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MicroRNA-Based Methods and Assays for Osteosarcoma
RELATED APPLICATIONS

This application claims benefit of priority to United States Provisional Patent
Application No. 61/531,942, filed September 7, 2011, and United States Provisional Patent
Application No. 61/696,981, filed September 5, 2012,

BACKGROUND OF THE INVENTION

There is growing evidence that fumors contain a subset of cells with stem cell-like
properties. These cells, often referred to cither as “cancer stem cells” (C5Cs) or as “tumor-
mitiating cells” (TICs), are responsible for forming the bulk of tumor. These CSCs possess
both self-rencwal and differentiation capabilities, and are believed to give rise to tumor
heterogeneity. Furthermore, they have been shown to be associated with the most lethal
characteristics of tumors — drug resistance and metastasis. The first evidence of the
existence of CSCs came from studics of hematological malignancies in 1994, More
recently, CSCs have been identified i 2 number of solid tumors, including breast, brain,

skin, lung, colon, pancreatic, Hver, head and neck, prostate, ovarian, and gastric cancers.

Osteosarcoma is the most common primary bone malignancy and accounds for 60%
of all malignant childhood bone tumors., Before multi-agent chemotherapy, amputation
provided a long-term sarvival rate of only ~20%. Since the 1970s, combimation
chemotherapy along with limb-sparing surgery has been the main treatment for
osteosarcoma. Currently, the S-year survival for patients with osteosarcoma has been
reported to be 50% to 80%. However, this sarvival rate has not improved over the last 10

years, and folly 40% of osteosarcoma patients dic of their disease.

Targeting molecules important in tumorigenesis, known as “targeted therapy”, has
been an exciting development in cancer treatment in the past ten years. However, no
targeted therapy is currently available for osicosarcoma. Therefore, there is a great need for

eveloping new osteosarcoma treatnents.

CD133, aiso known as ACI33 and Prominin T (PROM]1), is a five-transmembrane
glycoprotein of unknown function. It was the first iderdified member of the prominin
family of five-transmembrane glyeoproteins. In 1997, Yin et al. produced a novel

monoclonal antibody that recognized the ACI33 antigen, a glycosylation-dependent epitope

-1



WO 2013/034989 PCT/1IB2012/002626

bt
L

28

[
n

of CID133, and they detected expression of ACI33 in CD34-positive progenttor cells from
adult blood. CD133 ¢DNA cncodes a S-transmembrane domain molecule with an
extracetular N-terminus, a cytoplasmic C-terminus, and two large extracellular loops with
cight consensus sites for N-linked ghycosylation. A charactenistic featare of CID133 18 dts
rapid downregulation during cell differentiation. This featire makes CD133 a umique ccll
surface marker for the identification and isclation of stem cells and progenitor cells in
several tissues. According to the C8C theory, CSCs express some of the stem cell markers
ot normal stem cells. Therefore, tumor cells expressing CD 133 independently or in
combination with other stem cell or progenitor cell markers are thought to represent CSCs.
To date, however, the molecular mechanisms underlying the phenotype of CSCs expressing

CT333 cell surface marker have remained obscure.

MicroRNAs (miRNAg), first discovered 1 1993 as a small non-protein-coding
RNA, are small regulatory RNA mwolecules that modulate the expression of their target
genes and play important roles in a variety of physiological and pathological processes,
such as development, differentiation, cell proliferation, apoptosis, and stress responses.
miRINA bicgenesis requires several post-transcriptional processing steps to vield the
functional matare miRNA. Over the past several years, many miRNASs have been
imvestigated in various human cancers. The dereguiation of the expression of miRNAS has
been shown to contribute to cancer development through various kinds of mechanisms,
meluding deletions, amplifications, or mutations involving niRNA locs, epigenetic
silencing, the dysregulation of transcription factors that target specific miRNAs, or the
nhibition of processing. miRNA expression profiling is of increasing importance as a
usefid diagnostic and prognostic tool, and many studies have indicated that miRNAs act

cither as oncogencs OF as tUMoT SUPPressors.

The human miRNAs miR-1 and miR-133a are located on the same chromosomal
region, in a so-called cluster. Enriched in muscle, they are nuRNAg that inhibit
profiferation of progenitor cells and promote myogenesis by targeting histone deacetylase 4
(HDAC4Y) and serum response factor (SRE), respectively. miR-1 has been reported to be
overexpressed n individuals with coronary artery disease, while both of these miRNAs
have been reported to be expressed at low levels in cardiac hypertrophy. Despite 4 mumber
of studies, their importance in muscle physiclogy and discase still remains unclear.

Recenily, miR-1334a (the name of which bears no relationship to the name CID133) has been
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considered o be dispensable for the normal development and fumction of skeletal muscle.

However, the relationship between these miRNAs and CSCs has, until now, been unkaown.

The human miBNA miR-10b has been found to be positively associated with high-
grade malignancy. This association held true for various types of cancer. miR-10b is one
of the most sigaificantly upregulated niRNAS in human pancreatic adenocarcinomas and
ghoblastomas, two types of highly metastatic and/or invasive cancers. This miRNA i
highly expressed in metastatic cancer cclls propagated as cell lines, as well as in metastatic
breast tumors from pationts, and is also upreguiated in metastatic hepatoceliular carcinomas
relative to those that arc not metastatic. The tmportance of ;iR-10b in sarcoma

development has not previously been reported.
SUMMARY OF THE INVENTION

An aspect of the tnvention is a method of treating osteosarcoma. The method
includes the step of administering {o a subject in necd thereof an effective amount of an
antisense molecule specific for a microRNA (miRNA) selected from miR-1, miR-10b, and

miR-133a.
In one cmbodiment, the antisense molecule is stabilized RNA.

In one embodiment, the stabilized RNA is a locked nocleic acid (LNA)

oligonucleotide.
In one embodiment, the antisense molecule is DNA.

In one embodiment, the antisense molecule 15 20-30 nucleotides long and comprises
a nucleotide sequence at least 90 percent identical to 5-ACATACTTCTTTACATTCCA-Y
(SEQ 1D NO4), 5-ACAAATTCGGTTCTACAGGGT-3' (SEQ ID NO:S), or
5-CAGCTGGTTGAAGGGGACCAA-3Y (SEQ ID NG:6).

In one embodiment, the antisense molecule is 21-30 nucleotides long and comprises
a nucleotide sequence at least 95 percent identical to 5-ACATACTTCTTTACATTCCALS
(SEQ ID NOM4), - ACAAATTCGGTTCTACAGGGT-3" (SEQ 1D NO:S5), or
F-CAGCTGOTTGAAGGGOACCAA-3 (SEQ 1D NO:6).

In one embodiment, the sequence of the antisense molecule is

SCACATACTTCTTTACATTCCA-Y (SEQ D NO:4),
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§-ACAAATTCGGTTCTACAGGGT-3" (SEQ ID NO:5), or
§-CAGCTGOTTGAAGGGGACCAA-S (SEQ ID NG:6).

In one embodiment, the antisense molecule is 20-30 nuelectides long and comprises
a nucleotide sequence at least 90 percent identical to
5 S-AUACAUACUUCUUUACAUUCCA-Y (SEQ ID NG,

F-CACAAAUUCGGUUCUACAGGGUA-3Z (SEQID NG:R),
§-CAGCUGGUUGAAGGGGACCAAA-3" {(SEQ ID NG9,
SCATACATACTTCTTTACATTCCA-S (SEQ IDNOG:10),
5-CACAAATTCGGTTCTACAGGGETA-Y (SEQ ID NG, or

jio 5-CAGCTGGTTGAAGGGGACCAAA-Y (SEQIDNO:2).

In one embodiment, the antisense molecule is 21-30 mucleotides long and comprises
a nucleotide sequence at least 95 percent identical to
5 -AUACAUACUUCUUUACAUUCCA-3 (SEQ ID NOT),
5-CACAAAUUCGGUUCUACAGGGUA-3Y (SEQ ID NG:&),

s 5-CAGCUGGUUGAAGGGGACCAAA-S (SEQ ID NG9,
SCATACATACTTCTTTACATTCCA-S (SEQ ID NO: D),
5-CACAAATTCGGTTCTACAGGGTA-3 (SEQIDNO:I 1), or
5-CAGCTGGTTGAAGGGGACCAAA-S (SEQIDNG:2)

In one embodiment, the sequence of the antisense molecule is
20 S-AUACAUACUUCUUUACAUUCCA-Y (SEQ ID NGO,
5-CACAAAUUCGGUUCUACAGGGUA-Y (SEQ ID NO:8),
5-CAGCUGOUUGAAGGGUACCAAA-Y (SEQ IDNOS),
SEATACATACTTCTTTACATTICCA-3 (SEQ ID NGO,
§-CACAAATTCGGTTCTACAGGGTA-3 (SEQID NG, or
25 S-CAGCTGGTTCGAAGGGOACCAAA-S (SEQID NO:2).
In one embodiment, the antisense molecule 1s associated with a nucleic acid
delivery vehicle.
In one embodiment, the ostcosarcoma is metastatic osteosarcoma,
An aspect of the mvention 18 an isolated nucieic acid molecule 20-30 nucleotides
33 long comprising a nuclestide sequence at least 90 percent identical to
S-ACATACTTCTTTACATTCCA-S (SEQ 1D NO4),
-4
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§-ACAAATTCGGTTCTACAGGGT-3" (SEQ ID NO:5), or
§-CAGCTGOTTGAAGGGGACCAA-S (SEQ ID NG:6).

In one embodiment, the isolated nucleic acid molecule 15 21-30 nucleotides jong and
comprises a nucleotide sequence at least 95 percent identical to
5-ACATACTTCTTTACATTCCA-3 (SEQ ID NG44,
F-ACAAATTCGGTTCTACAGGGT-3" (SEQ ID NG:5), or
§-CAGCTGOGTTGAAGGGGACCAA-3 (SEQ ID NG:6).

In one embodiment, the sequence of the isolated nucleic acid molecule is
S“ACATACTTCTTTACATTCCA-Y (SEQ D NO4),
S“ACAAATTCGOTTCTACAGGGT-3 (SEQ ID NO:S), or
5-CAGCTGGTTGAAGGGGACCAA-Z (SEQ 1D NO:6).

An aspect of the tnvention 18 an isolated nucieic acid molecule 20-30 nuclootides
long comprising a nucleotide sequence at least 90 percent identical to
S-AUACAUACUUCUUUACAUUCCA-3 (SEQ IDNOT),
5-CACAAAUUCGCGUUCUACAGGGUA-Y (SEQ ID NO:8),
5-CAGCUGQUUGAAGGGCACCAAA-S (SEQ IDNO9),
5-ATACATACTTCTTTACATTCCA-Y (SEQ ID NO:1D),
F-CACAAATTCGGTTCTACAGGGTA-3" (SEQIDNG:T), or
§-CAGCTGOTTGAAGGGGACCAAA-3 (SEQ ID NO:12).

In one embodiment, the isolated nucleic acid molecule is 21-30 nucleotides long and
comprises a nucleotide sequence at least 95 percent identical to
5-AUACAUACUUCUUUACAUUCCA-3Y (SEQ ID NG.7),
5-CACAAAUUCGGUUCUACAGGGUA-3 (SEQ ID NO:8),
F-CAGCUGGUUGAAGGGGACCAAA-3 {(SEQ IDNGY),
S-ATACATACTTCTTTACATTCCA-3 (SEQ D NO:10),
5-CACAAATTCGGTTCTACAGGGETA-Y (SEQ D NG, or
5-CAGCTGGTTGAAGGGGACCAAA-Y (SEQ IDNO:2).

In one embodiment, the sequence of the isolated nucieic acid molecule is
F-AUACAUACUUCUUUACAUUCCA-Y (SEQ ID NOT,
F-CACAAAUUCGGUUCUACAGGGUA-3Z (SEQID NG:R),
§-CAGCUGGUUGAAGGGGACCAAA-3" {(SEQ ID NG9,

-5
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S-ATACATACTTCTTTACATTCCASS (SEQ IDNO:1D),
§-CACAAATTCGGTTCTACAGGUTA-Y (SEQID NG, or
S-CAGCTGOGTTGAAGGGGACCAAA-Y (SEQ D NOHZ).

In one embodiment, the nucleic acid molecule is associated with a nucleic acid
delivery vehicle.

An aspect of the invention 18 a method of assessing resistance of osteosarcoma to an

anti-cancer therapy. The method includes the steps of
obtaiming a tissue sample comprising osteosarcoma cells;
isolating from the sample cells expressing CD133;

measuring a first level of expression by the CD I33-expressing cells of at least one
microRNA (miRNA) selected from the group consisting of miR-1, miR-10b, and
miR-133a;

2

contacting the CDH 33-expressing cells with an anti-cancer therapy; and

measuring a second level of expression by the CD133-expressing cells of the at least
one miRNA, wherein a second level of expression greater than the first level of expression

indicates the osteosarcoma is resistant to the anti-cancer therapy.

In one embodiment, the anti-cancer therapy 1s selected from the group consisting of

cisplatin, doxorubicin, methotrexate, and any combination thereof.

An aspect of the invention 18 a method of screening for osteosarcoma. The method
mclades the step of performing on a tissee sample from a subject an assay specifically
capable of detecting at least one microRNA {(miRNA) selected from the group consisting of
miR-1, miR-10b, and miR-133a, wherein detection by the assay of the presence in the

sample of the at least one miRNA indicates the subject is at risk of having osteosarcoma.
In one cmbodiment, the tissue is blood.
In one embodiment, the tissoe is serum.

A aspect of the invendion is a method of monitoring osteosarcoma. The method
imcludes the steps oft

{a) performing, on a tissuc sample obtained from 2 subject having osteosarcoma or
having been treated for osteosarcoma, an assay specifically capable of quantifying the level
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of expression of at least one microRNA (miRNA) selected from the group consisting of

miR-1, miR-10b, and miR-133a; and

{b} repeating step {a) on a later-obtained tissue sample from the subject, wherein a
level of expression of the at least one miRNA in the later-obtained sample greater than the
level of expression of the at least one miRNA in the carlicr-obtained sample indicates the
osteosarcoma is progressive, and a level of expression of the at least one miRNA in the
later-obtained sample lesser than the level of expression of the at least one miRNA in the

cariier-obtained sample indicates the osteosarcoma is regressive.
In one embodiment, the tissue 15 blood.
In one embodiment, the tissue is serum.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure ¥ is a group of seven representative FACS analyses of various indicated
human osteosarcoma cell lines based on their expression of CI3133 (X-axis) and CD44 (Y-
axis).

Figure 2 is a collage comprising a FACS analysis depicting selection of O 133088
and CD133Y Sa082 cells (top panel); four photomicrographs depicting asymmetric cell
division in the CD133"*" population at day 1 and day & (middie panel); and two FACS
anafyses by PKH staining for cach population at day 14 (bottom panel). Scale bars, 50 ovun.

Figure 3 is a group of four photomicrographs and a bar graph depicting sphere-
formation assays in freshly isolated CD133™ and CD133"% HOS-GFP cells. Photos were
taken on day 5 and the numbers of spheres m each well were counted (n = 3 per group, ¥*F

< (.01). Scale bar, 200 pm.

Figure 4 is a bar graph depicting drug sensitivity of CD133"" and CE 133"
Sa(S2 cell populations. Relative viable cells to doxorubicin (DOX, 0.03 uM), cisplatin
(CDDP, 2.5 pM), and methotrexate (MTX, 0.32 uM) were analyzed (n = 3 per group, ¥P <
0,05, ¥+ 2 < 0.01).

Figure 5 is a pair of photomicrographs and a bar graph depicting invasion assays in
CD133% and CD133°" $a082 celi populations (7 = 3 per group, ¥*F < 0.01). Scalc bar,

200 pm.
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Figure 6 1s a graph depicting quantitative polymerase chain reaction (gPCR)
anafysis of stem cell-associated, multiple drug-resistant transporters and metasiasis-
associated genes of CD133" and CD133°Y Sa0S2 cell populations. B-actin was used as

an miernal condrol.

Figure 7 1s a group of eight photographic images depicting tumorigenicity of
CD133"" and D133 HOS-fuc coll populations in mice. Luminesconce of the tumors

xenografted with CD133"¢" (animals” right thighs) and CD133'" (animals’ loft thighs)

1gh

HOS-fuc cells are identified by in vivo tmaging system (IVIS). CD133he population

formed tumors with as fow as 100 cells {(» = 5 per group).

Figure § is a pair of FACS analyses depicting CD 1338 ¢cell populations in clinical

osteosarcoma spec imens,

Figore 8 iS a graph d(’: 7iCﬁl’!,“ metastasis-ﬁ‘ee survivai f()l" ostegsarcoma ati ents
é) =
bZESCd on CD 133 exy I"CSSiOﬂ. Pa'tiems V\’ith high eXPression Of CDi33 hada median
&

metastasis-free survival of less than 60 months (n = 35, log-rank test, F = 0.0262).

Figure 18 is a Venn diagram depicting upregulated and downregulated miRNAs

CD123%" gnd CD133°Y cells of Sa052 and HOS.

Figuore 11 is a bar graph depicting upregulated miR-1, miR-10b, and miR-133ain
CD133"® populations of $a02 and HOS cells compared to CD 133" population (P <

0.03, ¥*¥f <Q.01, #*¥*P <0.001).

Figure 12 is a graph depicting the expression of miR-1, miR-10b, and miR-1334 in
CD133°Y Sa082 cells transfected with miRNA oligonucleotides compared to CD1331Y
Sa(82 colls transfected with miR-NC (vegative control) oligonucleotides (log scale, w =3
per group, TP <{.08, ¥P <01, FHHEP <(.001).

oW

Figure 13 is a graph depicting invasion assays in purified CD133"Y cells
transfocted with miR-1, miR-10b, and miR-133a or NC oligonucieotides (*F < 0.05, **F <«

001, ¥ P <0.001).
Figure 14 is a graph depicting drug resistance in CD133"Y cells transfocted with

miR-1, miR-10b, miR-133a, or miR-NC oligonucleotides (MTX, methotrexate at 0.22 mM;

P <{LOS, P <0.01)
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Figure 15 is a schematic representation of plasmid vectors utilized for stable
overexpression of miR-133a in CD133% cells. Nrul, Notl, Xbal: restriction endonuclease
sttes; Powy, cyvtomegalovirus promoter; MCS, multiple cloning site; IVS, intervening
sequence; IRES, internal ribosome entry site; Hyg', hygromyein resistance gene; SV40 poly

A, SV40 poly A tail

Figure 16 comprises four pairs of photographic images depicting tumornigenicity of
CD133°Y HOS-luc cells stably expressing miR-133a (right legs) compared to control
CD133"Y HOS-luc cells (loft logs). Each site was injected with the indicated number of

colls {10°-107y; luminescent evaluation was performed 90 days post injection.
9 o

Figure 17 is a graph depicting expression of CD133 messenger RNA {mRNA) in
CD133°Y Sa082 cells transfocted with miR-1, miR-10b, and miR-133a oligenucleotides.
Alteration of these miRNAs did not alter CD 133 expression levels. Comparison is also
made to CD133"" cells transfected with miR-NC {negative control) oligonucleotide (1 = 3
per group).

high

Figuore 18 is a graph depicting expression of miR-133a 1 CD1337 populations of

freshiy resected pationt biopsiss.

Figure 19 is a series of photomicrographs and a related bar graph depicting the
eifects of individual muRNAs, and various combinations of the miRNAs, on invasiveness of
D133 82082 cells transfected with the indicated miRNAs. For the purposes of

comparison data is also presented for CD133%% Sa082 cells. NC, negative control.

Figure 28 is a series of photomicrographs and related bar graph depicting the
effects of mdividual miRNAs, and various combinaftons of the miRNAs, on tnvastveness of

CD133°Y MNNG/HOS cells transfected with the indicated miRNAs, NC, negative control,

Figure 21 is a bar graph depicting proliferation of non-transfected CD133"¢ 82082
cells and CD133YY Sa082 cells transfocted with the indicated sdRNAs. NC, negative

control. Cells were maintained in cubture for 4 d prior to counting.

Figure 22 comprises three graphs depicting (left) induction of mRNA for CD33 by
doxorubicin (DOX) and cisplatin (CDDP) in 1438 cells; (middie) mduction of miR-1, nuR-
1{b, and miR-133a by DOX in 143B cells; and (right) induction of miR-1, miR-10b, and
miR-133a by CDDP in 1438 cells {(*P < (.05, **P < .01, ***F < Q.001
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Figure 23 is a pair of juxtaposed photographic images depicting tumorigenicity of
cisplatin (CDDP)-treated CD 133" HOS-lue cells in mice. Luminescence of the tumors
xenografted with CDDP-treated cells {animals’ right tibias) and saline-treated control cells
{amimals’ left tibias) are identified by in vive imaging system (IVIS). CDDP-treated

CD133Y cells formed tumors with as few as 100 cells (7 = 5 per group).

Figure 24 is a graph depicting knock-down of miR-1, miR-10b, and miR-133
gxpression in CD1 33880 94082 cells transfected with locked nucleic acid (ENA)1, LNA-

10b, ENA-133a, and LNA-NC oligonucleotides.

Figuore 28 is a graph depicting cell proliferation on day 4 after transtection of LNA-
133a and LNA-NC (negative control) oligonecieotides in CD133" and CD133°7 cells (n
=3 pner group; *FEL <0.001).

Figure 26 is pair of graphs depicting (left) cell viability of indicated cell types
grown in the presence of doxerubicin (DOX, 0.4 uM, 48 W) or cisplatin (CDDP, 5 uM, 48
h} measured 24 h afier transfection with LNA-133a or LNA-NC; and (right) percentage of
apoptotic cells n ndicated cell types grown in the presence () or absence (-} of cisplatin

{CDDP, 5 uM, 48 h) measured 24 h after transfoction with LNA-133a or LNA-NC.

Figure 27 is a graph depicting invasion assays in indicated LNA-treated Sa(S2
CD133% and CD133"Y populations (n = 3 per group; **P < 0.01).

Figure 28 is a graph depicting quantitative polymerase chain reaction (gPCR)
anafysis of genes associated with stemness, drug resistance, and metastasis of osteosarcoma
in CD133% cells transfected with LNA-133a and LNA-NC oligonucleotides. B-actin was
used as an internal cordrol.

Figure 29 is a schematic depicting LNA-133a (LNA) and cisplatin (CDDP)
administration schedule for 143B-/uc-bearing mice. VIS, in vive imaging system.

Figure 38 is a graph depicting expression of miR-133a in 143B-/uc tumors
according to the dose of LNA-133a (n = 3 per group).

Figure 31 is a graph depicting relative expression of miR-133a in mice bearing
143B-fuc tumors and treated with saline alone, ENA-133a alone, cisplatin (CDDP) alone,

or LNA-133 plas CDDP (FP < 0.05, *¥¥P < 0.001).

- 10 -
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Figure 32 is a group of four photographic images depicting macroscopic
appearance, on day 36, of mice bearing 143B-Juc tomors and treated with saline aloue,

LNA-133a alone, cisplatin (CDDP) alone, or LNA-133 plus CDDP. Scale bar, 10 o,

Figure 33 is a graph depicting weight of 143B-fuc tumors, on day 36, from cach
ndicated treatment group (F*£ < 0.01).

Figure 34 is a graph depicting survival of mice bearing 143B-iuc tumaors and treated
with saline alone, LNA-1332 alone, cisplatin (CDDP} alone, or LNA-133 plus CDDP,
Kaplan-Mcier analysis and log-rank test (n = 5 per group, £ = 0.0013).

Figure 35 is a schematic depicting a strategy used to identify target genes of miR-
133a. Anti-Ago? 1P, anti-Ago? antibody tmmunoprecipitation.

Figure 36 is a Venn diagram depicting candidate target messenger RNAs (mRNAs)
of miR-~133a according to complomentary DNA (¢DNA} microarray and in sifico database
anafysis,

Figure 37 is a graph depicting inhibition of cell growth by 10 siRNAs on cell
transfection arrays in the presence of cisplatin 72 b after transfection {(n = 3 per group; NC,

negative control; ¥ L < .01, #¥2L <(.001).

Figure 38 is a graph depicting invasion assay by 10 siRNAs on celi transfection
arrays 72 h after transfection (n = 3 per group; NC, negative control; *£ < 0.05, £ < 0.01,
HEEP <0001

Figure 39 is a graph depicting luciferase activity in SaO82 cells co-transfected with
miR-133a oligonucleotides and luciferase reporters for the indicated putative miR-133a
target genes.

Figure 40 is a graph depicting inverse correlation between expression of CI133

(CD133

£ versus CD133"%) and messenger RNA (mRNA) for indicated targets of miR-
1333, as measured by quantitative reverse transcriptase-polymerase chain reaction (gRT-
PCR).

Figure 41 is a graph depicting decreased expression of messenger RNA (mRNA)
for the indicated miR-133a target genes in C$133"Y 830872 cells 4% h after transfection of
miR-133a oligonucleotides compared to miR-NC (negative control) oligonucleotides, as
measured by quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR).

-11-
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Figure 42 is a graph depicting increased expression of messenger RNA (mRNA) for

SGMS?2 tn 143B-fuc tumors from mice treated with ENA-133a (¥*£ < 0.01).

Figure 43 is a series of six graphs depicting metastasis-free survival of
osteosarcoma patients sensored for miR-133a target genes SGMS2, UBAZ, SNX34,
DUSPHL, MASTY, and ANXAZ, respectively. The low expression of the divect targets of
miR-133a {except for DUSP 1) were significantly correlated with a poor prognosis

(Kaplan-Meier analysis and log-rank test; 7 valoes as shown).
DETAILED DESCRIPTION OF THE INVENTION

Since the proposal of the cancer stem cell (CSC) hypothesis, several studies have
cen performed to identify cancer stem cells of osteosarcoma. These cells have been
detected in spherical clones under anchorage-independent, serum-starved culture
conditions, as side population (SP) cells based on efffux of Hoechst 333472 dye or as CD117
and stro-1 cells sorted using cell surface marker, In view of these models, the fnventors

dentitied Prominin-1, the mouse homolog of human C3133, to be highly expressed ina

~high
4
3

small fraction of osteosarcoma cells, Cells from this CDi3 fraction formed cluster
spheres in an anchorage-independent environment, exhibited a potential for self-renewal
and differentiation, expressed stom coll-associated markers, and showed more invasive

low

potential compared to the CDI133™ fraction.

Following the characterization of the phenotype of osteosarcoma CSCs, the
inventors profiled expression of soveral miRNAs, which distinguish cells of the CD 1330
fraction from their more differentiated progeny. Among these miRNAs, miR-1, miR-10b,
miR-133a were found to be upregulated in the CD133%% fraction compared to the
D335 fraction of osteosarcoma cells. Remarkably, the inventors have discovered these
miRNAs promote chemoresistance and fovasiveness of osteosarcoma cells. These
shservations saggest that miR-1, muR-10b, and miR-13338 are regolators of cancer stem
cells of osteosarcoma. Particularly in combination with a tatlored drug delivery systom,
new therapeutic agents {¢.g., antisense nucleotides) targeting the miRNAS show great
promise against osteosarcoma, adding to conventional chemotherapeutic agents, sach as

methotrexate, cisplatin, and doxorebicin.

Although miRNAs are not presently used as cancer therapeutics or as validated

targets for cancer therapeutics, successtul in vive studies support the notion that they could

-12 -
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be used as mnovative therapeutics to address vnmet needs. Systemic delivery of anfi-miR-
10b in an orthotopic mouse model of breast cancer showed a significant reduction in the
number and size of lung metastases, with no obvious effect on primary turgors. Mact al,
(2010) Nat Biotechnol 28:341-7. Moreover, the recent discovery of miRNAs as novel
biomarkers in serum or plasma represents a new approach for diagnostic sereening i blood.
Brase et al. {2010} Mol Cancer 9306, The miRNAs identified in accordance with the
mstant invention also have potential as biomarkers which can be used for prompt
assessment of sensitivity to chemotherapeutics, early detection of local recurrence, or
distant metastasis, all of which are factors that affect the prognosis for patients with

asteQsarcoma.

An aspect of the invention is a method of treating osteosarcoma. The method
nchudes the step of administering to a subject in need thercot an effoctive amount of an
antisense molecule specific for a microRNA {miRNA) selected from nuiR-1, miR-10b, and
miR-133a. Alternatively or in addition, the method can include the step of administering to

the subject any agent that knocks down the expression of the miRNA.,

As used herein, the terms “treating” and “to treat” refers to amchorating or curing a
discase or undesirable condition. For example, treating osteosarcoma refers to reducing or

climinating the burden of osteosarcoma cells in a subject having osteosarcoma,

A “sgbject” as used herein refors to a mammal. In one embodiment, a subjectis a

human,

An effective amount of an antisense molecule specific for a microRNA s
administered to the subject in need of treatment. As used hercin, an “effective amount”
refers to an amount that 1s sufficient to achieve a desired biological outcome. For example,
an effective amoumt to treat an osteosarcoma is an amount sufficient to redoce or eliminate
the population of osteosarcoma cells in 8 subject having osteosarcoma. An cffective
amount may vary depending on such factors as the size of the tumor, the size of the subject,
the overall condition of the subject, the route of administration, the identity of the active
agent, the composition or formulation of the active agent, and other factors well known in

the medical and pharmaceutical arts.

Without meaning to be bound to any particular dosage, an effective amount can, in

general, vary from 0.01 microgram (ugykg body weight to 1000 mg/kg body weight of

13-
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active agent per day when administered by a parenteral route of administration. For oral or
enteral administration, an effective amount can, in general, vary from 0.1 pg/kg body
weight to 10,000 mg/kg body weight of active agent per day. An effective amount can be
determined, for example, based on in vifro studies and in vivo animal studies, as well as

clinical studies.

MicroRINAs (miRNAs) are short (20-24 ut) non-coding RNASs that are involved in
post-transcriptional regulation of gene expression in multicellular organisms by affecting
both the stability and translation of mRNAs. miRNAs are transcribed by RNA polymerase
11 as part of capped and polyadenylated primary transcripis {pri-miRNAs) that can be either
protein-coding or non-coding. The primary wanscript is cleaved by the Drosha
ribomuelease HI enzyme to produce an approximately 70-nt stem-loop precursor nuRMNA
(pre-miRNA)}, which is further cleaved by the cytoplasmic Dicer ribonuclease to generaie
the mature miRNA and antisense miRNA star (miRNA*) products. The mature miRNA s
meorporated into an RNA-induced silencing complex (RISC), which recognizes target
messenger RNAs (mRNAs) through tmperfect base pairing with the miRNA and most

commonly results in ranslational irhibition or destabibization of the target mRNA,

The muRNA can be selected from nmuR-1, miR-10b, and miR-133a. fnone
embodiment, the miRNA is miR-1. In one embodiment, the miRNA is miR-10b. In one
embodiment, the miRNA is miR-133a. While these miRNAs have been deseribed in the
art, prior to the instant invention there was no recognition or expectation that these
particular miRNAs are or might be associated with osteosarcoma, including, in particular,

drug-resistant and/or aggressively imvasive or metastatic phenotypes of ostcosarcoma.

miR-1 has been described as a 22-nucleotide long miRNA having the sequence

S-UGGAAUGQUAAAGAAGUAUGUAL-3 (SEQ 1D NO: )L

miR-10b has been described as a 23-nucleotide long muRNA having the sequence

5-UACCCUGUAGAACCCAAUUUGUG-3" (SEQ ID NO:2).

miR-133a has been described as a 22-nucleotide long miRNA having the sequence

§-UUUGGUCCCCUUCAACCAGCUG-3 (SEQ ID N(:3).

Autisense 1s well described in the Hterature. In general, antisense agents are nucleic
acid-based molecules having a nucleotide sequence that is complementary to the sequence
of a target nucleic acid molecule, whereby association between the antisense molecule and

- 14 -
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1ts target sequence molecule resulis in a reduced amount of expression of the target nucleic

acid molecule.

In one embodiment the antisense molecule {anti-miRNA) 15 a stabilized RNA, i¢.,
an RNA that, compared to naturally occurring RNA, is relatively resistant to nuclease-
mediated degradation in vitro ot in vive. Numerous forms of stabilized nucleic acids,
meluding RNA, are known., Some stabilized RNAs include poly A 3'-terminal ends.
Chemically modified forms of nucleic acids, including, for example and without bmitation,
locked nucieic acids (LNAs), phosphorothicate backbone-modified nucleic acids, and 2"-0-
methyl (27-0Me) nucleic acids have been well deseribed and require no further description

heve, Kxilitzfeldt et al. (2005) Nasure 438:685-9; Ma et al. (2010) Nat Riotechnol 28:341-7.

In one embodiment, the antisense molecule is a locked nucleic acid (LNA)
oligonucleotide. A locked nueleic acid nucleotide is 1 modified ribonucleotide. The ribose
moiety of an LNA nucleotide is modified with an extra bridge connecting the 27 oxygen and
4" carbon. The bridge “locks” the ribose in the 3'-endo conformation. LNA nucleotides
were first developed by Imanishi and colleagues and Wengel and colicagues. Obika ot al.

(1997} Tetrahedron Lert. 381 8735-8; Koshkin et al. (1998) Tefrahedron 54: 3607-30.

A locked mucleic acid (LNA)} oligonucleotide is a polymer of nucleotides, at least
one of which is an LN A nucleotide. Any non-LNA nucleotide in an LNA oligonucleotide
can be a natwally cecurring or modified ribonucleotide or deoxyribonucieotide, or an
anafog thereof, provided that the ENA oligonucleotide 1s functional as an antisense
molecule with respect to tis intended target. In one embodimerd, any non-LNA nucleotide
in an LNA oligomucleotide 15 a deoxyribonucleotide, and at least the 3'-terminal nucleotide
is an LNA nucleotide. In one embodiment, any non-LNA nucleotide in an LNA
oligonucleotide is a naturally occurring deoxyribenucleotide, and at least the two 3/
terminal nucleotides are LNA nucleotides. In one embodiment, an LNA oligonucleotide is
composed exclusively of LNA nucleotides.

In one embodiment, the antisense molecule is BNA,

In one embodiment, an antisense molecule specific for miR-1 comprises a sequence
§-ACATACTTCTTTACATTCCA-3" (SEQ 1D NO:4).

In one embodiment, the sequence of an antisense molecude specific for miR-1 is
S-ACATACTTCTTTACATTCCA-S (SEQ IDNOM4).

~
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In one embodiment, an antisense molecule specific for miR-10b comprises a

sequence S-ACAAATTCGOTTCTACAGGGT-3" (SEQ 1D NO:S).

In one embodiment, the sequence of an antisense molecule specific for miR-10b 1s

S-ACAAATTCGOTTCTACAGGOT-3 (SEQ 1D NO:S).

In one embodiment, an antisense molecule specific for miR-133a comprises a

sequence §-CAGUTGOTTCAAGGGOACCAALY (SEQ ID NO:6).

In one embodiment, the sequence of an antisense molecule specific for niR-133ais
SACAGCTGGTTCGAAGGGGACCAA-Y (SEQ D NOW6).

In one embodiment, an antisense molecule specific for miR-1 comprises a sequence
F-AUACAUACUUCUUUACAUUCCA-3 (SEQ ID NOT).

In one embodiment, the sequence of an antisense moiccule specific for miR-1 is
5CAUACAUACUUCUUUACAUUCCA-Z (SEQID NO:T.

In one embodiment, an antisense molecule specific for miR-10b comprises a

sequence S-CACAAAUUCCGOUUCUACAGGGUA-Y (SEQ D NOK).

In one embodiment, the sequence of an antisense molecule specific for miR-10b 1s

5-CACAAAUUCGGUUCUACAGGGUA-3 (SEQ ID NO:&).

In one embodiment, an anfisense molecude specific for miR-133a comprises a

sequence 5 -CAGCUGGUUGAAGGGGACCAAA-S (SEQ ID NO:9).

In one embodiment, the sequence of an antisense molecule specific for miR-133a s

§-CAGCUGGUUGAAGGGGACCAAA-3" {(SEQ ID NG:9).

In one embodiment, an antisense molecule specific for miR-1 comprises a sequence

S-ATACATACTTCTTTACATTCCA-3" (SEQ ID NG:10).

In one embodiment, the sequence of an antisense molecule specific for miR-1 is

S-ATACATACTTCTTTACATTCCA-Y (SEQ IDNO:10).

In one embodiment, an antisense molecule specific for miR- 1 comprises a

sequence S-CACAAATTCOGTTCTACAGGGTA-3 (SEQ D NG

In one embodiment, the sequence of an antisense molecule specific for miR-10b is

S-CACAAATTCGGTTCTACAGGGTA-3 (SEQ D NG

16 -
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In one embodiment, an antisense molecule specific for miR-133a comprises a

sequence §-CAGCTGGTTCGAAGGGGACCAAA-Y (SEQ 1D NO:1Z).

In one embodiment, the sequence of an antisense molecule specific for miR-133a s

S-CAGCTCGOTTCAAGGGCGACCAAA-Y (SEQ D NO:12Z)

5 The mvention further embraces antisense molecules 20 to 30 nucleotides long
comprising a contiguous sequence that is at least 90 percent identical to any one of the
foregoing antisense molecule sequences. 1t is to be understood that such antisense
molecules are capable of specifically hybridizing with or knocking down expression of the

miRNAs to which they are targeted.

i0 The invention firther embraces antisense molecules 21 to 30 nucleotides long
comprising a contiguous sequence that is at least 95 percent identical to any one of the
foregoing antisense molecule sequences. 1t is to be understood that such antisense
molecules are capable of specifically hybridizing with or knocking down expression of the

miRINAs to which they are targeted.

P
iy

In cach of the foregoing embodiments, in one cmbodiment the antisense molecule
nchudes one or more locked nucheic acid (LNA) nucleotides. Furthermore, in one
embodiment the antisense molecule is composed exclusively of locked nucleice acid (LNA)

nucleotides.

In one embodiment, the antisense molecule specific for a particular nicroRNA s

20 associated with a nucleic acid delivery vehicle. As used herein, a “nucleic acid delivery
vehicle” refers to a biologically compatible vector useful for delivering a nucieic acid
melecule to the cytoplasm of a cell. The antisense molecule can be conjugated to the
nucleic acid delivery vehicle, Alternatively or in addition, the antisense molecule can be
encapsulated by the nucleic acid delivery vehicle. Examples of suitable nucleie acid

25 delivery vehicles include liposomes, lipids, cholesterol, hormones, and other targeting
molecules. Inrespect of liposomes, the antisense molecule can be associated with the outer
surface of the liposome, the interior of the liposome, or both the exterior and the terior of

the fiposome.

In one embodiment, the osteosarcoma is localized osteosarcoma, e.g., osteosarcoma

30 thatis confined to one limb or one bone.

In one embodiment, the ostoosarcoma is metastatic osteosarcoma.
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An aspect of the mvention 13 a method of assessing resistance of osteosarcoma to an

anti-cancer therapy. The method includes the steps of
obtaiming a tissue sample comprising osteosarcoma cells;
isclating from the sample cells expressing CD133;

measuring a first level of expression by the CD I33-expressing cells of at least one
microRNA (miRNA) selected from the group consisting of miR-1, miR-10b, and miR-

133a;
contacting the CDH 33-expressing cells with an anti-cancer therapy; and

measuring a second level of expression by the CD133-expressing cells of the at least
one miRNA, wherein a second level of expression greater than the first level of expression

indicates the osteosarcoma is resistant to the anti-cancer therapy.

CD133-expressing ceils can be isolated from a tissue sample using any suitable
means. For example, a cell suspension can be prepared from the tissoe and then the cells
can be subjected to fnmunochromatography with, for example, magnetic beads loaded with
anti-CI3133 antibody, or by fluorescence-activated cell sorting (FACS) using an
appropriately labeled anti-CD 33 antibody. Monoclonal anti-human CD 133 antibodies are

commercially available from a nomber of supplicrs.

A level of expression of a miRNA can be performed using any suitable method. For
example, the expression level can be determined using reverse-transcriptase polymerase
chain reaction (RT-PCR) using appropriately selected cligomacleotide primers.
Alternatively or in addition, the expression level can be determined using Northern blotting

with appropriately selected and labeled hybridization probe.

As used herein, an “anti-cancer therapy” refers 10 any modality of treatment useful
i treat a cancer. Such modalitics inchude, 1n general, chemotherapy, external beam
radiation therapy, immunotherapy, hormone therapy, and combinations thereof
Chemotherapeutic agents are small molecules (moelecular weight fess than about 1 kDa) are
well known in the medical arts. Commonly used chemotherapeutic agents used for
gsteosarcoma include cisplatin (cis-diamminedichloroplatinom (1), also known as CDDP,
and cisplatinum, commercially available as Platinol and Platinol-AQ), doxorubicin (also

known as hydroxydaunorubicin, commercially available as Adriamycin), and methotrexate
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(also known as amethopterin). In one embodiment, the anti-cancer therapy is selected from
cisplatin, doxorubicin, methotrexate, and any combination thereof. Any two or more of
these agents may be used in combination, cither concurrently ot sequentially. ITu addition,
any one or combination of such anti-cancer therapies can be used in combination with

another anti-cancer modality, for example, external beam radiation therapy.

In various embodiments, the osteosarcoma is identified as being resistant to the anti-
cancer therapy when the second level of expression of at least one of miR-1, miR-10b, and
miR-133a is objectively greater than the first level of expression. In various embodiments,
the osteosarcoma is Wdentified as being resistant to the anti-cancer therapy when the second
fevel of expression of at feast one of miR-1, miR-10b, and miR-1334 is at least 1 percent,
at least 20 percent, at least 30 percent, at least 40 percent, at least 50 percent, at least 60
percent, at least 70 percent, at least 80 percent, at least 90 percend, or at feast 100 percent

greater than the first level of expression.

In one embodiment, the method further comprises the step of adjusting the dose of
or changing the anti-cancer therapy when the osteosarcoma 18 found to be resistant to the
anti-cancer therapy. For example, when the osteosarcoma is found to be resistant 1o the
anti-cancer therapy, the anti-cancer therapy can be supplemented with or changed to

another suitable anti-cancer therapy.

An aspect of the tnvention 18 a method of screening for osteosarcoma. The method
includes the step of performing on a tissue sample obtained from a subject an assay
specifically capable of detecting at feast one microRNA (ouRNA) selected from the group
consisting of miR-1, miR-10b, and miR-133a, wherein detection by the assay of the
presence in the sample of the at icast one miRNA indicates the subject is at risk of having
osteosarcoma. In one embodiment, the miRNA is miR-1. In one embodiment, the niRNA
1s miR-10b. In one embodiment, the nuRNA is miR-133a. In one embodiment, the at feast

one mi-RNA is any combination of miR-1, miR-10b, and miR-133a.

An assay specifically capable of detecting at least one microRNA (miRNA) selected
from the group consisting of miR- |, miR-10b, and miR-133a can be, for example, RT-PCR
using appropriately sciccted oligonucicotide primers. Alternatively or in addition, the assay

can be Northern blotting with an appropriately sclected and labeled hybridization probe.
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In one embodiment, the tissue is blood. In one embodiment, the tissue is serum. In

onc cmbodiment, the tissue is plasma.

In one embodiment, the method further includes the step of venifving the presence
of osteosarcoma, using any suitable method, when the subject is determined to be at nisk of
having osteosarcoma. For example, verifying the presence of ostcosarcoma can include
performing a skeletal survey or specific bone imaging analysis using X-rays or other
suitable bone tmaging technique, magnetic resonance imaging (MRI), computed

tomaography (CT, biopsy, and any combination thercof.

In one embodiment, the method further includes the step of treating the subject for

osteosarcoma.

An aspect of the invention 18 a2 method of monitoring osteosarcoma. The method

mclades the steps of

{(a) performing, on a fissue sample obtained from a subject having osteosarcoma or
having been treated for osteosarcoma, an assay specifically capable of quantitving the level
of expression of at least one microRNA {miRNA) selecied from the group consisting of

mill-1, miR-10b, and miR-1334a; and

(b} repeating step {a) on a later-obtained tissue sample from the subject, wherein a
fevel of expression of the at least one miRNA in the later-obtained sample greater than the
level of expression of the at feast one miRNA in the carlier-obtained sample indicates the
osteosarcoma is progressive, and a level of expression of the at least one miRNA m the
later-obtained samplc lesser than the level of expression of the at least one miRNA in the
carlicr-obtained sample fndicates the ostcosarcoma is Tegrossive.

An assay specifically capable of quantifying the level of expression of at least one
microRNA (miRNA) selected from the group consisting of miR-1, miR-10b, and miR-1333
can be, for example, RT-PCR using appropriately sclected oligonucleotide primers.

In one embodiment, the tissue is blood. In one crmbodiment, the tissue is serum. In

one embodiment, the tissue is plasma,

In one embodiment, the method further inchides the step of adjusting the dose of or

changing anti-cancer therapy when the osteosarcoma is found to be progressive. For
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example, when the osteosarcoma is found to be progressive, the anti-cancer therapy can be

supplemented with or changed to another suitable anti-cancer therapy.

In one embodiment, the method further inclades the step of adjusting the dose of or
changing anti-cancer therapy when the osteosarcoma is found to be regressive. For
example, when the osteosarcoma is found to be regressive, the anti-cancer therapy can be
reduced or even suspended, or the anti-cancer therapy can be changed to another suitable

anti-cancer therapy.

The mvention, now having been generally disclosed, 1s further illustrated by the

following non-limiting examples.
EXAMPLES
General Methods

Ostegsarcoma cell purification from fresh clinical samples. Fresh huwman
osteosarcoma samples were obtained in accordance with the ethical standards of the
mstitutional commmittee on human experimentation from two patients undergoing diagnostic
incisional biopsy from primary sites of ostcosarcoma before neocadiuvant chemotherapy at
the National Cancer Center Hospital of Japan between October 2010 and June 2011, The
diagnosis of osteosarcoma and histologic subtypes were determined by certified
pathologists. Surgical specimens were obtained at the time of resection and received in the
laboratory within 10 minutes, tromediately mechanically disaggregated and digested with
collagenase and (Nitta-gelating and washed in phosphate-buffered saline (PBS) twice.
Single-cell suspensions were obtained by filtration through a 70 pm filter (BD
Biosciences). Cells were cultured in Dulbecco’s modified Fagle’s medium (DMEM)
(Invitrogen) containing 109 heat-inactivated fotal bovine serum (FBS) (Gibeo BRL) and
pepicillin (100 U/mL) and streptomycin (100 pug/mL) umder $% CO; ina in a humidified

mcubator at 37 °C.

Cells and cell culture, The human osteosarcoma Hu9 cell line was previously
established in the apphicant’s laboratory. The human osteosarcoma cell lines Sa0S2,
U208, MG63, HOS, MNNG/HOS, and 143B were purchased from the American Type
Culture Collection (ATCC). The ransformed embryonic kidoey cell line 293 was also
obtained fronm the ATCC. Sa0S872 and HuO9 cells were cultured in RPMI 1640 medium
(Gibeo BRI}, U208, MG63, HOS, MNNG/HOS, 1438, and 293 cells were cultured in

221
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DMEM (Invitrogen). All media were supplemented with 10% heat-inactivated FBS (Gibeo

BRL) and penicillin (100 U/ml.) and streptomayein (100 pg/mily. The cells were

maintained gnder 3% CO» 10 a humidified incubator at 37 °C.

Cell sorting and flow cytemetry. Cell sorting by flow cytometry was performed
on osteosarcoma cell ines and chnical samples using phycoerythrin (PE)-conjugated
monoclonal mouse anti-human CD133/2 (293C3, Miltenyi Biotec) and allophycocyanin
{APC}-conjugated monoclonal roouse anti-human CD44 (cBioscience). Isotype control
mouse fgGix-PE (cBioscience) served as a control. Samples were analyzed and sorted on
the JSAN cell sorter (Baybioscienee) and the BD FACS Ariall (BD Biosciences). Viability
was assessed using trypan bloe exclusion. Results were analyzed with Flowjo software

{(Tree Star).

Cell proliferation and cyletexity assay. Cell proliferation rates and cell viability
as an indicator for the relative sensitivity of the cells to doxonubicin, cisplatin, and
methotrexate were determined using TetraColor ONE Cell proliferation Assay System
(Seikagakuy) according to the mamutfacturer’s instractions. Cells growing n the logarithmic
phase were sceded in 96-well plates (5 x 10%/well), allowed to attach overnight, and then
were treated with varying doses of doxorubicin (Sigma), cisplatin (Alexis), and
methotrexate (Sigma) for 72 h. Triplicate wells were used for each treatment group.
Absorbance was measured at 450 nm with a refercnce wavelength at 650 nin on EnVision
{(Wallac). The relative number of viable cells was expressed as the percent of coll viability.

Sphere formation. Osteosarcoma cells were plated at 3,000-10,000 cells/well in
300 pl of serum-free DMEM/F12 mediom (Invitrogen), supplemented with 20 ng/ml
human recombinani cpidermal growth factor (EGF) (Sigma-Aldrich), 10 ng/ml homan
recombinant basic fibroblast growth factor (bFGF) (Invitrogen), 4 pg/ml. insulin (Sigma-
Aldrich), B-27® (1:50; Invitrogen), 500 units/mL penicillin (Invitrogen), and 500 pg/mL
streptomycin (Jnvitrogen). Cells were cultured in suspension in 24-well ultra-low
attachment plates {Corning). Cells were replenished with 30 uL of sopplemented medivim
every second day. Spheres were covnted on day 5 in triplicate wells. Cell culture was
carried out at 37 °C in a 3% CO, humidified incubator.

invasion assay. Iovasion assays were performed by using 24-well BD BioCoat
Tnvasion Chambers with Matrigel (Bocton-Dickinson). 1 x 10° cells, suspended in 500 pL
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DMEM or RPMI 1640 medium without FBS, were added to the upper chamber, and
DMEM or RPMI 1640 medium with 10% FBS was added to the lower chamber. After
wmeubation for 24 h or 36 b, the cells on the upper surface of the filter were completely
removed by wiping them with cotton swabs. The filters were fixed in methanol and stained
with 196 tohudine blue in 19 sodium tetraborate (Sysmex). Filters were then mounted onto

stides, and cells on lower surfaces were counted. Each assay was performed in triplicate.

iRNA profiling. miRNA expression profiling was performed using miRNA
microarrays manufactured by Agilent Technologies (Santa Clara, CA), cach containing 866
huroan miRINAs {Agilent Technologies
Thitp:/Awww.chem.agilent.com/seripts/PHome.asp]). Three independently extracted RNA
samples of CD 133" and CD133Y cells just after isolation were used for array analyses in
cach cell line. Labeling and bybridization of total RNA samples were performed according
to the manufactarer’s protocol. Microarray results were extracted using Agilent Feature
Extraction software (v10.7.3.1) and analyzed using GeneSpring GX 11.0.2 software

{Agilent Technologies).

Clinical samples for survival corvelation studies of CD133, miR-133a, and
targets of miR-133a. Osteosarcoma tissue samples were obtained by diagnostic incisional
biopsy from primary sites of osteosarcoma before necadjuvant chemotherapy at the
National Cancer Center Hospital of Japan between June 1997 and September 2010,
Patients older than 40 v and having primary tumors located ouiside the extremities were
exciuded. Each fresh tumor sample was cut tafo two pieces, one of which was immediately
crvopreserved in liguid nitrogen, and the other fixed with formalin. The diagnosis of
osteosarcoma and histologic subtypes were determined by certified pathologists. Only
osteosarcoma samples with the ostecblastic, chondroblastic, fibroblastic, and telangiectatic
histologic subtypes were incladed. The response to chemotherapy was classitied as good if
the extent of tumor necrosis was 90% or greater. For the survival correlation studies of
CD133 and the targets of miR-133a, available 35 ¢DNA samples from ¢DNA library were
used, while RNA from available 48 formalin-fixed, paraffin-embedded (FFPE) samples
were used for the correlation study of miR-133a. The clinical information of the patients is
inchided in Tables 7 and 18 (below). Al patients provided wriiten informed consent

authorizing the collection and use of their samples for research purposes. The study



WO 2013/034989 PCT/1IB2012/002626

protocol for obtaining clinical information and collecting samples was approved by the

Institutional Review Board of the National Cancer Center of Japan.

RNA jsolation and guantitative real-time RT-PCR of mRNAs and miRNAs.
Total RNA was purified from cells and tumor tissues with an RNeasy Mini Kit and RNase-
Free DNase Set {QIAGEN). For quantitative polymerase chain reaction (gPCR) of
mRNAs, ¢cDNA was synthesized using High-Capacity ¢DNA Reverse Transcription Kit
(Applied Biosystems). For each qPCR reaction, equal amounts of cDNA were mixed with
Platinum SYBER Green gPCR SeperMix {Invitrogen) and specific primers {Table 1).
Genge expression levels were normalized by beta actin (ACTB) or glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). For gPCR of miRNAs, miRNA was converted to
cDINA using the TagMan MicrgRNA Reverse Transcription Kit (Applied Biosystems).
RNUSE small nuclear RNA was anplified as an internal control. qPCR was performed
using each miRNA-specific probe inchided with the TagMan MicroRNA Assay on a Real-

Time PCR System 7300 and SDS software {Applhied Biosystoms).

Table 1. Sequences of primers for real-time RT-PCR analysis.

Gene For/Rev  Sequence (57 -Sequenge-37) SEQ ID NG
D133 For GGACCCATTGGCATTICTC 13
Rev  CAGGACACAGCATAGAATAATC 14
Oct3/: For AGTGAGAGGLCAACCTGGAGA 15
Rev  ACACTCGGACCACATCCTTC 16
Nanog For CAGTCTGGACACTGGCTGAA 17
Rev  CTCGCTGATTAGGUTCCAAL 13
Sox2 For TGGTACGGTAGGAGCTTIGC 19
Rev  TTTTTCGTCGCTTGGAGACT 20
ABCBI1 For CATGCTCCCAGGCTGTTTAT 21
Rev  GTAACTTGGCAGTTTCAGTG 22
AGCG2 For TGCAACATGTACTGGCGAAGA 23
Rev  TCTTCCACAAGCCCCAGG 24
ABCC2 For ACAGAGGCTGGTGGCAACC 25
Rev  ACCATTACCTTGTCACTGTCCATGA 26
errin For CGGGACAAGTACAAGGCACTGCGGLCAGATCCGG 27
Rev  CCGGATCTGCCGCAGTGCCTTGTACTTCCG 28
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f4-integrin For TGACGATCTGGACAACCTCAAGCA 29

Rev  ATCCAATGGTOGTAGTCGCTGGTGA 30

MMPI3 For GATACGTTCTTACAGAAGGE 3]

Rev  ACCCATCTGGCAAAATAAAC 32

5 (CXCR4 For GOGAGGGGATCAGTATATACA 33
Rev  GAAGATGATGGAGTAGATGG 34

SGMS2 For CAATTCCTTGCTGOTICTCC 35

Rev  GQCCTTTGTTITGCTCCTCAG 36

UBA2 For AAAAAGGGTOTGACCGAGTG 37

ig Rev  GCATCTTCTTCCUCAAACAA 38
SNX30 For CCTGAACGCCTACAAGAAGC 39

Rev  ATGGTTCCCAGTTTGAGTGC 40

DOLPPI For GAGAGGAGTGAGGCAACAGG 41

Rev  ACCCCAGACACAGGTTTGAG 42

{5 DURPLL For GAGACGCGACTTTTCAGGAC 43
Rev  GATCCAAAGGGGAAAAGCAT 44

CUL4B For GTTCTGGCGAAAAATCCAAA 45

Bev  TCGAACAATTGCAGCATCA 46

ROD1 For CATTCCTGGGGCTAGTGGT A 47

20 Rev  CCATCTGAACCAAGGCATIT 48
INFT01 For ATCCCOTGGAGTGAAGGTC 49

Rev  TCTCCAGCATCACGTCTICTG 50

MAST4 For AGCCCATTTTTCATTTGCAC 51

Rev  TCGTCTGOTGTTGGTTGGTA 52

25 ANXAZ For CCTGAGCGTCCAGAAATGG 53
Rev  QGACTOTTATTCGCAAGCTGGTT 54

ACTE For CATGAAGTGTGACGTGGACA 55

Rev  CACGGAGTACTTGCGCTCAG 56

GAFDH For GACTTCAACAGUGACACCC 57

30 Rev  GUCAAATTCGTTGTCATACCA 38

Transfection with synthetic miRNAs, LNAs, and siBNAs, Synthetic hsa-miRs
{(Pre-miR-hsa-miR-1, -10b, -133a, and negative control (NC; Applied Biosystems, Table )
and locked nucleie acids (ENAsY (LNA-L, -10b, -133a, and negative control, Exigon, Table

35 3)were transfected into cach type of cells at 30 M cach (final concentration) using
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DharmalF BECT I(GE Healthcare), Synthetic siRNAs (Bonac corporation, Table 4) were

transfected into cach type of cells at 100 nM each (final concentration) using DharmaFECT

1{GE Healthcare). Afier 24 hours of incubation, cells were treated with chersotherapeutic

agents for oytotoxicity assay or reseeded mio invasion chambers for invasion assay.

Table 2. Sequences of miRNA products

miRNA Sense/Antisense_Seguence (87-Sequence-37) SEQ I NG;

hsa-miR-1-2 Sense UGGAAUGUAAAGAAGUAUUGUAU f
Antisense VACAUACUUCUUAUGUACCC 59

hsa-miR-10b Sense UACCCUGUAGAACCGAAUUUGUG 2
Autisense ACAGAUUCGAUUCUAGGGGAAU 60

hsa-miR-133a-1 Segnse UUUGQUCCCCUUCAACCAGCUG 3
Antisense AGCUGGUAAAAUGGAACCAAAU 61

Table 3. Sequences of LNA products

mikNA Sequence (3'-Sequence-37) SEQ 1D NG:

hsa-miR-1-2 ACATACTTCTTTACATTCCA 10

hsa-miR-10b ACAAATTCGGTTCTACAGGGT i1

hsa-miR-133a-1 CAGCTGGTTGAAGGGGACCAA 12

Table 4. Sequences of siRNAs

Gene Scnse/Antisense  Seguence {57-Sequence-37) SEQ ID NO:

SGMS2 Sense CCACUAGAGUGGUGGAAAALTAT 62
Antisense UUUUCCACCACUCUAGUGGITAT 63

UBA2 Sense GOACUGGGCUGAAGUACAALTAT 64
Antisense UUGUACUUCAGCCCAGUCCATIT 65

SNX30 Sense CCGAGAAGUUUGUGGUAAALTAT 66
Autisense UUUACCACAAACUUCUCGGATdT 67

DOLPP Sense CUUCCUAAUCCGAGACACAITAT 68
Antisense UGUGUCUCGGAUUAGGAAGITIT 69

DUSPLH Sense CCAGAGGAUUUGCCAGAAAGTAY 70
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Antisense UCUGUCUCGGAUUAGGAAGATAT 7
CUL4R Sense GGUGAACACUUAACAGCAALTIT 72
Antisense UUGCUGUUAAGUGUUCACCATAY 73
ROD1 Sense GOOAAUGACAGCAAGAAAUATAT 74
Antisense AUUUCUUGCUGUCAUUCCCATT 75
ZNFT01 Sense CCAUAAUGAAGGAGGUCUUATAT 76
Amntisense AAGACCUCCUUCAUUAUGGITAT 77
ANXAZ Sense UGACCAAGAUGCUCOGGAULTIT 78
Antisense AUCCCGAGCAUCUUGGUCALTAT 79
MASTS Sense GOAGGUACCUUCUUCCAAALTIT 80
Antisense UAUCAAACUUCCUCUUCUGATAT 81

Establishment of miR-133a stably expressing cell Hine. miR-1334 vectors were
constructed by inserting cloning sequences including the full-length of the mature
microRNA sequences into the pIRES-hyg vector (Clontech). The microRNA and control
vectors were transfocted inte freshly isolated osteosarcoma CD33YY HOS cefls by calcium
phosphate co-precipitation. The transfectants were split and grown in selective medium
with 200 pg/mL of hygromycin. Hygromycin-resistant colonies were chosen and expanded
in medium containing 200 ug/ml of bygromyein. The sequences of miR-133a constructs
were confirmed by DNA sequencing (ABT 3130 sequencer, Apphied Biosystems), and
microRNA overcxpression was confirmed by gRT-PCR. RNU6B served as the endegenous

control

Tumer {ransplanfation experiments. Auimal experiments were performed in
comphiance with the guidelines of the Institute for Laboratory Animal Research, National
Cancer Center Rescarch Institute. Athymic nade mice or NOD/SCID miice (CLEA Japan)
were purchased at 4 weeks of age and given at least 1 week to adapt to their new
environment prior to turmor transplantation. On day 0, mice were ancsthetized with 3%
sotharane and the right leg disinfected with 7096 cthanol. Cells were aspirated into a 1 mL
taberculin 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 fraversed, the needle was inserted further to fracture the posterior cortex

~~high

of the tibia. A 100 ub volume of solution containing freshly isclated CD133™" and
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CD133°Y HOS-Luc (107, 10°, 107, 107 cells per site) or 143B-Luc {1.5 #10°) was injected
while slowly moving back the needle.

Monitoring tumor growth, lung metastasis, and toxicity with/withount LNA-
anti-miR-133a. For the assessment of tumorigenicity between CD133% and CD133%Y
HOS-Luce cells, NOD/SCID mice were injected with D-luciferin (150 mg/kg, Promega) by
miraperitoneal injection. Ten minutes later, photons from firefly luciferase were counted
using the IVIS tmaging system (Xenogen Corp.) according to the manofacturer’s
nstructions. Fach experimental condition included § animals per group and monitoring
once a week, For the evaluation of LNA-anti-miR-133a administration futo spontancous
lung metastasis of osteosarcoma model mice, individual mice were injected with 10 mg/kg
of LNA-anti-miR-133a or saline via the tail vain. LNA were injected on following days 4,
11, 18, 25, 32 postinoculation of 143B-Luc cells, Each expertmental condition included 10
animals per group. The development of subsequent lung metastasis was momitored once a
week i vive by the bioluminescent imaging described above for 5 weeks. All data were
anafyzed using Livingimage software (version 2.50, Xenogen). On day 36, the primary
twmor and fung in 5 mice of each group were resected at necropsy for their weight,
bioluminescent, and histological analyses. The blood examination, weight of whole body
as well as heart, liver, and skeletal muscle, and histopathological examination were
performed for the assessment of toxicity. The remaining mice were observed for thewr

survival period.

Comprehensive collection and identification of miR-133a target mRNAs, To
collect comprehensive downstream targets of miR-133a, cDNA nicroarray profiling from
two experimental approaches were performed. First, candidate genes were collected from

Alow
3% celis

cDNA microarray analysis performed from collocted total RNA of Sa(S2 CD13
transduced with miR-133a or negative control (NC). Second, cDNA microarray analysis
was performed from collected total RNA from anti-Ago? antibody mmunoprecipitation
(Ago2-1P) in CD133"Y cells transduced with miR-133a or NC. Downregulated genes in the
former method with 1.5 fold decrease and upregulated genes in the latter method with 2.0
fold increase were defined as candidates by reference to in sifico databases
TargetScanHuman 6.0 (http://www . targetscan.org/).

Luciferase reporter assays. Each fragment of 3"UTR of SGMSBZ (nt 1656-1879
(binding site) of NM _152621), UBAZ (nt 2527-2654 (binding site) of NM_005499),
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DUSPH (nt 1180-1572 (binding site) of NM_003584), MAST4 (nt 8017-80%6 (binding
site) of NM_ 001164664}, SNX30 {nt 6659-7611 {binding site) of NM_ 001012944} and
CIS of ANXAZ? (ut 244-743 (binding site) of NM_001002857) were anplified and cloned
mto the Xhol and Notl sites of firefly and renilla luciferase reporter genes of a psiCHECK-
2 vector {Promega). Al PCR products cloned into the plasmid were verified by DNA
sequencing to onsure that they were free of mutations and in the correct cloning direction.
Primer sequences are listed in Table 8. For the luciferase reporter assay, HOS cells were
co-transfocted with 100 ng of luciferase constracts and 160 nM synthetic miR-133a
molecules or control {non-targeting siRNA oligonucieotide, Qiagen). Firefly and renilla
luciferase activitics were measured using the Dual-Luciferase Reporter Assay (Promega) 48
h after transtection. Results were expressed as relative venilia luciferase activity (renilla

huciferase/firefly lociferase).

Table 8. Sequences of primers for luciferase reporter assays

{3ene For/Rev Sequence (5°-Seguence-37) SEQ 1D NGy
SGMS2-UTR For GCTCGAGTAAAGCAAAACAAAGGCATCAGC 32
Rev GOGGCCGCAAGGLTTGTCACCAATGAATGA 83
SGMS2mu-UTR For AAATGTCAACCATTTTGTGTAAACGATTA 84
Rev AAATGGTTGACATTICTTICATTTACCAG 85
UBAZ-UTR For GCTCGAGTAATACCGCCTGGTATGTICTGTG 86
Rev GCGGCCGLAATGCAGATGCCATTTATTTGGT 57
UBAZmu-UTR For TTATGTCAACCATAAATGGCATCTGCATT 58
Rev TTATGGTTGACATAAGTATAGTCGTITAT 59
SNX30-1-UTR For GCTCCAGTAACCCTGTIGGACAGGATTGAT 90
Rev GCGGUCGCAATTTTITAAAGAAAGCATCTTTTATGG 91
SNX30mu-1-UTR For TCTTATCAACCCACTTCAGTCAGAAATGT 92
Rev AGTGGGTTGATAAGACTOGUGAACAATCA 93
DUSPLI-UTR For GCTCGAGTAAAAACCTGTCCTGGAATTICTACC 94
Rev GCGGLOGCAAGATOGGCCTITGOGGTCAATAA 95
DUSPIHinw-UTR  For CTGGATCAACGAGCTGGCCTGAAAATTAC 96
Rev GCTCGTTGATCCAGGTAGAATTCCAGGA 97
MAST4-UTR For GCTCGAGTAACTCCCCCAGLTAGGAAACAG 98
Rev GCGGLOGCAAAGAGATGGGGCGGETCAGT 99
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MAST4mu-UTR For GACGTTCAACCGCCATCCCCAGCCCCAAA 160
Rev TGGCGOGTTGAACGTCTCTGCCCACGTTC 101
ANXAZ-UTR For QCTCOAGTAAGCGGGATGCTTTGAACATT 102
Rev QLGGQLCGLAACTCCAGUGTCATAGAGATCC 103
ANXAZmu-UTR For ATCAATCAACCAGGTGTGOATGAGGTCAL 104
Rev ACCTGGTTGATTGATGGCTOTTTICAATG 105

Immunshistochemistry. For the staiming of CD133 and targets of miR-133a,
slides of osteosarcoma chinical samples and xenografted tumors were prepared.
Endogenous peroxidase was inhibited with 196 Ho(0» (30 mun). Slides were heated for
antigen retricval in 10 mM sodium citrate (pH 6.0). Subsequently, the slides were
incubated with monoclonal mouse anti-human CE133/2 (1:10 dihution, Miltenyi Biotec),
monoclonal mouse anti-human SGMS2 (1:50 dilution, Abcam), or isotype-matched conirol
antibodies overnmight at 4 *C. Immunodetection was performed osing InmmPRESS
peroxidase polyvmer detection reagents (Vecior Laboratories) and Metal Enhanced DAR
Substrate Kit { Thermo Fisher Scientific) according to the manufacturer’s instroctions.

Staining was revealed by counter-staining with hematoxylin,

Statistical analysis. All statistical analyses were performed using SPSS software
(SPSS, Inc.; Chicago, 1L}, with the exception of the significance in bar graphs, in which
case analyses were performed by applying the Stadent’s r~test. Differences inthe CD 33
cxpression among differcnt clinicopathological data were analyzed by Chi-square (%) tost.
Cases with ACt lower than the mean value were classified as baving bigh CD133
expression, while cases with ACt higher than the mean vahie were classified as having low
CD 133 expression. The Kaplan-Meier method and the log-rank test were used to compare
the survival of patients with CD 133" and CD133"" primary tumors. Survival period was
defined as the fime from diagnosis until death whereas living patients were censored at the
time of their last follow-up. For the calculation of differences in the expressions of miR-
133a and its targets, the same procedure was applied. To all these analyses, a £ value of

(.05 or less was counsidered to be a significant difference.

Example 1

a

A Small Subset of Cells of Osteosarcoma Cell Line Expresses CDH 33
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Osteosarcoma cell lines Sa082, HOS, U208, MNNG/HOS, MG63, 1438, and
Hu(9% were screened for markers of mesenchymal stem cells or neural stem cells that have
heen considered as the origin of sarcoma. Basu-Roy, U et all (2011} Oncogene 31:2270-82;
Kuhn, NZ et al. (201030, Cell. Phvsiol. 222:268-77. As avesult, CD 133, the structural
homolog of prominin-1, was found in all cell lines at a small population ranging from
0.04% to 8.47%, whereas CD44 was found in & large population (Fig. 1. 5a082,
MNNG/HOS, and HOS were found to be particularly strong in their expression of CD133

(8.47, 8.13, and 7.69 percent, respectively).

Single-cell proliferation of freshiy isolated cell population was observed using PKH
dye, which is a fluorescent dye that binds to cell membranes and segregates m daughter
cells after cach cell division. Normally, PKH concentration decreases with each cell

high

division, so that quicscent cells remain PKH™" and dividing cells become progressively
v vlow _ - R . .
PRKH®Y. Moreover, normally PKHE7 dye is distributed equally between daughter cells,

whereas rapidly dividing cells, e.g., cancer cells, exhibit asymmetric division.

The CD133%€" colf population generated both CD13375" and CD133°Y populations
with different proliferative fates: one that is quiescent (PKH") and another that divides
actively (PKH™™). A single PKH26" cell of CD133"%" fraction showed asymmetric
division; a small number of PKH26"" cells, prosenting as dormant cells, were observed
surrounded by PKH26"Y cells on day 8, which were identified as a fraction with both
CD133" and CD133Y cells on FACS analysis. On the other hand, a single PKHg7"®
cell of CD133™Y Sa082 fraction showed symmetric division; a colony with PKH67" cells
was observed, which was identified as a CD133"Y fraction in FACS analysis two weeks
after isolation (Fig. 2). No difference in cell division according to the expression of CD44
was observed.

Further examinations were performed to identify other phenotypes of CD 133" and
CD133°Y population. A total of 5 x 10° CD133%" and CD133"Y colls were sorted and
cultured immediately under conditions of serum-free, growth factor-supplemented
anchorage-independent environment. Within two weeks of culture, more osteosarcoma

spheres were observed from CDY133M cefls than CD133"Y cells (Fig. 3).

Example 2
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(13378 colls exhibit increased drug resistance, invasiveness, and tumovigenesis

Since drug resistance is one of the important propertics of TICs, populations of
CD133™ and CD133°Y cells were observed in the treatment condition with doxorubicin
{DOX), cisplatin (CDDP), and methotrexate (MTX), which are standard chemotherapeutics
against osteosarcoma, (D 133" cells were more resistant to these chemotherapeutics than
CD133°Y eells (Fig, 4). Furthermore, CD133%¢" cells exhibited higher capability of
invasion than CD133"Y cells (Fig. §). qRT-PCR of mRNA from freshly isolated CD 1338
and CD133%Y cells revealed that CD 133" 82082 cells expressed enhanced lovels of
Oct3/4, Nanog, and Sox-2, which are transcription factors that play a critical role in
maintenance of self-renewal and ploripotency of embryonic stem cells as well as CSCs or
TICs (Levings, PP et al. (2008} Cancer Res. 69:5648-55; Basu-Roy U et al (2011}
Oncogene 31:2270-82); vualtidrag resistance transporter genes ABCRT, ABCC2, ARCGZ;
and metastasis-associated genes f4-infegrin, ezrin, MMP-13, and CXUR4 (Tang, N et al.
(2008} Clin. Orthop. Relat. Res. 466:2114-30; Gsaki, M et al. (2011) Mol Ther. 19:1123-
30) (Fig. 6). Most importantly, the CD133"8" HOS fraction showed stronger
tumorigenicity in vivo than the CD133%Y HOS fraction; CD133%% cells could form tumors
from as fow as 100 cells, whereas CD133%Y cells could not {Fig. 7). Results are also shown

in Table 6.

Table 6. Tamor development i vivo using osteosarcoma CD133"¢ and

CD133%Y populations alone

Celi Type Tumor Incidence Ceil Number

CD133"¢ 5/4 100,000
5/ 10,000
5/ 1,000
4/S 100

CD133 4/5 100,000
1/5 10,000
1/5 1,000
1/5 100

Example 3
-2 .
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High-level expression of CDI133 messenger RNA is @ mavker jor poor survival vates of

ostegsarcoma patients

To evaluate the chnical importance of CD33, cell Hines established from fresh
human osteosarcoma biopsies were analyzed by flow cytometer and found to contain
5 CD133Y population at a rare frequency <10% (Fig. 8). Furthermore, a clinical study of
35 osteosarcoma patients revealed that high expression levels of CID 133 messenger RNA
(mRNA} comrelated with significantly worse overall survival rates of osteosarcoma patients

(log-rank test, £ =(0.0262). Results arc shown in Fig. 9 and Table 7.

Table 7. Uni- and multivariate apalyses and the relationship between clinicopathologic

variables and CD 133 expression in 35 cases

. - - Correlation
Variable Number of o ‘}?igj (€D133)
= (P value)
Age (years) (.120
3-10 7 ) i
11.2{ 23 1 14
21+ 3 1 2
Gender 0.164
Male 23 14 Y
Female 12 4 8
Site (.319
Femwur 21 12 G
Tibia 9 S 4
Humerus 2 i 1
Other 3 0 3
Histology 0.394
Usteoblastic 16 9 7
Chondroblastic 6 4 2
Fibroblastic 2 § 2
Other, NA* i1 5 6
Metastasis at diagnosis (0.045
Present 4 {0 4
Absent 31 18 13
Neoadjuvant chemotherapy (.425
MTX+BOX/CODP 21 1 i
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IFO+DOX/CDDP 13 3 5
Other i 0
Response to neoadjuvant chemotherapy 3.088
Good (necrosis >
90%) i1 6 5
Poor {necrosis < 80%) 20 12 8
NA* 4 { 4
CB133 mRNA cxpression
High 17 0 17
Low i3 18 {
Example 4

¥

miR-1, miR-10h, and miR-133a are upregulated in CDI33™" cells compared to CDI33"

cells

miRNA expression profiling has been reported to be a useful diagnostic and
progrostic tool, and many studies have indicated that certain miRNAs act as cither an
oncogens or a tumor suppressor. Croce, UM (2009) Nat, Rev. Gener, 10:704-10. In order
further to characterize the moleenlar mechanism underlying the CD 133" and D133
phenctypes, miRNA profiling of isolated CD133"¢ and CD133" osteosarcoma Sa082
and HOS cells was performed using microarray analysis containing 866 sequence-validated
homan piRNAs. Resolts, shown in Fig. 18 and Table 8, revealed that 3 miRNAs were
apregulated at >2-fold changes in CD 133%™ cells compared to CD133"Y cells. A second
round of gPCR validation study revealed miR-1, miR-10b, and miR-133a were consistont

with the microarray data (Fig, 11).

Table 8. microRNA expression profile of CD133M# yersus CD 133" osteosarcoma
cells
Fold change Fold change
mikRNA {(8a052 ChH 33" Regulation  (HOS CD133, Regulation
vs CD133°% vs CIH 33

Commonly upreeulated miRNASs in 53052 and HOS with >2 fold chanee in D133 cells
compared to CD133Y cells

- 34 -



WO 2013/034989 PCT/1IB2012/002626

hsa~miR-1 7.23 up 3.81 up
hsa-raiR-500* 3.39 up 3.99 up
hsa-miR-660 2.09 up 2.05 up

high

Upresulated miRNAg in Sa0S2 with >2 fold change in CD13 cells compared to CD133°%

cells

hsa-miR-551b 9.49 up
bsa-mik-30¢ 9.19 up
hsa-mik-148b 8.26 up
hsa-miR-193a-3p 797 up
hsa~-miR-1 7.23 up
hsa~miR-221% 6.76 up
hsa-miR-24-1% 6,36 up
hsa-miR-1825 3.78 up
hsa-muiR-500% 5.39 up
hsa-miR-92a-2% 4.36 up
hsa-miR-1202 3.39 up
hsa-miR-424 3.23 up
hsa-mik-19h-2% 2.87 up
hisa~-miR-2%¢ 2.42 ap
hsa~-miR-494 2.37 up
hsa~miR-10b 2,16 up
hsa~miR-374a 2.11 up
hsa-riR-660 2.09 up
hsa-miR-30e™® 2.03 up

Downreeulated miBNAs in $a082 with <2 fold change in CD133% cells conmared 1o
]

hsa-miR-1281 .43 down
hsa-miRk-195 6.56 down
hsa-miR-129-5p 574 down
hsa-miR-129-3p 498 down
hsa-miR-183 439 down
hea-miR-1305 4,76 down
hsa-miR-1275 4,65 down
hsa-miR-484 4,58 down
hsa-nmiR-1268 451 down
hsa-miR-~-186 4,51 down
hsa-miR-i181a* 4.46 down
hsa-miR-744% 2.72 down
hsa-miR-96 2.65 down
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hsa-miR-142-3p 2.35 down
herav-wmiR-US25-2-5p 2.31 down

Upregulated miRNAs in HOS with >2 fold change in CD133 cells compared to CH33°Y

hsa-miR-1181 12.78 up
bsa-miR-133b 7.22 up
hsa-miR-532-5p 7.10 up

Lo
<

up

hsa-miR-9 up

e L N
O
(5

hsa-miR-34¢-5p 37 up
hsa~miR-378% 5.26 up
hsa-miR-i81a* 5.04 up
hsa-miR-145% 497 up
hsa-miR-1271 497 up

hsa-miR-362-3p 4.67 up
bsa-miRR-152 4.63 up
bsa-miR-663 .46 up
hsa-miRkR-9%* 4,15 up

hsa-miR-340

&
o
<

up

hsa-miR-744 4.07 up
hsa~miR-500%* 3.9¢ up
hsa~miR-1 3.81 up
hsa-miR-1305 3.33 up
hsa-miR-744% 3.1 up
hsa-miR-629 2.88 up
bsa-miRk-629* 2.7% up

hsa-miR-145

NJ
W
A

up

hsa-miRk-1246 2.4 up
hsa~-miR-21% 2.39 up
hsa~-miR-450a 2.35 up
hsa~miR-425% 2.31 up
hsa~miR-148a 2.30 up
hsa-let-7f-1* 2.26 up
hsa-muR-301h 2.21 up
hsa-miR-1826 215 up
bsa-miRR-128 2,13 up
bsa-miRR-378 2.14 up

[\
Ll

hsa-mik-126 up

hsa-miR-598 2.06 up
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hsa~miR-1915 2.05 up
hsa-riR-660 2.05 up
hsa-miR-833 2.02 up
Downregulated miBNAs in HOS with <2 fold change in CD133% cells compared o
CI3133°7 cells

bsvi-miR-H6 4.60 down
hsa-miR-1539 4.02 down
hsa-milk-483-3p 3.76 down
hsa-miR-328 3.72 down
hsa-miR-132% 3.67 down
hea-miR-129% 3.66 down
hsa~-miR-548¢-5p 3.13 down
hea-miR-1825 2.05 down

hsa, Homo sapiens.

miRNA and miRNA® are the two strands of the double-stranded RNA product of
dicer processing of the stem loop precursor miRNA. miRNA is the “guide” sivand that
eventually enters RISC, and niRNA® is the other “passenger” strand. The level of
miRNA* present in the cell is low (< 15 % relative to the corresponding miRNA). In cases
where there 1s a higher proportion of passenger strand present in the cell, the nomenclature
miRNA-3p/miIRNA-5p is used nstead of miIRNA/MuRNA*, miRNA-3p is the miRNA
derived from the 3' arm of the precursor miRNA, and miRNA-Sp is the miRNA derived

from the §' arm of the procursor miRNAL

Example 5

. . fow 11 . , . . . s Ligh
Transfection of CD 337" celly with miR-133 confers properties associated with CDI1337"

cells, and high expression of miR-133a is correlated with poor clinical prognosis

To determine whether these miRNAs can inhibit these phenotypes of osteosarcoma
fumor-initiating cells, expression levels of miR-1, miR-10b, and miR-1333 were
manipulated in CH1 3319 cells {Fig. 12). These miRNAs, ospecially miR-133a, enhanced
the invasiveness of CD 133" cells compared to miR-NC {negative control)
cligonucleotides (Fig. 13). Interestingly, transfection of all these miRNAsg dramatically

33 low

enhanced the invasion of CD33™ cells (Fig. 13). Cell proliferation and drug resistance

were slightly enhanced in CD133'% cells by miR-133 transfection (Fig, 14). Stable
overexpressing miR-133a HOS CD133Y cells (Fig. 18) showed stronger (> 2-fold) ability
-37 -
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to form spheres than control CDI33™ cells under anchorage seram-free environment and

could develop tumors with as fow as 100 cells in vive whereas control CD133%Y cells could
not (Fig. 16 and Table 9.
Table 9. Tumor development in vivo using osteosarcoma CD 133V
populations stably overexpressing miR-133a
Cell Type Tumor Incidence Cell Number
CD133"" miR-133a 5/5 100,000
4/4 10,000
575 1,000
2/5 100
CDI33EY s/5 100,000
1/4 10,000
0/5 1,006
0/5 106
CD133" CDDP? 5/5 100
CD133" Saline’ 0/S 100

LRy , empty vector.
: CDDP, cells treated with CDDP,
* Qaline, cells treated with saling.

Transfection of miR-133a also increased messenger RNA (mRNA) levels of the
molecules that were upregulated in CD133"2" colls (sce Fig. 6) but not CD133 mRNA,
suggesting that miR-133a does not affect the expression of the molecules on the upstream
pathway of CD133 (Fig. 17). These resuls revealed that miR-133a 15 a candidate miRNA

that can regulate the phenotypes of osteosarcoma TICs. Indeed, the expression of miR-

133a was also high in the CD133™% fraction of osteosarcoma biopsies (Fig. 18), and high
expression of miR-133a was significantly correlated with poor prognosis of patients (Table

18).
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Table 16, Uni- and multivariate analyses and the relationship between chinicopathologic

variables and miR-133a expression in 4% cases

Variable Number of mi}';{— 133a miR‘- 133a (Q{;}LI;; ?;i();
Cases Low High ‘ Py alue.)n

Age (vears) (.228
0-10 9 9 0
11-20 36 23 7
21+ 9 8 i

Gender 1.000
Male 3 26 ]

Female 17 14 3

Site $4.566
Femur 26 22 4
Tibia 15 14 2
Humerus 2 i
Other 4 3 i

Histology 0.142
Osteoblastic 25 23 2
Chondroblastic 6 1
Fibroblastic 2 2 )

Other, NA* 14 S S

Metastasis at diagnosis (4.330
Present 7 5 2
Absent 41 35 )

Neoadjuvant chemotherapy 0.902
MTXA+DOX/CDDP 29 24 ]
[FO+DOX/CRDP % 15 3
Other 1 i g

Response to neoadjuvant chemotherapy 0.173
Good {necrosis > 90%!) 17 16 1
Poor (necrosis < 9%} 26 21 3
NAF 5 3 2

miR-133a expression
High 3 0 8
Low 40 40 0
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Example 6
. . 5 3 oW o ey . . r 3 P 7 .
Transfection of UD1337" SaO82 cells with miRNAs results in increased proliferation.

D133 Sa082 cells were isolated by cell sorting and then transfected with
negative condrof (NC) RNA, miR-1 alone, miR-10b alone, miR-133a alone, miR-1 plus
mirR-10b, mirR-10b plus miRk-133a, miR-1 plus miR-1333, or miR-1 plus miR-10b plus
miR-133a. CD133" cells also were isolated by cell sorting and then transfected with
negative control (NCY RNA. Each population of cells was separately maintained in tissue
culture for 3-7 days and then studied with a hight microscope to assess cell proliferation.
Results are shown in Fig, 19, As is evident from Fig. 19, CD133°Y Sa082 cells transfected
with miR-1 alone, miR-10b alone, miR-133a alone, miR-1 plus mirR-10b, mirR-10b phus
mik-133a, miR-1 plus miR-133a, or miR-1 plus miR-10b plus miR-133a proliferated to a
greater extent than did CD133°Y Sa082 cells transfected with negative control RNA.
CD133°Y Sa082 cells transfected with miR-1 plus miR-10b phis miR-133a profiferated to

iad
man

nearly the same extent as CD133™ cells transfected with negative control RNA. The

effects of the combinations were at least additive.

Similar results were obtained in an experiment with MNNG/HOS celis in place of

Sa082 cells (Fig. 28).

Exanple 7
o . P A T 3 . y B .
Transfection of CD337" FaOS82 cells with miRNAs resulis in ding resistanice

CD133Y Sa0S2 cells were isolated by cell sorting and then transfocted with
negative control (NC) RNA, miR-1 alone, miR-10b alone, miR-133a alone, or miR-1 plus
miR-10b plus miR-133s, similar {0 Example 1. Each population of transfected colls was
then scparately muaintained in Hssue culture for four days in the presence of 30 oM
doxorubicin, 2.5 uM cisplatin, or 320 oM methotrexate, and then cells were counted.
Results are shown in Fig. 21. As is evident from Fig. 21, CD133" Sa082 cells ransfected
with miR-133a alone or with miR-1 phis miR-10b plus miR-133a proliferated to a greater
extent than negative control n the presence of cisplatin and in the presence of methotrexate.
The addition of miR-1334 thus was associated with increased resistance to cisplatin and

methotrexate.
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Exanple 8

miR-1, miR-10b, and miR-133a are induced by cisplatin treqtment

The expressions of miR-1, miR-10b, and miR-1332, as well as CD 133, were
mduced by cisplatin treatment. qRT-PCR analysis showed that DOX-treated or CDDP-
treated (3 days) 143B cells expressed an increased level of miR-1, miR-10b, and miR-133a
relative to votreated 1438 cells (Fig. 22). In addition, the cxpression of miR-133a was
enhanced by cisplatin in CD133" HOS cells. Furthermore, exposure to CDDP increased
in vive tumorigenicity of CD 133" HOS population. CDDP-treated CD133°Y HOS cells
could form tumors with as few as 100 cells per injection, whereas the untreated CD33™Y
HOS cells could not (Fig. 23 and Table 9). These data indicate that the TIC phenotypes, as
well as the expression of CD33 mRNA and miR-133a, might be enhanced by
chemotherapeutics. Therefore, we reasoned that silencing of miR-133a before or during
chemotherapy would prevent the increase of the expression of miR-133a, which enhanced

TIC phenotypes and was induced by chemotherapeutics.

Example 9

2 2high

Antisense fo miR-133a reduces proliferation of CD1337% cells

To evaluate whether silencing of miR-133a can suppress malignant phenotypes of
ostcosarcoma, cxperiments opposite those of Exampie 8 were performed by introducing
locked nucleic acid (LNA) anti-miR-133a. LNA is a class of mucleic acid analogs
possessing very high atfinity and excellent specificity toward complementary DNA and
RNA, and LNA oligonucleotides have been applied as antisense molecules both i vitro and
in vivo., Elmén, J ¢t al. {2008) Nature 452:496-9; Obad, S ¢t all {(2011) Nat, Genet. 43:371-
8. CD133" population of Sa082 and HOS cefls was isolated by cell sorting and
ransfected with LN A-anti-miR-133a (ENA-133a) and LNA-negative control {(LNA-NC).
As a control, the isolated CD133"Y 82082 and HOS cells were also transfected with LNA-
NC. The efficacy of LNA-133a for the silencing of miR-133a was confirmed by real-time
RT-PCR analysis (Fig. 24). CD133%% Sa0S2 and HOS cells transfocted with LNA-133a
were suppressed in proliferation rate to the same level of CD33"Y cells transfocted with
LNA-NC (Fig. 25).
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Example 10

. Figh by P fiari H 7
LNA-133a-transduced CDI337% cells exhibit enhanced drug sensitivity and decreased

invasiveness

Ln

LNA-133a-transduced CD 133" cells exhibited enhanced sensitivity to DOX and
CDDP at the level of LNA-NC-transduced CD 133" cells. These results were validated by
counting Hoechst-stained cells showing apoptotic nuclear condensation and fragmentation

m OO0

rd

3% gells. There was a significantly higher apoptotic cell death rate in LNA-133a-

L

hig

transduced CD133"8" celis compared to control D133 cells (Fig, 26). Furthermore,

10 LNA-133a decreased the invasiveness of CD133"" Sa082 and HOS pepulations (Fig. 27)
and the expression of the molecules associated with CD133"# phenotypes (Fig. 28).
Collectively, these observations suggest that silencing of miR-133a in CD33™ cells can
reduce the malignant phenotype of osteosarcoma TICs, including drug resistance and

mvasion.

P
iy

Example 11

Silencing of miR-133a in vivo is effective for the treatment of osteosarcoma and exhibits

syrergistic efficacy in combination with CDDF

To extend the in vitro findings and to determine whether silencing of miR-133a

20 could be an effective therapeutic option for osteosarcoma treatment, the effect of LNA-
133a on a spontancous lung metastasis model of osteosarcoma was exanuned.
Experimentally, 1.5 x 10° cells of 143B transfected with firefly luciferase gene (143B-fuc)
were implanted orthotopically into the right proximal tibia of athymic nude mice. The
wmplanted tumor growth and the presence of distant metastases were analyzed weekly for

25 luciferase biohmminescence using an in viveo imaging system (IVIS). A new treatment
protocof was made of LNA-133a intravenous {iL.v.) administration {10 mg kg"]} 24 h before
intraperitoneal (i.p.) injection of CDDP (2.5 mg kg™ (¥ig, 28) in order to decrease drug
resistance and to prevent the induction of TIC phenotypes by chemotherapy, which were
chserved 1n in vitro experiments. Befors the ammal study of this protocol, we confirmed

30 reduced miR-133a levels in osicosarcoma tissues from LNA-133a-treated mice compared

with those from saline-treated oice (Fig, 38). To assess the cfficacy of the new troatment
-S40 .
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protocol, results were compared with three control groups (= 10 each): a saline control
group, an LNA group, and 8 CBDP groop. At 5 wecks, half the mice in cach group were

cuthanized for further analysis; the remaining mice were monitored for survival.,

Results. The expression of miR-133a of tumors was decreased in the presence of
LNA-133a (Fig. 31). Mice that bad been administered LNA-133a (10 mg kg™ i.v.) and
CDDP (2 mg kg 1.p.) showed a significantly smaller tumor growth compared to the other
groups (Figs. 32 and 33). No significant differences in tumor growth were observed in the
prescnce or in the absence of CDDP alone (Figs. 32 and 33). Furthermore, lung metastasis
was observed i 10/10 (100%) of the saline group, 7/10 (70%) of the LNA group, 8/10
(80%) of CDBDP group, and only 3/10 (309} of combination group (LNA-133a + CDDP)

on day 35 {Table 11).

Table 11, Ouicome of LNA treatment in osteosarcoma-bearing mice

Group Tumor Welgm (mean) Igung . Luminescence of ing (mean)
(g metastasis

ctrl 3.928 10/ 10 5047

LINA 3.143 7/10 1744

CDDP 3.957 g/ 1{ 2855

LNA + CDDP 1.901 3/10 582

The average luminescence at chest region was significantly decreased in mice
treated with the combination of LNA-133a and CDDP. Both the number and size of lung
metastasis at every lobe were validated in the luciferase assay and histopathological
examination.

Notably, the cffect of the combination therapy (ENA-133a + CDDP) was found to
exhibit synergistic inhibition of long metastasis.

Furthermore, the combination therapy (LNA-133a + CDDP) significantly extended
the sarvival period of tumor-bearing mice (log-rank test, £ = 0.0084, Fig. 34). Despite the
highly conserved sequence of mature homan miR-133a and muerine miR-133a {e.g,,
GenBank Accession No. NR (29676, 5-UUUGGUCCCCUUCAACCAGCUG-3; SEQ ID
N(:3), all mice showed minimal toxic effects on various tissue inchuding heart, biver, and

skeletal muscle during the observation period. Thus, systemic admmistration of LNA-133a
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1s effective for suppression of tumor growth and lung metastasis in the xenograft model for

highly metastatic osteosarcoma in the presence of cisplatin,

Example 12

Tdentification of gene targets for miR-133a

The examples above cstablish that miR-133a regulates the malignancy of CD133"¢

osteosarcoma T1Cs, and inhibition of miR-133a expression in osteosarcoma cells imhibits

the tumor development. In order to understand the mechanisms regulated by miR-133a in

D133 gsteosarcoma TICs, candidate mRNA expression profiling was performed by

two different microarvay analyses together with in sifico predictions (Fig. 35). We detected

1812 downregulated genes with at least a 1.2-fold decrease in the first microarray analysis

of total RNA collected from 5a082 CD133Y cells transduced miR-133a or NC, whereas

4976 upregulated genes were detected with at feast a 2.0-fold increase in the second

microarray analysis of mRNA expression in RNA collected from anti-Ago? antibody

immunoprecipitation in D133 cells transduced with miR-133a or NC (Fig. 36).

Subsequently, 226 genes were collected by both methods (Table 12), and 20 genes were

dentified in TargetScanHuman 6.9, one of the publicly available in sifico databases (Fig.

36).

Table 12. Predicted gene targets for miR-1333 by two analyses of cDNA microarray and in

sifico prediction

Gene Symbol

GenBank
Accession

Gene Name

Fold increase,
miR-133a-
Agcl complex

Fold decrease,
miR-133a
transfection

PGAPI
Clorfligf
DYNLT3
AGFGH
WDR44
FLYWCH!
CARKD
CUL4B
ETSi

NM_024959
XR_041258
NM_006520
NM_001135187
NM_019045
NM_020912
NM_ 018210
NM_D03588
NM_005238

post-GPT attachment to proteins |
chromosome | open reading frame 118
dynein, light cham, Totex-type 3
ATEGAP with FG repeats 1

W repeat domain 44

FLYWCH-type zine finger 1
carbohydrate kinase domain containing
cullin 48

v-gts erythiroblastosis virus E26
otcogene homolog 1 (avian)
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-0.42
-0.28
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HDACS
Cl9orfi
RASA2

KIAA [958
LOCe45851
TBPLA

SNX26

SCRN1
LOCIO0132672

AP4S1

SE3R3
LMBE1L
HERC4
ADAMTS]

CYBSR4
LHFPL2
FAMIZAOS

RALGAPAL

TNFRSF13C

LOCI00131829
Clorfs8
TNFRSFIGD

ZPHHCLY

LOC729603

SNX30
TSTD2

SPRYDM
PTPMTI

KLBDCA

SLC30A7

TCEA3
GORASPL

NM_006044
NM_619107
NM_006506
NM_133465
NR_024395
NM_004865
NM_052948
NM_001145513
AE_038504

NM_001128126

NM_012426
MM 027458
NM_ 022079
NM_006958

NM_016230
NM_005779
NR_002806

NM_194301
NM_052945

AK1240072
NM_ 144695
NM_003840

NM_015336
NE_003288

NM_001012994
NM_ 139746

N 207344
NM_ 175732

NM_(17366
NM_133496

NM_003196

NM_031899

histone deacetyiase 6

chromosome 19 open reading frame 10
RAS p21 protein activator 2
KIAA195R

hypothetical LOCG645851

TBP-like 1

sorting nexin 26

secernin |

similar to glycosyltransferase 8 domain
containing 3

adaptor-refated protein complex 4,

sigria 1 subunit

splicing factor 3b, subunit 3, 130k

tirab region 1 boraolog (nuouse)

hect dorpain and RLD 4

ADAM metallopeptidase with

thrombospondin type 1 motif, 1

cytochirome b3 reductase 4

liporpa HMGIC fusion partner-like 2

FAMI3A opposite strand {non-protein

coding}

Ral GTPase activating protein, alpha

subunit 1 {catalytic}

tamor necrosis factor receptor

superfamily, member 13C

hypothetical protern LGCI00131829

chromosome 1 open reading frame 58
it g

tanmor necrosis factor receptor

superfaruily, memtber 10d, decoy with

truncated death domain

zine finger, DHHC-type containing 17
calefum biuding protein ¥22
pseudogene

sorfing sexin family member 30
thiosulfate sulfurtrausferase
{rhodanese)-iike domain containing 2
SPRY domain containing 4

protein tyrosing phosphatase,
nitochendoal 1

kelch domain containing 4

solute carder family 30 (zine
transporter), raeraber 7

transcription elongation factor A (S{I), 3
olgr reassernbly stacking protern 1,
3kDa

N UG

- 45 .
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5.20 -0.36
517 0.36
5.15 -0.4
5.14 -6.28
509 -0.37
4.86 -0.33
4.73 -0.27
472 -(1.55
461 -0.36
439 -0.59
4.34 (.27
4.31 (140
4.26 -0.60
4.17 -0.47
414 -0.29
4.11 -0.30
404 -0.28
4.60 -0.53
3.99 -0.44
3.95 {143
3N -{1.54
375 -0.45
3.68 (.36
362 -{1.34
3.55 -0.41
3.52 -0.38
3.51 {135
3.50 -{1.38
343 -0.43
3.38 -0.48
3.32 -{1.39
347 -{1.51
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REBMI13B WM (13286 ENA binding motif protein 138 313 -0.80

PDGFREB NM_ (02609 platelei-derived growth factor receptor, 313 -0.37
beta polypeptide

ITPRIPLZ NM_001034841  inositol 1,4,5-triphosphate receptor 3.09 -(1.34
interacting protein-like 2

FBXO3 NM_033406 F-box protein 3 301 -0.35

FAMI22B NM_001166600  family with sequence similarity 1228 3.00 -0.30

MINPPE WM 004897 muitiple 1uositol polyphosphate 2.98 -0.28
tustidive phosphatase, 1

SPOPL NM_001001664  gpeckle-type POZ protein-fike 2.94 -0.47

FAMREB!1 NM_ 001083537 fannly with sequence similarity 86, 2.85 {144
member Bl

LOCIO0I28071  XM_001724939  similar to hCG41624 283 -0.31

CONTE NM_601240 cychn T1 282 53

AP2MI NM 004068 adaptor-related protein coraplex 2, mu | 2.80 -0.44
subunt

AKIRIMNI N (024395 akirin | 2.73 -0.27

CHMPS NM 016410 chromatit modifying protein 3 2.69 -{1.61

PPMIK NM_ 152542 protetn phosphatase 1K (FP2C domain 267 -{1.53
coufainng)

MICALLZ WM_182924 MICAL-Hke 2 2466 -0.29

DGKZ AK123378 diacylgiveerol kinase, zeta 104kDa 2.65 -0.39

SCARNAILS NR_(03013 small Cajal body-specific RNA 16 2.65 -0.50

SERPINEL NM_000602 serpin peptidase inhibiior, clade E 2.65 -0.61

(nexin, plasminogen activator inhibitor
5 o
type 1), member |

STARIHZ NM_178000 StAR-related lipid fransfer (START) 2.58 -0.28
domain coutaining 13

RO NM 0031356 RODI regulator of differentiation | (S, 2.55 {136
pombe}

VEGFC NM_005429 vascular endothelial growth factor C 245 -0.35

MYHS WM 002473 rayosin, heavy chain 9, non-musele 243 -3.39

CONJ NM_ (19084 cyehin ¥ 2.41 -0.26

WDR66 NM_ 144668 WD repeat domain 66 2.38 -0.32

CSREINPI NM_ 033027 cysteine-sering-rich puclear protein | 2.34 -0.28

MYBLI NM_ 001144755 v-myb myeloblasiosis viral oncogene 232 -(1.29
homolog (avian)-like 1

EME2 BC041011 gssential meiotic endonuclease | 231 -0.44
homolog 2 (8. ponibe)

MGC27382 AKO91757 hypothetical MGU27382 227 -0.33

MMP14 NM_004095 matrix metallopeptidase 14 (membrane- 2.27 -0.42
inserted}

WASH1 NM 182905 WAS protein family bomwolog 1 2.26 (132

RIMSZ NM_014677 regulating synaptic membrane 2.25 -0.45
exX0cytosis 2

HSPGL NM_ 00552 heparan sulfate proteoglyean 2 2.25 -0.45
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HDACSE
AKZ
SERRM2
LOCT731419
SYNGR3
PRUNE2
MELKL

DST
PBXIPI

ANTXR2Z
NSF
APHIA

RASAL

BAIAP2
GARNL3

CKLF
SMNORDT
TRITI
FILIPIL
VAMP2

TBLIX
LOCT729314
R
HERC2
KIAATS67
YIPF2
MELS

DUSPi

ABLZ

RBMXZ
ALSICRE

IDH!1

NM_018486
NM_613411
NM_016333
XM_001132610
N 004269
NM_015225
NM_ 152649
NM_001723
NM_020524

NM_(58172
NM_006178
NM_001077628

NM_002890

NM_01745]
NM_032293

NM_016951
NE_003045
NM_017646
NM_182909
NM_614232

NM_ 005647
XR_037423
NM_ 016124
NM_004667
NM 021174
NM_024029
NM_182931

NM_ 003584

NM_001100108

MM 616024
NM_024744

NM_005896

histone deacetyiase 8
adenylate kinase 2
sering/arginine repetitive matrix 2

hypothetical protein LOCT31419

prune homolog 2 (Drosophila)
mized bueage kinase domain-like
dystonin

pre-B-cell leukemia homeobox
interacting protein 1
anthrax toxin receptor 2

N-ethylmaleimide-sensitive factor

anterior pharynx defective | homolog A

{C. elegans)

RAS p21 protein activator (GTPase
activating protein) 1
BAl1-associated protein 2

GTPase activating Rap/RanGAP
domain-like 3

cherankine-like factor

small nucleclar RNA, /D box 17
tRNA isopentenyliransterase 1
filanun A interacting protein [-like
vesicle-associated membrane protein 2
{synaptobrevin 2)

transducin (beta)-like 1X-linked
similar to POM121-like protein |
Rb blooed group, I} antigen

hieet domain and RLD 2

KIAAL967

Yip!l donsain family, member 2
myeloid/dymphoid or nuixed-lineage
leukemia 5 {trithorax homolog,
Drosophila)

dual specificity phosphatase 11
{(RMNA/RNP complex I-interacting)
v-abl Abelsou maurine leukenia viral

oncogene homolog 2 (arg, Abelson-
related gene)

ENA binding motif protein, X-linked 2
aniyotrophic lateral sclerosis 2
{juveniie) chromosome region,
candidate 8

isocitrate dehydrogenase 1 (NADP+),
soluble

PCT/1B2012/002626
2.21 -0.34
220 -0.30
219 -0.28
2.19 -0.32
2.11 -(3.33
2.11 -{.38
210 -(3.30
210 -(1.44
203 -0.78
1.98 -0.61
1.68 -0.32
1.98 -{1.34
1.95 -0.46
.91 -0.29
1.96 -0.49
1.89 -{1.38
1.88 -0.27
1.88 -0.43
.88 -0.36
£.87 -0.3
1.87 -{1.30
1.85 -0.63
1.84 {328
1.81 (.36
1.78 -0.32
171 -0.48
E71 -0.41
170 -0.28
1.68 -0.30
165 0.37
1.65 -0.30
165 -0.3
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NTSC3L
ERMPL

GPSMI

ARHGEF1OL

MEIZ
CGO30
UBXN7
SCHC4s
ZNFTH
LOC642406

PHFE

MED23
ARHGAPLIB
MYST4

SYT17
DPM2

TUB
TBPLI
FAMA40B

DOLPPI
HISTIH2ZBM
ZBTBTA

SLC30A7

HCRTRI
DNAJBG

QPRT
CCBOT5
NPTXR
RHOB
CDHT
COL5A1
SGMS2
LOC643802

NM_052935
NM_624%96

NM_ 015597
NM_618125

NM_014874
NR_026928
NM_ 015562
NM_ 138363
NM_018260
AK024257

NM_015197
NM_G15979
NM_001039841

NM_ 012330

NM_016524
NM_003863

NM_003320
NM_004865
NM_ 020764

NM_020438
NM_003521
NM_015898

NM_ 133496

NM_001525
NM_005494

NM_01429%
NM_174931
NM_ 014293
NM_ 004040
NM_004361
AKO57231
NM_152621
XM_001716860

St-nuclectidase, oytosolic Hi-like

endoplasmic reticuium metallopeptidase
3

(3-protein signaling modulator 1
(AGS3-like, C. clegans)

Rho geanine nucleotide exchange factor
{GEF} 10-like

niitofusin 2

hypothetical CGO30

UBX domain protein 7

cotled-cotl domain containing 45

zinc finger protern 701

stmilar to coutactin associsted proteia-
like 3B

PHD finger protera 8

raediator complex subunit 23

Rho GTPase activating protein 1B

MYST histone acetyliransicrase
{monoeytic leukemia) 4

synaptotagniin XVII
dolichyl-phosphate mannosyltransferase
polypeptide 2, regulatory subuuit

tubby homolog (mouse}

TBP-like 1

family with sequence sinilarity 40,
member B

dolichyl pyrophiosphate phosphatase 1
histone cluster 1, HZbm

ziuc finger and BTRH domain containing
7A

solute carrier fanuly 30 (une
transporter), member 7

hypocretin {(orexin) receptor |

Dnal (Hsp4®) homolog, subfamily B,
member 6

quinolinate phosphoribosyltransterase
cotled-coil domain containing 75
neuronal pentraxin recepior

ras homolog gene famnly, member B
cadherin 7, type 2

collagen, type V, alpha 1
sphingomyelin synthase 2
simifar to M-phase phosphoprot
{13 smali nucleolar ribonucieoprotein}
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163 -3.40
.59 -0.86
1.53 -0.47
1.52 -0.32
1.52 -0.32
1.49 -0.30
1.49 -0.33
1.47 -0.39
1.46 (1,68
146 -1.34
1.44 528
1.42 -0.29
142 -0.29
1.41 -0.31
140 -0.39
£.30 -0.35
1.36 -0.27
1.36 -0.28
1.36 -0.62
1.29 -0.34
1.29 -0.35
128 0.28
1.25 -{1.36
1.22 -0.27
£.22 -0.56
1.26 -0.32
1.26 -0.29
1.19 -0.63
1.19 {148
1.17 -(.34
1.17 (.50
116 -0.32
£.15 -0.53
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BCLU1A WM 018014 B-cell CLE/tymphoma 1A (zine finger t.14 -0.28
protein}

GEDN1 NM_182625 (Gen homolog 1, endonuclease 1.14 -0.28
{Droscphila)

ZP1 NM_207341 zona peliucida glycoprotein 1 (sperm 112 -0.30
receptor)

EFTUDI NM 024580 elongaton factor Ta GTP binding 112 -0.47
domats countainmg 1

REEPS NM_138393 receptor accessory protein 6 116 (.58

UBA2 NM 805499 ubiguitin-like modifier activating 1.08 -{1.38
enzyree 2

BRIPI NM_032043 BRCAL interacting protem C-terninal .06 -0.27
helicase |

KPTN NM_007059 kaptin (actin binding protein) 1.06 -0.57

DZIP1 NM_ (14934 DAZ interacting protein | 1.04 -.35

MGC16275 NR (26914 hypothetical protemn MGL16273 1.04 -{1.29

APTX NM_ 0917692 aprataxin 1.03 {029

ZRX4 NM_002560 purinergic receptor P2ZX, lgand-gated 102 -3.29

ion chanuel, 4

PCDH24 WM 017673 protocadberin 24 106 -0.37

Ln

i

i5

Overall, ten putative candidates for miR-133a target genes were sclected with these
data comobined. Next, the expression of these molecules was reduced using siRNA-induced
gene knockdown system to investigate whether these candidates are functionally tportant
targets of miR-133a in osteosarcoma cells. As avesult, knockdown of four candidates
(ANXA2, DUSPII, MASTY, and RODIY in CD133%Y Sa082 cells enhanced drug resistance
(Fig. 37}, and knockdown of five candidates (ANX42, DUSFI], SGMS2, SNX30, and

JRA2) enhanced invasiveness of CDN33"Y 82082 cells (Fig. 38).

Of course, the effect of knockdown of these putative target gones would be similar
to the effect exerted by miR-133a on these same genes, resulting in enhanced drug
resistance and enhanced invasiveness of CDM 33 SaD82 cells. Conversely, silencing of
miR-133a in CD133"Y 83082 cells would be expected to be permissive for expression of
the putative target genes, therchy reducing drug resistance and reducing invasiveness of
CD133"" 82082 cells.

To validate whether these molecules arc regulated by miR-1334a, the 3’UTR
(vntransiated region) fragment containing putative miR-133a binding sites was cloned
downstream of a luciferase coding sequence, and the luciferase reporter and miR-133a

cligorucleotides were co-transfected into 8a082 cells. As a control, the huciferase reporter
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and NC oligonucleotides were co-transfected into S3a082 cells. Luciferase activities were
reduced by approxdmately 39-73% in the cells co-transfected with miR-133a compared with
the cells co-transfected with the NC oligonucleotides (Fig. 39). From results of this assay,
ANXA2, DUSPLI, MASTY, SGMS2, SNX30, and UBA2 were found to funciion as divect

targets of miR-133a.

Indecd, these target gencs or their family genes were previously suggested to
function as fmor suppressors in certain other cancers. Gostissa, M et al. (1999) EMRO T,
18:6462-71; Caprara, G et al. (2009) J. Cell. Mol Med. 13:2158-70; Nguyen, LN et al
(2000} Clin. Cancer Res. V1:6952-9, 4ANXAZ has been reported 1o be associated with
wmor-suppressive function in osteosarcoma (Gillette, IM (2004 J. Celf Biochem. 92:820-
323, whereas MAST4 has been unknown in tumor bioclogy (Garland, P (2008) Brain Res.

21:12-19).

Indeed, as disclosed by the present invention, the expression of all these targets was
increased by silencing of miR-133a in CD133"" celis (Fig. 40) and decreased by miR-133a
upregufation in CD133°Y colls (Fig. 41), consistent with obscrved inverse cotrelations with
the expression of CD133 and miR-133a n both xenografted tumors (Fig. 42) and chinical
samples (results not shown). The mcreased expression of the targets by stfencing of miR-
133a was confirmed by gRT-PCR (results not shown) and immunohistochemisiry of LNA-
treated tumors (results not shown). Finally, in investigating the relationships between the
gxpression of these targels and osteosarcoma patient prognosis, a strikingly close
correlation was found between the mRBRNA expression of the miR-133a targets and patient
prognosis (Fig, 43). Patients with bigher expression levels of these targets survived much
longer than patients with lower expression, indicating that these targets could function as

novel tumor-suppressors in osteosarcoma.
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CLAIMS
We claim;
1. A method of treating ostegsarcoma, comprising administering to 8 subject in need

thereof an effective amount of an antisense mofecule specific for a microRNA

{miRNA) selected from miR-1, miR-10b, and miR-133a,

2. The method of claim 1, wherein the antisense molecule is stabilized RNA.
3. The method of ¢laim 2, wherein the stabilized RNA 15 a locked nucleic acid (LNA)

oligonucleotide.
4, The method of clamm 1, wherein the antisense molecule 1s BNA,

5. The method of claim |, wherein the antisense molecule is 20-30 mucleotides long
and compriscs a nucleotide sequence at least 90 pereent identical to
SCACATACTTCTTTACATTCCA-Y (SEQ IDNO4),
SCACAAATTCGGTTCTACAGGGT-3 (SEQ ID NQ:S), or
F-CAGCTGGTTGAAGGGGACCAA-3" (SEQIDNO:6).

6. The method of claim §, wherein the antisense molecule is 21-30 nucleotides long
and compriscs a nucleotide sequence at least 95 percent identical to
SCACATACTTCTTTACATTCCA-Y (SEQ D NO4),
SCACAAATTCOGGTTCTACAGGGT-3 (SEQ ID NO:S), or
5-CAGCTGGTTGAAGGGGACCAA-3" (SEQ IDNO:6).

7. The method of claim 6, wherein the sequence of the antisense molecule is
S-ACATACTTCTTTACATTCCA-3 (SEQ ID NO:4),
§-ACAAATTCGGTTCTACAGGGT-3" (SEQ ID NO:S), or
5-CAGCTGOTTGAAGGGGACCAA-S (SEQ 1D NO6).

8. The method of claim 1, wherein the antisense molecule is 20-30 nucleotides long

and comprises a nucleotide sequence at least 90 percent identical to

S-AUACAUACUUCUUUACAUUCCA-Y (SEQ IDNOT),

§-CACAAAUUCGGUUCUACAGGGUA-3" {SEQ ID NGO:8),

§-CAGCUGGUUGAAGGGGACCAAA-3 (SEQ ID NO:9),

SCATACATACTTCTTTACATTCCA-Y (SEQ D NO: 1),

W
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10.

11

14.

§-CACAAATTCGGTTCTACAGGGTA-3' (SEQ ID NO:11), or
S-CAGCTGGTTGAAGGGGACCAAA-3' (SEQ ID NO:12).

The method of claim 8, wherein the antisense molecule is 21-30 nucleotides long
and comprises a nucleotide sequence at least 95 percent identical to
F-AUACAUACUUCUUUACAUUCCA-3 (SEQ IDNOT),
S-CACAAAUUCGGUUCUACAGGGUA-3" (SEQ 1D NGO:E),
§-CAGCUGGUUGAAGGGGACCAAA-3 (SEQ IDNG:Y),
SCATACATACTTCTTTACATTCCA-S (SEQ ID NOG:16),
S-CACAAATTCGGTTCTACAGGGTA-Y (SEQIDNO:1 1), or
5-CAGCTGOTTGAAGGGGACCAAA-Y (SEQ IDNO:12).

The method of claim 9, wherein the sequence of the antiscnse molecule is
S-AUACAUACUUCUUUACAUUCCA-Y (SEQ IDNOT),
§-CACAAAUUCGGUUCUACAGGGUA-3" {SEQ ID NO:8),
§-CAGCUGGUUGAAGGGGACCAAA-3 (SEQ ID NO:9),
S-ATACATACTTCTTTACATTCCA-3 (SEQ D NO:16),
S-CACAAATTCGGTTCTACAGGGTA-Y (BEQIDNO), or
5-CAGCTGOTTGAAGGGCACCAAA-3 (SEQ ID NCG:12).

The method of any one of claims 1-190, wherein the antisense molecule is associated

with a nucleic acid delivery vehicle.

The method of any one of claims 1-11, wherein the ostcosarcoma is metastatic

osteosarcoma.

Anisolated nucleic acid molecule 20-30 nucleotides long comprising a nucleotide
sequence at least 90 percent identical to S-ACATACTTCTTTACATTCCA-Y
(SEQ ID NQC:4), S-ACAAATTCGOTTCTACAGGGT-3 (SEQ IDP NO:S), or
§-CAGCTGGTTGAAGGGGACCAA-3" (SEQ ID NO:6).

The isolated nucleic acid molecude of claim 13, wherein the isolated nucleic acid
molecule 18 21-30 nucleotides long and comprises a nucleotide sequence at least 95
percent identical to 5-ACATACTTCTTTACATTCCA-Y (SEQ 1D NOw4),
S-ACAAATTCGGTTCTACAGGGT-3' (SEQ ID NO:S), or
§-CAGCTGOTTGAAGGGGACCAA-3" (SEQ ID NG:6).

Wh
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15,

10,

17

18.

19.

The isolated nucleic acid molecule of claim 14, wherein the sequence of the isolated
mucleic acid molecule is 5~ACATACTTCTTTACATTCCA-3 (SEQ ID N(G4),
SCACAAATTCGGTTCTACAGGGT-3 (SEQ D NO:S), or
5-CAGCTGGTTGAAGGGGACCAA-S (SEQ D NO:6).

Anisolated nucleic acid molecule 20-30 nucleotides long comprising a nucleotide
sequence at least 90 percent identical to S-AUACAUACUUCUUUACAUUCCA-Y
(SEQ ID NO:T), §-CACAAAUUCGGUUCUACAGGGUA-3" (SEQ ID NG:3B),
§-CAGCUGGUUGAAGGGGACCAAA-3 (SEQ ID NG,
S-ATACATACTTCTTTACATTCCA-3 (SEQ D NO:16),
S-CACAAATTCOOTTCTACAGGGTA-Y (SEQIDNO:11), or
3-CAGCTGGTTCGAAGGGGACCAAA-Y (SEQ ID NO:12).

The 1solated nucleic acid molecule of clamm 16, wherem the isolated nucleic acid
molecule is 21-30 nucleotides long and comprises a nucleotide sequence at least 95
percent identical to §-AUACAUACUUCUUUACAUUCCA-Y (SEQ ID NO:T),
S-CACAAAUUCGGUUCUACAGGGUA-Y {SEQ D NOR),
5-CAGCUGGUUGAAGGGGACCAAA-Y (SEQIDNOG:9),
SCATACATACTTCTTTACATTCCA-3 (SEQ 1D NO: 10,
F-CACAAATTCGGTTCTACAGGGTA-3 (SEQIDNG: 1D, or
S-CAGCTGOTTCGAAGGGGACCAAA-S (SEQ ID NO:12).

The isolated nucleic acid molecule of claim 17, wherein the sequence of the solated
nucleic acid molecule is 3-AUACAUACUUCUULUACAUUCCA-S (SEQID
N7, §-CACAAAUUCGGUUCUACAGGGUA-3 (SEQ ID NGO:8),
SCAGUUGGUUGAAGGGGACCAAA-3 (SEQ 1D NO:9),
SCATACATACTTCTTTACATTCCA-3 (SEQ 1D NO:1G),
S-CACAAATTCGGTTCTACAGGGTA-Y (SEQIDNG: 1), or
S-CAGCTGGTTGAAGGGGACCAAA-S (SEQ D NO:12).

W

The isolated mucleic acid molecule of any one of claims 13-18, wherein the nueleic

acid moleculs is associated with 8 nucleic acid delivery vehicle,

A method of assessing resistance of ostoosarcoma to an anti-cancer therapy,

comprising:

obtaining a tissue sample comprising osteosarcoma cells;

W
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isolating from the sample cells expressing CD133;

measuring a first lovel of expression by the CD133-expressing cells of at least one
ncroRNA (miRNA) selected from the group consisting of miR-1, niR-10b, and
miR-133a;

contacting the CD133-expressing cells with an anti-cancer therapy; and

measuring a second level of expression by the CD133-expressing cells of the at least
one miRNA, wherein a second level of expression greater than the first level of

expression indicates the osteosarcoma is resistant to the anti-cancer therapy.

21, The method of claim 20, whercin the anti-cancer therapy 1s selected from the group

consisting of cisplatin, doxorubicin, methotrexate, and any combination thereof.
22. A method of screcning for ostoosarcoma, comprising:

performing on a tissue sample from a subject an assay specifically capable of
detecting at least one microRNA (miRNA) selected from the group consisting of
miR-1, miR-10b, and miR-133a, wherein detection by the assay of the presence in
the sample of the at least one miRNA indicates the subject is at risk of having

osteosarcoma.

23. The method of claim 22, wherein the tissue is blood.
24. The method of claim 22, wherein the tissue is serum.,
23, A method of monitoring osteosarcoma, comprising:

(a) performing, on a tissuc sample obiained from a subject having osteosarcoma or
having been treated for osteosarcoma, an assay specifically capable of quantitying the level
of expression of at least one microRNA {miRNA) selocted from the group consisting of

miR-1, miR-10b, and miR-133a; and

(b} repeating step (a) on a later-obtained tissue sample from the subject, wherein a
level of expression of the at least one miRNA in the later-obtained sample greater than the
fevel of expression of the at least one miRNA in the carlier-obtained sample indicates the
osteosarcoma is progressive, and a level of expression of the at least one miRNA m the
later-obtained sample lesser than the level of expression of the at least one miRNA i the

carlicr-obtained sample indicates the ostecosarcoma is regressive.

L
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26. The method of claim 25, wherem the tissue 15 blood.

27. The method of claim 25, wherein the tissue is serum.
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