miR-133a
or NC. Second, a ¢cDNA microarray analysis was performed on
total RNA collected using anti-Ago2 antibody immunoprecipi-
tation (Ago2-IP) from CD133"" cells transduced with miR-
133a or NC. The genes that were identified in the former
method as downregulated with a 1.5-fold decrease and the
genes identified in the latter method as upregulated with a 2-
fold increase were defined as candidates by reference to in
silico databases using TargetScanHuman 6.0 (http://www.tar-
getscan.org).

Luciferase Reporter Assays

Each fragment of the 3’ UTR of sphingomyelin synthase 2
(SGMS2) (nt 1,656-1,879 of NM_152621), ubiquitin-like modi-
fier activating enzyme 2 (UBA2) (nt 2,527-2,654 of
NM_005499), sorting nexin family member 30 (SNX30) (nt
6,659~7,611 of NM_001012944), and annexin A2 (ANXA2) (nt
1,056-1,634 of NM_001002857) were amplified and cloned
into the Xhol and Notl sites of a psiCHECK-2 vector containing
either the firefly or Renilla luciferase reporter gene (Promega,
Tokyo, lapan, http://www.promega.com). We verified all PCR
products that were cloned into the plasmid using DNA
sequencing to ensure that they were free of mutations and in
the correct cloning direction. The primer sequences are listed
in Supporting Information Table S$7. For the luciferase reporter
assay, 5a0S2 cells were cotransfected with 100 ng of lucifer-
ase constructs and 100 nM synthetic miR-133a molecules or
control (nontargeting siRNA oligonucleotide, Qiagen). The fire-
fly and Renilla luciferase activity levels were measured using
the Dual-Luciferase Reporter Assay (Promega) 48 hours after
transfection. The results are expressed as relative Renilla lucif-
erase activity (Renilla luciferase/firefly luciferase).

immunochistochemistry

To stain the miR-133a targets, we prepared slides from osteo-
sarcoma xenograft tumors. Endogenous peroxidase was
quenched with 1% H,0; (30 minutes). The slides were heated
for antigen retrieval in 10 mM sodium citrate (pH 6.0). Subse-
quently, we incubated the slides with monoclonal mouse anti-
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human SGMS2 (1:50 dilution, Abcam, Tokyo, lJapan, http://
www.abcam.co.jp), ANXA2 (1:250 dilution, Abcam), or isotype-
matched control antibodies overnight at 4°C. Immunodetec-
tion was performed using ImmPRESS peroxidase polymer
detection reagents (Vector Llabs, Burlingame, CA, https://
www.vectorlabs.com) and the Metal-Enhanced DAB Substrate
Kit (Thermo Scientific) in accordance with the manufacturer’s
directions. The sections were counterstained with hematoxylin
for contrast.

Statistical Analyses

All statistical analyses were performed using SPSS Statistics
Version 21 software (IBM SPSS, Tokyo, lapan, https://www.
ibm.com). Student’s t test or one-way ANOVA, corrected for
multiple comparisons as appropriate, was used to determine
the significance of any differences between experimental
groups. The differences in CD133, miR-133a, and the miR-
133a targets expression among different clinicopathological
data were analyzed using the chi-squared (x?) test or ANOVA.
We carried out receiver-operating characteristic curve analysis
using the SPSS software, and the optimal cutoff points for the
expression levels of CD133, miR-133a, and the target genes of
miR-133a were determined by the Youden index, that is,
J=max {sensitivity + specificity — one) [31]. The Kaplan-Meier
method and the log-rank test were used to compare the sur-
vival of patients. We defined the survival period as the time
from diagnosis until death, whereas living patients were cen-
sored at the time of their last follow-up. For all the analyses,
we considered a p value of .05 or less to be significant.

Osteosarcoma CD133"& cell Populations Are Enriched
with Highly Malignant Cells with the Multiple
Phenotypes

Based on the emerging evidence that tumors contain the het-
erogeneous cell populations, we tried to isolate the small
population of highly malignant cells in osteosarcoma. In order
to evaluate the phenotypes of the cell population, we
screened human osteosarcoma cell lines (Sa0S2, U20S, HOS,
MG-63, Hu09, MNNG/HOS, and 143B) for the markers
expressed on the highly malignant cell populations within the
tumors [4, 7, 32]. As a result, we confirmed that CD133, a
human structural homolog of mouse prominin-1, was
expressed in a small proportion of cells ranging from 0.04% to
8.47% (Fig. 1A; Supporting Information Fig. S1A), which was
consistent with the previous reports [18, 19]. Several exami-
nations were performed to confirm the phenotypes of the
Sa0s2 CD133"E" and CD133"Y populations. Freshly isolated
CD133ME" and D133 osteosarcoma Sa0S2 cells were
plated at a concentration of a single cell and cultured imme-
diately in a serum-free, growth factor-supplemented, anchor-
age-independent environment. Within 2 weeks of culture, we
observed more osteosarcoma spheres from the CD133"&" cells
than from the CD133"" cells (Fig. 1B, 1C). The cell prolifera-
tion rate was slightly lower in CD133"E" cell population than
in CD133" cell population (Supporting Information Fig. SiD).
To assess the difference of drug resistance, both populations
were observed after exposure to doxorubicin (DOX), cisplatin
(CDDP), or methotrexate (MTX), which are the standard
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Figure 1. The phenotypic differences and clinical relevance based on the expression of CD133 in osteosarcoma cells. (A): The frequency
of CD133"E" cell populations in 5a0S2 osteosarcoma cell lines based on fluorescence-activated cell sorting analysis. See also Supporting
Information Figure S1A. (B, C): Sphere-formation assays using freshly isolated CD133"8" and CD133"°% $a0S2 cells. The images were cap-
tured on day 10 (B), and the ratios of the wells containing spheres (middle) formed from single cells (top) were counted (C). The wells con-
taining the cells that did not form spheres (bottom) were excluded. Scale bar =50 pum. Data are presented as mean =SD (n=4 per
group). *, p < .05; Student’s ¢t test. {D): Drug sensitivity of cD133"&" and CD133"°% Sa0S2 cells. Cell viability after DOX (0.18 uM), CDDP
(2.5 uM), or MTX {0.08 pM) treatment was analyzed. Data are presented as mean = SD (n =3 per group). *, p < .05; Student’s t test.
(E, F): Invasion assays in CD133"%" and CD133'" 5a0S2 cell populations (n = 3 per group). The number of invaded cell were photographed
(E) and counted (F). Data are presented as mean = SD (n =3 per group). **, p < .01; Student’s t test. Scale bar = 200 pm. (G): Quantita-
tive polymerase chain reaction analysis of stem cell-associated, multiple drug-resistant transporters, and metastasis-associated genes of
cD133"€" and CD133'°" 5a0S2 cell populations, f-Actin was uses as an internal control. Data are presented as mean = SD (n=3 per
group). (H): Limiting dilution analysis of CD133"" (red circles) and CD133"" (green circles) $a0S2-luc cell populations in vivo. Both cell
pogulations were injected orthotopically into mice (n =4 per group). The upper figure represents the tumor formation in mice from 1 X
10° cells of CD133"8" cells. The lower table shows the number of mice that developed tumors from various numbers of CD133Me" or
€D133"°" cells. The tumor growth from CD133"8" cells was observed in 0/4 mice at 10% cells, 3/4 mice at 10° cells, 4/4 mice at 10° cells,
and 4/4 mice at 10° cells, while those from CD133'° cells was observed in 0/4 mice at 107 cells, 1/4 mice at 10° cells, 4/4 mice at 10°
cells, and 4/4 mice at 10° cells. (1, J): The Kaplan-Meier curves for overall survival (I; p = .026; log-rank test) and disease-free survival
(J; p=.065, log-rank test) based on the level of CD133 expression in the biopsy specimens from 35 osteosarcoma patients. See also Sup-
porting Information Figure S2A and Table S1. Abbreviations: CDDP, cisplatin; DOX, doxorubicin; MTX, methotrexate.
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chemotherapeutic agents that are used against osteosarcoma.
The CD133"€" cells were more resistant to these chemothera-
peutics than CD133"% cells (Fig. 1D). In addition, CD133"e"
cells showed a higher invasive ability than CD133'% cells (Fig.
1E, 1F). Performing qRT-PCR reactions on mRNA from freshly
isolated CD133"8" and CD133'Y cells revealed that CD133"e"
Sa0S2 cells expressed higher levels of Oct3/4 and Nanog,
which are essential transcription factors that play critical roles
in the self-renewal and pluripotency of embryonic stem cells
(Fig. 1G) [15-17]. Meanwhile, the expression levels of the
genes that are essential for differentiation, such as Runx2,
Osterix, and Sox9 [33-36], were lower in CD133M&" than in
CD133"% celis (Supporting Information Fig. S1C). In addition,
the multidrug resistance transporter genes ABCBI1, ABCC2,
and ABCG2 and the metastasis-associated genes ff4-integrin,
ezrin, MMP-13, and CXCR4 [30, 37] were upregulated in
€D133"8" cells relative to CD133'" cells (Fig. 1G). Impor-
tantly, the CD133"8" S30S2 cells showed stronger tumorige-
nicity in vivo than the CD133'" 5a0S2 cells (Fig. 1H). We
identified tumor initiation on the right legs of three in four
mice transplanted with 1 X 10® CD133"E" cells but only one
in four mice formed tumor with 1 X 10° CD133"¥ cells on
the left legs. To evaluate the clinical importance of CD133
expression, cell lines established from fresh human osteosar-
coma biopsies were analyzed by flow cytometry, and these
cell lines contained a low proportion (< 10%) of CD133Men
cells (Supporting Information Fig. S1B). Furthermore, a clinical
study of 35 osteosarcoma patients revealed that high expres-
sion levels of CD133 mRNA were associated with significantly
worse survival rates among osteosarcoma patients (Fig. 11, 1J;
Supporting Information Figure S2A). In this study, all biopsy
samples from patients who developed lung metastasis at first
diagnosis represented high expression level of CD133
(p = .045; Supporting Information Table S1), suggesting that
the expression of CD133 closely correlate with osteosarcoma
metastasis. Collectively, the osteosarcoma CD133"&" cell popu-
lation possessed highly malignant phenotypes, and the
expression of CD133 revealed a prognostic value of osteosar-
coma patients.

MiR-133a Functions as a Key Regulator of Malignant
Phenotypes in Osteosarcoma

Following the confirmation of the malignant phenotypes in
the osteosarcoma CD133Me" population, we further charac-
terized the molecular mechanisms underlying these pheno-
types. We focused on miRNAs because of their ability to
simultaneously regulate multiple pathways responsible for
the malignant phenotypes by targeting multiple genes. miR-
NAs are small, regulatory RNA molecules that modulate the
post-transcriptional expression of their target genes and play
important roles in a variety of physiological and pathological
processes, including tumor biology [23, 25, 38]. miRNA
expression profiling has become a useful diagnostic and prog-
nostic tool, and many studies have indicated that miRNAs
act as either oncogenes or tumor suppressors [38}. In our
miRNA microarray analysis of isolated CD133"&" and
CD133'%% cells using 866 sequence-validated human miRNAs,
we identified 20 miRNAs that were upregulated in CD133"en
cells and additional qRT-PCR analysis demonstrated that the
expression levels of miR-1 and miR-10b, together with miR-
133a, which represents the “miR-1 cluster” transcribed from
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adjacent miR-1 genes, were consistent with the microarray
data (Fig. 2A; Supporting Information Fig. S3A, Table S8).
Indeed, miR-1 and miR-133a are physically linked, and both
the miR-1-1/miR-133a-2 (chromosome 20g13.33) as well as
miR-1-2/miR-133a-1 clusters (chromosome 18q11.2) are pres-
ent. miR-10b is embedded in the HOX gene cluster and
maps between the HOXD3 and HOXD4 genes on chromo-
some 2g31. Since miR-10a and miR-133b would presumably
be functionally redundant to miR-10b and miR-133b, respec-
tively, we also confirmed that miR-133b, but not miR-10a3,
was upregulated in CD133"€" cell population (Supporting
Information Fig. S3B).

To determine whether these miRNAs could regulate the
malignant phenotypes of osteosarcoma, we manipulated the
expression levels of miR-1, 10b, and 133a in CD133"°Y cells
(Supporting Information Fig. S4A). These miRNAs, especially
miR-133a, enhanced the invasiveness of CD133'Y cells com-
pared with control oligos (Fig. 2B, 2C). Interestingly, the com-
bined transfection of all of these miRNAs enhanced the
invasiveness of CD133'*" cells to the greatest extent (Fig. 2C).
However, the transfection of miR-133a did not increase the
mRNA level of CD133 (Supporting Information Fig. S4B), sug-
gesting that miR-133a does not affect the expression of the
molecules upstream of CD133. These results indicated that
miR-133a simultaneously regulate several molecular pathways
that are associated with cell invasion of the malignant cell
population within osteosarcoma. In our experiment using
fresh clinical samples, miR-133a expression was also high in
the CD133"8" fraction of osteosarcoma biopsies (Fig. 2D). Sur-
prisingly, a clinical study based on gRT-PCR using clinical FFPE
samples revealed that the high expression of miR-133a closely
correlated with a poor prognosis of osteosarcoma patients
(log-rank test, p=.032 for overall survival, p=.081 for
disease-free survival, Fig. 2E, 2F; Supporting Information Fig.
S2B, Table S2).

Silencing of MiR-133a Inhibits the Cell Invasion
of CD133"&" Osteosarcoma Cell Population

To evaluate whether silencing of miR-133a show the thera-
peutic effect on osteosarcoma cells, we manipulated the
expression of miR-133a by introducing LNAs. LNAs are a class
of nucleic acid analogs that possess a very high affinity and
excellent specificity toward complementary DNA and RNA,
and LNA oligonucleotides have been applied as antisense
molecules both in vitro and in vivo [39-41]. The Sa0S2
cD133Me" cel population was isolated by cell sorting and
was then transfected with LNA-antimiR-133a (LNA-133a) and
LNA-NC. As a control, the isolated $5a0S2 CD133"" cell popu-
lation was also transfected with LNA-NC. Prior to functional
assay, we confirmed the efficacy of LNA-133a using both
gRT-PCR analysis and a sensor vector which allowed us to
measure the suppressive effect of LNA by luciferase assay
(Supporting Information Fig. S5A-S5D). We observed that
the LNA-133a-treated Sa0S2 CD133"" cells demonstrated
decreased invasiveness relative to LNA-NC-treated CD133"eh
cells, whereas there was no significant difference of cell pro-
liferation between the two populations (Fig. 2G, 2H; Sup-
porting Information Fig. S5E). These observations suggest
that silencing of miR-133a in CD133"" cells could reduce
the cell invasion of the malignant cell population within
osteosarcoma tissue.
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Figure 2. MiR-133a regulates cell invasion of tumor-initiating cell population within osteosarcoma and represents prognostic value.
(A): The upregulated expression levels of miR-1, 10b, and 133a in CD133"e" ceff population. Data are presented as mean =SD (n=3
per group). *, p < .05; **, p < .01; *** p < .001; Student’s t test. (B, C}: Invasion assays in purified CD133"°% 53052 cells transfected
with miR-1, 10b, and 133a oligos. €D133"Y 53052 cell populations were transfected with miR-1, 10b, 133a, or NC mimics at a final con-
centration of 30 nM. At the time periods of 24 hours post-transfection, cells were seeded and cultured on the invasion chamber for 36
hours. The number of invaded cell were photographed (B) and counted (C). Scale bar =200 pum. Data are presented as mean = SD
(n=3 per grou[:)). *%, p < .01; **¥, p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared
with the CD133"% cell population treated with miR-NC. {D): The expression level of miR-133z in CD133"8" and CD133"™" populations of
freshly resected patient biopsies. {E, F): The Kaplan-Meier curves for overall survival (E) and disease-free survival (F) based on the levels
of miR-133a expression in 48 formalin-fixed paraffin-embedded tissues from osteosarcoma biopsy specimens, as determined using quan-
titative reverse transcriptase polymerase chain reaction. The overall survival rate (p = .032; log-rank test) and disease-free survival rate
{(p = .081; log-rank test) for osteosarcoma patients with high miR-133a expression (red line) were compared with those for patients with
low miR-133a expression (green line). See also Supporting Information Figure S2B and Table S2. (G, H): Invasion assays in LNA-133a-
treated Sa0S2 CD133M&" populations. CD133"8" and CD133"°% Sa0S2 cell populations were isolated and transfected with LNA-133a or
LNA-NC to reduce the expression of miR-133a in the CD133"®" cell population. As a control, CD133'°" cell populations were transfected
with LNA-NC. At the time periods of 24 hours post-transfection, cells were seeded and cultured on the invasion chamber for 36 hours.
The number of invaded cell were photographed (G) and counted (H). Scale bar =200 pm. Data are presented as mean = SD (n =3 per
group). ***, p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared with the CD133"EM celf
populations treated with LNA-NC. Abbreviations: LNA, locked nucleic acid; NC, negative control.
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seeded and cultured on the invasion chamber for 24 hours. The number of invaded cell were photographed (A) and counted (B). Scale
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sented as mean = SD (n=3 per group). *** p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when

compared with untreated cells. Abbreviations: CDDP, cisplatin; DOX, doxorubicin; LNA, locked nucleic acid; NC, negative control.

The Expression Levels of MiR-133a in Osteosarcoma
Cells Are Enhanced by Chemotherapy

Next, we validated the efficacy of LNA-133a on highly malig-
nant metastatic osteosarcoma 143B cells, since Sa0S2 cells
represent low metastatic ability in vivo [42, 43]). Meanwhile,
we needed to evaluate the efficacy of LNA on “bulk” 1438
cells, assuming clinical situations. As a result, LNA-133a
reduced the invasiveness of 143B cells {Fig. 3A, 3B) but did
not influence cell proliferation (Supporting Information Fig.
5F). Since recent study has indicated a novel mechanism of
chemotherapy-induced tumor progression via expansion of TIC
population [44], the expression levels of CD133 and the
related miR-133a within cells treated with or without chemo-
therapeutics were analyzed. As a result, we observed that the
expression levels of miR-133a, together with CD133, were
enhanced by chemotherapy. gRT-PCR analysis revealed that
DOX-treated or CDDP-treated (2 days) 143B cells expressed
higher levels of CD133 and miR-133a compared with
untreated 143B cells (Fig. 3C, 3D). Therefore, silencing of miR-
133a before or during chemotherapy may prevent the
increased expression of miR-133a, which enhanced the malig-
nant phenotypes and was induced by chemotherapeutics.

Therapeutic Administration of LNA-133a with Chemo-
therapy Inhibits Spontaneous Lung Metastasis and
Prolongs the Survival of Osteosarcoma-Bearing Mice

To extend our in vitro findings and to determine whether
silencing of miR-133a could be an effective therapeutic option
for osteosarcomas, we next examined the effect of LNA-133a
on a spontaneous lung metastasis model of osteosarcoma.
Experimentally, 1.5 X 10° 143B cells transfected with the fire-
fly luciferase gene {143B-luc) were implanted orthotopically
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into the right proximal tibia of athymic nude mice. The
implanted tumor growth and the presence of distant metasta-
ses were analyzed weekly for luciferase bioluminescence using
an in vivo imaging system. We used a new treatment protocol
(Fig. 4A) with the intravenous (i.v.) administration of LNA-
133a (10 mg/kg) 24 hours before intraperitoneal (i.p.) injec-
tion of CDDP (3.5 mg/kg) to prevent the induction of malig-
nant phenotypes by chemotherapy, -which were indicated in
the in vitro experiments. Prior to conducting these animal
studies, we confirmed that miR-133a levels were reduced in
osteosarcoma tissues from LNA-133a-treated mice compared
with control mice {(Supporting Information Fig. S6A, S6B). To
assess the efficacy of our protocol, the results were compared
with the results obtained for the following four control groups
(n =10 per group): the control saline followed by control
saline group, the LNA-NC followed by control saline group,
the LNA-133a followed by control saline group, and the LNA-
NC followed by CDDP group. After implantation of the 143B-
luc cells, five mice within each one cage were sacrificed at 3
weeks after evaluating lung metastasis by in vivo imaging and
validated for lung metastasis formation by additional in vivo
imaging and histological examination of the lung, whereas the
other five mice in the other cage were evaluated for survival
periods. The results demonstrated that the tumor expression
levels of miR-133a were decreased in the presence of LNA-
133a {Fig. 4B). Although tumor growth at the primary site
was significantly reduced in CDDP-treated group, we identified
no significant difference between LNA-133a-CDDP-treated
mice and LNA-NC-CDDP-treated mice (Fig. 4C, 4D). We
observed lung metastases on day 22 in nine (90%) saline-
saline-treated mice, eight {80%) LNA-NC-saline-treated mice,
seven (70%) LNA-133a-saline-treated mice, eight (80%) LNA-
NC-CDDP-treated .mice, and three (30%) LNA-133a-CDDP-
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treated mice (n = 10; Fig. 4E, 4F). We observed the decreased
signal intensity in the chest regions of LNA-133a-CDDP-treated
mice compared to those of LNA-NC-CDDP-treated mice (Fig.
4G). Both the number and size of lung metastases were vali-
dated by histopathological examination (Fig. 4H). We found
low cell concentration in lung metastatic foci of CDDP-treated
groups, indicating therapeutic effect of chemothekapy, and
identified smallest number of osteosarcoma metastatic foci in
the lung of LNA-133a-CDDP-treated mice. Furthermore, LNA-
133a-CDDP-treated mice showed longest survival periods
among the five groups in Kaplan-Meier analysis (log-rank test,
p = .026; Fig. 4l). Despite the conserved sequence of mature
hsa-miR-133a and mmu-miR-133a {Supporting Information Fig.
S7A), all mice exhibited minimal toxic effects on various tis-
sues, including the heart, liver, skeletal muscle, and blood
test, during the observation period (Supporting Information
Fig. S7B—S7H, S8A-S8I). Thus, systemic administration of LNA-
133a was effective for the suppression of lung metastases in
a xenograft model of a highly metastatic osteosarcoma in the
presence of CDDP.

Multiple Target Genes of MiR-133a Function as Regula-
tors of Cell Invasion and Closely Correlate with Clinical
Behavior of Osteosarcoma

We demonstrated that miR-133a regulated the malignancy of
€D133"8" osteosarcoma cell population and that silencing of
miR-133a expression with chemotherapeutics inhibited the
osteosarcoma metastasis in vivo. Next, to understand the
molecular mechanism regulated by miR-133a in the tumor-
initiating population, we performed mRNA expression profiling
using two different microarray analyses together with in silico
predictions (Supporting Information Fig. S9A). We detected
1,812 genes that were downregulated by at least 1.2-fold in
the first microarray analysis, which was performed from total
RNA collected from $a0S2 CD133"" cells transduced with
miR-133a or NC. Furthermore, 4,976 genes were upregulated
by at least 2-fold in the second microarray analysis of mRNA
expression using RNA collected using anti-Argonaute 2 anti-
body immunoprecipitation (Ago2 IP) in CD133"% cells trans-
duced with miR-133a or NC. Subsequently, 226 genes were
collected using both methods, and 20 genes were identified
in TargetScanHuman 6.0, a publicly available in sifico database
(Fig. SA). Overall, 10 putative miR-133a target genes were
selected from these combined data, and we reduced the
expression of these molecules using an siRNA-induced gene
knockdown system to investigate whether these candidates
are functionally important targets of miR-133a in osteosar-
coma cells. As a result, the knockdown of four genes (SGMS2,
UBA2, SNX30, and ANXA2) enhanced the invasiveness of
CD133"°Y 5a0S2 cells (Fig. 5B). To validate whether these mol-
ecules are regulated by miR-133a, we cloned the 3’ UTR frag-
ment {Fig. 5C) containing the putative miR-133a binding sites
downstream of a luciferase coding sequence and performed
cotransfection of the luciferase reporter and miR-133a oligos
in Sa0S2 cells. Luciferase activity levels were reduced by
approximately 36%-55% in the cells cotransfected with miR-
133a compared with the cells cotransfected with the NC oli-
gos (Fig. SD). Consequently, SGMS2, UBA2, SNX30, and ANXA2
functioned as direct targets of miR-133a. Indeed, these mole-
cules have been suggested to have antitumor function in the
other types of tumors [45-47]. Among them, ANXAZ is down-
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regulated in osteosarcoma metastases compared to primary
site [48]. The expression levels of these targets were
decreased in CD133M8" cells (Supporting Information Fig. S9B)
and reduced via miR-133a upregulation in CD133"% cells

“(Supporting Information Fig. S9C). The increased expression

levels of the targets after silencing of miR-133a were con-
firmed by immunohistochemistry of LNA-treated tumors and
gRT-PCR (Fig. 5E, 5F; Supporting Information Fig. S9D). Taken
together, LNA-133a was found to inhibit cell invasion of the
malignant cell population of osteosarcoma through multiple
molecular pathways. Finally, we observed a strikingly close
correlation between these mRNA expression levels of the
miR-133a targets and osteosarcoma patient prognosis (Fig.
6A-6D). Patients with higher expression levels of these targets
significantly survived longer than those with lower expression
levels. These results would support the importance of regulat-
ing the expression of miR-133a during current osteosarcoma
treatment, providing insight into the development of more
effective therapies against osteosarcoma.

Cancer researchers today are confronted with how to over-
come the natural resistance and the acquired resistance of
cancer cells within tissue, despite the many cancer treatment
options. The CSC or TIC hypothesis has been an attractive
model to account for the functional heterogeneity that is
commonly observed in solid tumors [7]. To characterize and
eliminate the malignant cells in cancers that follow this
model, it has been necessary to focus on the small subpopu-
lations of tumorigenic cells [49]. Tremendous efforts and evi-
dence have accumulated to identify these subpopulations
[13-18, 20, 21]. However, these markers are generally difficult
to be targeted because of their distribution on the normal
stem cells. For example, targeting CD133 seems unsafe
because this cell-surface protein is primarily expressed in
stem and progenitor cells [50] such as the embryonic epithe-
lium [51], brain stem cells [52], and hematopoietic stem cells
[32, 53]. Therefore, the molecular mechanisms underlying the
malignant phenotypes must be elucidated to avoid toxicities,
which have not been fully accomplished. On the basis of our
results, we propose novel therapeutic strategies, beyond the
use of traditional antiproliferative agents, for suppression of
the highly malignant cell population within osteosarcoma
using RNAI therapeutics, which is expected to be the “next-
generation” anticancer strategy. Subsequently, we present
four novel discoveries that were identified in a preclinical trial
of novel therapeutic strategies against osteosarcoma.

First, we identified human miR-133a as a key regulator of
the malignant tumor-initiating phenotypes of osteosarcoma.
The other miRNAs that might regulate these phenotypes
included miR-1 and miR-10b. The human miRNA hsa-miR-10b
is also positively associated with high-grade malignancies,
including breast cancer [54, 55], pancreatic adenocarcinomas
[56], and glioblastomas [57]. However, the importance of miR-
10b in sarcoma development has not been previously
reported. In our experiment, miR-10b regulated, less than
miR-133a, the cell invasion of osteosarcoma. The human miR-
NAs hsa-miR-1 and hsa-miR-133a are located on the same
chromosomal region in a so-called cluster. We found that miR-
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Figure 6. The low expression levels of miR-133a target genes correlate with poor survival of osteosarcoma patients. (A-D): Kaplan-
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ubiquitin-like modifier activating enzyme 2.

1 showed only a little efficacy on invasiveness in osteosar-
coma cells. The most important miRNA that could regulate
the multiple phenotypes of osteosarcoma-initiating cells was
miR-133a. Although miR-1 and miR-133a correlate with the
proliferation of muscle progenitor cells and promote myogen-
esis [58], their importance in muscle physiology and disease
remains unclear [59]. Indeed, miR-133a may be dispensable
for the normal development and function of skeletal muscle
because skeletal muscle development and function appears
unaffected in miR-133a transgenic mice [59]. In this study,
silencing of miR-133a had no toxic effect on muscle, including
heart and skeletal muscle in vivo (Supporting Information Fig.
S7E-S7G). Because the upregulation of miR-133a in osteosar-
coma cells did not regulate the expression levels of CD133,
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we determined that it regulated multiple pathways that are
not upstream of CD133 expression. Since the inducible factors
of CD133 in osteosarcoma have not been cleared, further
investigation of the relationship between the tumor microen-
vironment and CD133 might be warranted. Indeed, the activa-
tion of the hypoxia signaling pathway, for example, has been
reported to trigger many pathways important for stem cell
maintenance [60-62].

Second, we determined the efficacy of LNA technology, an
antisense. miRNA inhibitor oligonucleotide, as therapeutics
against solid cancer. To date, the efficacy of LNAs against
human disease has been reported in hepatitis and lymphoma.
For example, LNA-antimiR-122 (Miravirsen, Santaris Pharma,
San Diego, CA) effectively treats chimpanzees infected with
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hepatitis C virus without any observable resistance or physio-
logical side effects [63]. This treatment has advanced to phase
Il clinical trials, which emphasizes the strengths of LNA-
mediated miR-122 silencing, including high efficacy and good
tolerability without adverse effects [64]. The other report rep-
resents the preclinical trial of LNA-mediated miR-155 silencing
against low-grade B-cell lymphoma [65]. Therefore, our pre-
clinical study contributes to the broad application of LNA
treatment including solid tumors. While an effective drug
delivery system has been the most challenging remaining con-
sideration for the successful translation of RNAI to the clinic
for broad use in patients, the systemic administration of LNA-
133a did not need assistance of drug delivery system to
decrease the expression of miR-133a. These results are con-
sistent with the results of the trial of LNA against HCV
infection, in which the LNA was injected via subcutaneous
injection. This preclinical trial will not only provide a novel
freatment strategy against osteosarcoma but will also support
a wide range of LNA applications against cancers that require
the silencing of specific miRNAs.

Third, the multiple targets of miR-133a were identified
to have antitumor functions against osteosarcoma with clini-
cal relevance. Using an siRNA-induced gene knockdown sys-
tem and a 3’ UTR luciferase reporter assay, we identified
SGMS2, UBA2, SNX30, and ANXA2 as novel antitumor mole-
cules of osteosarcoma. Some of these molecules have been
reported their association with other cancers but not for
osteosarcoma. SGMS2, located on 4q25, is an enzyme that
catalyzes the conversion of phosphatidylicholine and cer-
amide to sphingomyelin and diacylglycerol [66]. The specific
activation of SGMS2 explains the ability of this gene to trig-
ger cell cycle arrest, cell differentiation, and autophagy or
apoptosis in cancer cells [47]. UBA2, located on 19q12,
forms a heterodimer that functions as a small ubiquitin-like
modifier (SUMO)-activating enzyme for the sumoylation of
proteins [67]. Conjugating SUMO-1, one of the four SUMO
isoforms, to wild-type p53 increases the transactivation abil-
ity of p53 [45]. SNX30, located on 9932, may mediate mem-
brane association either through the lipid-binding PX domain
(a phospholipid-binding motif) or protein-protein interac-
tions. Although SNX30 has not been well studied in cancer,
loss of SNX1, one of the SNX families, plays a significant role
in the development and aggressiveness of human colon can-
cer, at least partially through increased signaling from the
endosomes [46]. In this study, we found correlations
between the expression of SGMS2, UBAZ, and SNX30 and
osteosarcoma cell invasion, as well as a close correlation
with the prognosis of osteosarcoma patients. ANXA2, located
on 1522, belongs to a large family of diverse proteins that
are characterized by conserved annexin repeat domains and
the ability to bind negatively charged phospholipids in a
calcium-dependent manner [68]. The expression levels of
ANXAZ are decreased in a subset of human OS metastases
and metastatic lines [69], but the actual role of ANXA2 in
suppressing OS metastasis has remained unclear [37], which
was identified as a regulator of osteosarcoma cell invasion.
In this study, we were unable to identify the target genes of
miR-133a that were involved in cellular proliferation, which
is a general characteristic of TI!Cs. This result may provide
one explanation for why the difference in the proliferation
rate of the CD133"8" and CD133'°% cell populations was rel-
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atively small. Another reason for this difference may have
been heterogeneiety even within the CD133"&" cell popula-
tion. Further investigation of additional markers might shed
further light on the mechanisms underlying these
phenotypes.

The most interesting and surprising results were the close
correlations between the clinical behaviors of osteosarcoma
and the expression of the factors associated with malignant
tumor-initiating phenotypes, including CD133, miR-133a, and
the target genes of miR-133a. These results support the
importance of silencing of miR-133a during osteosarcoma
treatment. Indeed, the target molecules of miR-133a were
found to be significant and novel prognostic factors for osteo-
sarcoma patients. Further analyses of these factors, including
SGMS2, UBA2, and SNX30, would allow a better understand-
ing of the molecular mechanisms that regulate osteosarcoma
progression.

Overall, our study represents a novel approach for the
use of RNAi therapeutics against the lethal phenotype of
osteosarcoma. To the best of our knowledge, this study is
the first preclinical trial of RNAi therapy overcoming the sar-
coma malignancy. We found that miR-133a, which was
induced by chemotherapy treatment, is a key regulator of
cell invasion of the malignant cell population within osteo-
sarcoma. In a preclinical in vivo experiment, systemic admin-
istration of LNA-133a with chemotherapy suppressed the
osteosarcoma metastasis via the multiple pathways without
any significant toxicity. Silencing of miR-133a may therefore
represent a novel therapeutic strategy against osteosarcoma,
which would lead to an improvement in the prognosis of
osteosarcoma patients.

Silencing of miR-133a reduced the malignancy of CD133"eh
osteosarcoma-initiating cell population through restoring the
expression of multiple target genes. Systemic administration
of LNA-133a with CDDP reduced lung metastasis and pro-
longed the survival of osteosarcoma-bearing mice. A clinical
study revealed that high miR-133a expression levels within
the patient biopsy specimens were significantly correlated
with poor prognosis, providing the importance of regulating
miR-133a levels in osteosarcoma for more efficient therapy in
future.
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Abstract

The importance of microRNAs (miRNAs) in tumor biology has been recognized over the past several years.
Recently, evidence of circulating miRNAs in both healthy and unhealthy individuals has been accumulated, and is
accelerating their potential to transform clinical diagnostics and therapeutics. Since there is a lack of useful bone and
soft tissue sarcoma biomarkers, the discovery of novel biomarkers that can be used at early disease stages to detect
tumors or predict tumor response to chemotherapy or the chance of survival is one of the most important challenges in
sarcoma management. Furthermore, sensitive and specific biomarkers might help diagnostic classification, since some
cases are unclassifiable using modern diagnostic modalities. In this review, we summarize the emerging evidence of
circulating miRNAs in sarcoma and discuss their potential as novel biomarkers and therapeutics.

Sarcoma Needs Novel Biomarkers

Sarcomas are malignant neoplasms originating from transformed
cells of mesenchymal origin and are different from carcinomas that
are malignant neoplasms originating from epithelial cells. The word
“sarcoma” is derived from the Greek word sarkoma meaning “fleshy
outgrowth,” and present as either a bone sarcoma or a soft tissue
sarcoma [1]. Malignant primary bone sarcomas constitute 0.2%
of all malignancies in adults and approximately 5% of childhood
malignancies, for which data were obtained in one large series [2].
Cancer registry data with histological stratification indicate that
osteosarcoma is the most common primary malignant bone tumor,
accounting for approximately 35% of all cases, followed by chondro
sarcoma (25%), Ewing sarcoma (16%), and chordoma (8%) [3]. Soft
tissue sarcomas constitute fewer than 1% of all malignancies, 50 per
million population [2,4]. According to the results of the Surveillance,
Epidemiology, and End Results study (http://seer.cancer.gov/data/),
which included 26,758 cases from 1978 to 2001, leiomyo sarcoma was
the most common sarcoma, accounting for 23.9% of all cases. Other
major histological types included malignant fibrous histiocytoma
(MFH; 17.1%), liposarcoma (11.5%), dermato fibrosarcoma (10.5%),
rhabdomyosarcoma (RMS; 4.6%), and malignant peripheral nerve
sheath tumor (MPNST; 4.0%) [5]. Although MFH was the second
most common sarcoma in this series, the diagnostic term MFH is now
reserved for pleomorphic sarcomas without defined differentiation.
Therefore, the incidence rates of MFH will be updated in future studies
based on changes in diagnostic criteria that parallel advancements in
the understanding of MFH etiology.

According to histological type, treatment options for most
patients with sarcoma include surgical resection followed by limb or
trunk reconstruction, and pre-operative (neoadjuvant) and/or post-
operative (adjuvant) chemotherapy and radiotherapy. Although
surgical resection is the mainstay of treatment for musculoskeletal
sarcomas, chemotherapy also has a proven role in the primary therapy
of certain types of bone sarcomas and a potential role in some patients
with soft tissue sarcomas [6]. Despite the development of combined
modality treatments, a significant proportion of patients with sarcoma
respond poorly to chemotherapy, leading to local relapse or distant
metastasis. The main cause of death due to sarcoma is lung metastasis,
for which prognosis is extremely poor [7,8]. Therefore, early detection
of recurrent or metastatic diseases or early decision-making according

to tumor response to chemotherapy could improve patient prognosis.
However, there are currently no effective biomarkers in such situations,
thus imaging methods, such as X-ray, computed tomography (CT),
positron emission tomography-CT, magnetic resonance imaging, and
scintigraphy, are mostly used to detect or monitor tumor development.
Indeed, only few studies have reported the usefulness of serological
markers such as alkaline phosphatase (ALP) [9], lactic dehydrogenase
(LDH) [10,11], and CA125 [12] in the patients with osteosarcoma,
Ewing sarcoma, and epithelioid sarcoma, respectively. Therefore,
the discovery of novel biomarkers to detect tumors or predict drug
sensitivity is one of the most important challenges in sarcoma
management.

Circulating MicroRNAs (miRNAs) As
Biomarkers and Treatment Targets

Potential

miRNAs are small non-coding RNA molecules that modulate the
expression of their multiple target genes and play important roles in
various physiological and pathological processes, such as development,
differentiation, cell proliferation, apoptosis, organogenesis, and
homeostasis [13-15]. A variety of miRNAs have been investigated
in various human cancers over the past several years [16]. Aberrant
miRNA expression has been shown to contribute to cancer development
through various mechanisms, including deletions, amplifications, and
mutations involving miRNA loci, epigenetic silencing, dysregulation
of transcription factors that target specific miRNAs, or the inhibition
of miRNA processing {17,18]. Growing evidence has revealed that
miRNAs are frequently upregulated or downregulated in various
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tumors and indicated that miRNAs act as either an oncogenes or a
tumor suppressors [18,19].

Recently, tumor cells have been shown to secrete miRNAs into
the circulation [20]. Therefore, analysis of circulating miRNA levels
in serum or plasma presents a novel approach for diagnostic cancer
screening. For example, Lawrie et al. [21] were the first to report
that tumor-associated miRNA levels in the serum of patients with
cancer were higher than those in healthy individuals, indicating
that circulating miRNAs can be used as biomarkers to monitor the
existence of cancer cells. This group also demonstrated that high miR-
21 expression was associated with relapse-free survival in patients with
large B-cell lymphomas [21]. Expression of other circulating serum or
plasma miRNAs has been widely reported by other investigators. To
date, differential expression of circulating miRNA has been reported
in cancers of the breast [22], lung [23], stomach [24], liver [25], kidney
(26], bladder [27], prostate (28], and ovaries [20], among others.
However, it is possible that measuring these miRNAs in the serum
or plasma of cancer patients may yield false-positive results because
tumor cells may also change the profile of miRNAs of other circulating
cells. Validation studies based on more and larger patient sets would be
necessary to focus on key miRNAs with high sensitivity and specificity.

The main issues that remain unresolved in measurement of
circulating miRNAs include the normalization, amplification, and
contamination [29]. There is no consensus on suitable small RNA
reference genes for use as internal controls. Current protocols need
correction for technical varjability using spiked-in synthetic non-
human (Caenorhabditis elegans) miRNA as a normalizing control [28-
30]. Moreover, there is a higher risk of cellular contamination when
preparing plasma as the supernatant is pipetted away from the cellular
pellet. Profiling of miRNA by qRT-PCR is also dependent on the type
of anticoagulant used, where EDTA and citrate are acceptable, but
heparin impedes the qRT-PCR reaction [29]. Given these uncertainties
surrounding miRNA analysis, further studies to establish consensus
protocols could resolve these issues and accelerate this novel method
toward clinical application as a novel approach to monitor or detect
tumor development.

Circulating miRNAs in Patients with Sarcoma

The first report of circulating miRNAs as potential diagnostic
markers was presented in 2010 by Miyachi et al. [31] who analyzed
the expression levels of muscle-specific miRNAs in the sera of
rhabdomyosarcoma patients and healthy controls [31]. To date, the
evidence is restricted to only three types of sarcomas, i.e., osteosarcoma,
rhabdomyosarcoma, and malignant peripheral nerve sheath tumor, as
summarized in Table 1.

Osteosarcoma

Osteosarcoma is the most common primary malignancy of the
bone and accounts for 60% of all childhood bone malignancies [32,33].
The most common primary sites of osteosarcoma are the distal femur,
proximal tibia, and proximal humerus, with approximately 50% of cases
originatingin thevicinity of theknee. The WHO classification recognizes
additional histological variants in addition to the conventional
osteosarcomas (osteoblastic, chondroblastic, and fibroblastic types);
telangiectatic osteosarcoma, small cell osteosarcoma, low-grade central
osteosarcoma, secondary osteosarcoma, parosteal osteosarcoma,
periosteal osteosarcoma, and high-grade surface osteosarcoma [34].
Standard treatment of patients with conventional osteosarcoma
consists of neoadjuvant chemotherapy, surgical resection, and

adjuvant chemotherapy [35]. With this combined treatment, the 5-year
overall survival for patients with no metastatic disease at diagnosis is
60%-80% [36-41}. However, a significant proportion of patients with
osteosarcoma still respond poorly to chemotherapy and have a greater
risk of local relapse or distant metastasis even after curative resection
of the primary tumor. Indeed, outcomes are far worse for patients
who present with metastatic disease, since the 5-year overall survival
is less than 30% [42], and has shown little improvement over the past
two decades despite multiple clinical trials with increased intensity.
Therefore, the discovery of sensitive and specific minimally invasive
biomarkers that could detect osteosarcoma at an early stage would be
one of the most important challenges. Moreover, it would be helpful if
these biomarkers could predict the chance of survival or response to
chemotherapy, especially during early treatment stages before surgery.

Four miRNAs (miR-21, miR-34b, miR-143, and miR-199-3p)
have been reported as potential osteosarcoma biomarkers. Yuan et al.
[43] investigated serum miR-21 expression levels in 65 patients with
osteosarcoma and 30 healthy controls by qRT-PCR and found that
serum miR-21 expression levels were significantly higher in patients
with osteosarcoma than in the controls [43]. Moreover, increased
serum miR-21 levels were significantly correlated with Enneking
stage and chemotherapeutic resistance. The mean AC, value of miR-
21 in the responder group was significantly higher than that in the
nonresponder group. Notably, the upregulation of miR-21 was an
independent unfavorable prognostic factor for overall survival [43].
Indeed, it has been reported that miR-21 is aberrantly overexpressed in
various cancers and is involved in the pathogenesis of cancers [44,45].
The effects of miR-21 on proliferation, migration, invasion, and
apoptosis have already been elucidated in cancers of the breast, liver,
and colon [46-48]. In osteosarcoma, Ziyan et al. [49] reported that
miR-21 was significantly overexpressed in osteosarcoma tissues, and
its knockdown decreased cell invasion and migration of osteosarcama
MG-63 cell line. RECK (reversion-inducing-cysteine-rich protein with
kazal motifs), a tumor suppressor gene, was found to be a direct target
that was negatively regulated by miR-21 in an osteosarcoma cell line
and human osteosarcoma specimens [49].

Ouyang et al. [50] evaluated the expression levels of six miRNAs
(miR-34, miR-21, miR-199-3p, miR-143, miR-140, and miR132) that
had been reported as aberrantly expressed in osteosarcoma using
plasma from 40 patients with osteosarcoma and 40 matched healthy
controls by qRT-PCR [50]. They found that plasma miR-21 levels were
significantly higher in patients with osteosarcoma than in controls,
whereas miR-199a-3p and miR-143 were decreased. Furthermore,
plasma miR- 21 and miR-143 levels were correlated with metastasis
and histological subtype, whereas plasma miR-199a-3p correlated with
histological subtype. Interestingly, the area under the curve (AUC)
value of the combined signature of three miRNAs (miR-21, miR199-3p,
and miR143) was higher than that of bone-specific alkaline phosphatase
(0.953 and 0.922, respectively), and the sensitivities and specificities of
the combined miRNAs were 90.5 and 93.8%, respectively. The aberrant
expression of miR-199-3p in osteosarcoma was first reported by Duan
et al. [51] who found that miR-199a-3p, miR-127-3p, and miR-376
were significantly downregulated in osteosarcoma cell lines compared
to osteoblasts [51]. Overexpression of miR-199a-3p in osteosarcoma
cell lines significantly decreased cell growth and migration. In
addition, they identified that miR-199a-3p suppressed the expression
of the oncogenic and antiapoptotic proteins mTOR and STAT3. Osaki
et al. [52] were the first to demonstrate that the expression of miR-
143 was decreased in metastatic osteosarcoma cells. They profiled
the miRNA expression in a parental HOS cell line and its sub-clone

Chemotherapy
ISSN: 2167-7700 CMT, an open access journal

Volume 3 - Issue 1 + 1000123

244



