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Gag-ZiL and ANC-Gag). We found ANC-Gag-GFP (coexpressed
with ANC-Gag in a 1:3 ratio) in WT cells was more widely dis-
tributed and less punctate at the PM than when Gag-GFP was
expressed (Fig. 2 4 and C). Moreover, in ANC-Gag-GFP-
expressing cells, very little viral RNA (assessed by FISH of ANC
viral RNA) colocalized with ANC-Gag at the PM (Fig. 2 B and
C). In addition, spt-PALM analysis showed ANC-Gag to be
much more mobile than Gag in WT cells, with mobile ANC-Gag
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Fig. 2. miRNAs interact with the nucleocapsid (NC) domain of Gag to dis-
rupt Gag assembly. (4) Representative TIRF images of Gag or ANC-Gag at the
PM in WT cells. (B) WT cells were transfected with pNL43APolANC-Gag-GFP,
which has the NC domain of Gag deleted. Confocal images of unspliced HIV-1
viral RNA detected by FISH (Left) and ANC-Gag-GFP detected by fluorescence
(Right). Note that viral RNA is distributed cytoplasmically, whereas ANC-Gag
is enriched at the PM in these cells. (C) Quantification of HIV-1 viral RNA
(assessed by FISH) and Gag (assessed by GFP signal) at the PM in WT cells.
Depicted is the fraction of PM versus total labeling per cell. (D) Single-par-
ticle tracking PALM analysis of ANC-Gag-mEQOS2 in WT cells expressing
pNL43APolANC-Gag-mEOS2. The histogram shows the distribution of lateral
diffusion coefficients of single ANC-Gag molecules (1,526 tracks) within Gag
complexes acquired from 10 cells (green bar), plotted together with the
distribution of diffusion coefficients of the WT Gag at the PM of the WT cells
(gray bar) as in Fig. 1G. (Inset) Mean + SEM diffusion coefficients for the
three conditions. Note that ANC-Gag exhibited the fastest diffusion rate. (E)
Schematic model of how miRNA could interfere with Gag assembly at the
PM, based on spt-PALM analysis. (F and G) Immunoprecipitation (IP) of miRNA-
Gag complexes. miR* cells were transfected with either pNL43APoIAEnvGag or
pNL43APOIANC-Gag. At 48 h posttransfection, the cells were lysed and im-
munoprecipitation of Gag or ANC-Gag was performed. (F) Representative
Western blot image of Gag and ANC-Gag proteins immunoprecipated from
the miR* cells. (G) The presence of miR-146a in the IP material was confirmed
by gRT-PCR, normalized to the mean ANC-Gag protein () input (1:7.5). All
data are represented as mean + SD of at least three replicate experiments
unless otherwise noted. (Scale bar, 10 um.)
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molecules having a mean diffusion coefficient of 0.56 + 0.03 pm®/s
compared with Gag molecules having a diffusion coefficient of
~0.10 pm*s (Fig. 2D). PALM cluster analysis further revealed
that less than 1% of ANC-Gag molecules form clusters. Thus,
when the NC domain of Gag is deleted, viral RNA recruitment
to the PM is inhibited, Gag increases its mobility at the PM, and
Gag coalescence into tight clusters is impeded.

The above results suggested that Gag dynamics at the PM
change depending on whether or not Gag interacts with viral
RNA (Fig. 2E). Under conditions where Gag efficiently interacts
with viral RNA (i.e., Fig. 2E, Left, WT Gag), Gag-RNA com-
plexes wind up into tight clusters that are immobile. When Gag
cannot interact with RNA (i.e., Fig. 2E, Right, ANC-Gag), the
protein freely diffuses at the PM without clustering. When Gag—
RNA interactions are partially disrupted by overexpression of
miRNA (i.e., Fig. 2E, Center, WT Gag + miRNA), Gag-RNA
complexes do not wind up into tight clusters and exhibit an in-
termediate mobility between ANC-Gag and Gag in WT cells.
Evidence that exogenous miRNAs in miRNA-overexpressing
cells in fact bind to Gag came from RNA-immunoprecipitation
experiments demonstrating a binding interaction between Gag
and miRNA-146a (Fig. 2 F and G). The quantity of miRNA-146a
retrieved by immunoprecipitating Gag from miR™ cells ex-
pressing WT Gag was much greater than that observed during
immunoprecipitation of ANC-Gag from miR" cells expressing
ANC-Gag, suggesting miRNA-146a binds to Gag via the pro-
tein’s NC domain.

The observed effect of miRNA overexpression on the dy-
namics of Gag at the PM (i.e., reduced clustering of Gag and
decreased budding of Gag particles from the PM), prompted us
to examine the fate of Gag in miR* cells. Fluorescence imaging
showed that large vacuoles enriched in Gag were formed over
time (Fig. 34, arrow). These vacuoles ranged in size from 1 to
10 pm in diameter. Gag proteins increasingly appeared in such
vacuoles in miR™ cells with time, reaching a plateau in which
503 + 4.6% of the cells contained one or more Gag-positive
vacuoles at the end of 48 h (Fig. 3B). Similar results were ob-
served for miR*888 cells (SI.Appendix, Fig. S8). By contrast, only
14.3 + 6.9% of WT cells and 14.1 + 4.3% of empty vector control
cells expressing Gag contained such vacuoles at the end of 48 h
(ST Appendix, Fig. 59). Large vacuoles were not present in miR*
or miR*888 cells that were not expressing Gag, suggesting that
the vacuoles were induced by Gag expression. Processing of Gag
in cells containing exogenous miRNA was decreased relative to
WT cells, as expected if Gag assembly at the PM is impaired (57
Appendix, Fig. S10). Thus, under conditions of improperly as-
sembled Gag complexes at the PM in miRNA-overexpressing
cells, Gag redistributes into large intracellular vacuoles.

Few, if any, Gag-containing vacuoles formed in miR* cells
expressing ANC-Gag (Fig. 2B). This suggested that vacuole
formation was dependent on miRNA-Gag interactions. To
further examine this dependence, we expressed a Gag mutant
whose NC domain was replaced with an isoleucine-zipper do-
main (i.e., Gag-ZiL), expressed using the pNL4-3-ZiLAPolAEnv
construct. Expressed Gag-Zil. molecules do not bind RNA be-
cause they lack the NC domain of Gag. Because of their leucine-
zipper domain, however, they can still multimerize and form
virus-like particles (19). The Gag-ZiL particles are nonin-
fectious, lacking detectable viral RNA (SI Appendix, Gag-ZiL
and ANC-Gag). We found that miR* cells expressing Gag-Zil
had significantly reduced numbers of induced vacuoles (~13% of
cells observed 48 h posttransfection) relative to that seen in
miR™ cells expressing Gag (Fig. 3C). In addition, the numbers of
Gag-ZiL particles released by WT or miR* cells expressing Gag-
ZiL were similar (SI Appendix, Fig. S11). This indicated that
miRNAs do not affect multimerization and budding of Gag-ZiL,
which requires only Gag-ZiL'’s isoleucine-zipper domain. Therefore,

Chen et al.



o

omiR'cells
AWT cells

= N W b
oo
#

o

% cells with Gag
vacuole(s)

o

10 24 48 72
Hours post-transfection

C. D
© o 25
e RGP
£ é%w
ES 2
20 ggw
g g> s
R B [\

Empty  Dyn-K44A

Vector

E HIV-1 Gag Overlay

F ‘ o 7 Overlay )

viral RNA Signal

HIV-1 Gag

verlay

Fig. 3. miRNA-Gag interactions drive the internalization of Gag complexes
at the PM, leading to formation of large, Lamp1l-enriched intracellular
vacuoles. (A) Representative images of Gag expressed in miR* cells through
pPNL43APOlAENVGag-GFP transfection. Note the appearance of large in-
tracellular vacuoles enriched in Gag. (B) Percentage of cells having large
intracellular vacuoles enriched in Gag as a function of time after trans-
fection. (C) Percentage of Gag (expressed via pNL43APoIAENY) or Gag-Zil—
positive vacuoles (detected by immunofluorescence with anti-p24 anti-
bodies) seen in cells expressing Gag or Gag-ZiL in WT or miR* cells. (D)
Reduction in vacuole formation in response to dynamin-K44A, a dominant-
negative mutant that inhibits dynamin-dependent endocytosis. (£) miR* cells
expressing pNL43APolAEnvGag-GFP were fixed and immunofluorescently
labeled with anti-Lamp-1 antibodies to stain lysosomes. Lamp-1 distribution
colocalized with Gag-GFP in large intracellular vacuoles, identifying these
structures as lysosomes. Nucleus, blue (stained with DAPI). (F) Representative
images of miR-146a or unspliced HIV-1 RNA (detected by FISH) and Gag
(detected by Gag-GFP) in WT and miR* cells transfected with pNL43APolAEnvGag-
GFP. Arrows point to the vacuoles. All data are represented as mean + SD of at
least three replicate experiments. Each replicate experiment is performed by vi-
sually examining at least 200 transfected cells. (Scale bar, 10 pm.)

the increased production of large, Gag-enriched vacuoles in miR*
cells requires interactions between miRNA and Gag’s NC domain.

To clarify the nature of the Gag-enriched vacuoles seen in
miRNA-overexpressing cells, we tested if they arose by endocy-
tosis of Gag from the PM. Coexpression of HIV-1 constructs
and mutant dynamin (i.e., Dyn-K44A, which inhibits severing
of clathrin-coated vesicles) in miR™ cells led to a reduction in
vacuole formation (Fig. 3D). This indicated that dynamin-
dependent endocytosis facilitates Gag accumulation within
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vacuoles. Immunofluorescent labeling with lysosomal-associated
membrane protein (LAMP)-specific antibodies identified the
vacuoles as being late endosomal or lysosomal compartments (S7
Appendix, Fig. §12 and Fig. 3F). Treatment with the lysosomal
protease inhibitor leupeptin led to Gag accumulation inside the
vacuoles rather than just at their membrane periphery (SI Ap-
pendix, Fig. S$13). This suggested that Gag is normally destroyed
after being transferred inside the vacuole. FISH experiments
further showed that HIV-1 RNA and the miRNA-146a were
both enriched within Gag vacuoles, colocalizing with Gag (Fig.
3F and SI Appendix, Fig. §14). Overall, these results revealed
that Gag-enriched, lysosome-related vacuoles are formed through
endocytosis of Gag complexes containing not only Gag but also
HIV-1 RNA and miRNA. This explains the overall reduced
levels of Gag at the PM of miRNA-overexpressing cells.

To assess what levels of miRNAs are required to disrupt Gag
assembly and cause Gag delivery to vacuoles, we quantified en-
dogenous miRNA levels relative to exogenous miRNA (ie.,
miRNA-146a) levels using quantitative RT-PCR (qRT-PCR)
analysis (Fig. 44). miRNA-146a levels were similar to those of
several highly abundant endogenous miRNAs (Fig. 44). This
prompted us to examine whether Gag could bind to endogenous
miRNAs, not just exogenous miRNAs. Supporting this hypoth-
esis, Gag-miRNA immunoprecipitation experiments revealed
that in addition to miRNA-146a, other host miRNA species
coimmunoprecipitated with Gag, including miR-17, miR-19, and
miR-16 (Fig. 4B), consistent with previous work showing that
Gag can nonspecifically bind to nucleic acids (20). Nonetheless,
there was a nearly threefold enrichment of miRNA-146a relative
to that of the retrieved endogenous miRNAs (i.e., miR-16) in the
immunoprecipitate. The similar expression levels of endogenous
and exogenous miRNAs within cells, yet significantly different
levels in the immunoprecipitates, raised the question of why Gag
would preferentially bind to exogenous over endogenous miRNAs.

It is thought that most endogenous miRNAs within cells are
bound to RNA-induced silencing complexes (RISCs), forming
miRNA-RISCs that regulate the expression of a variety of host
cellular genes (21). Therefore, most endogenous miRNAs within
cells should be unable to interact with Gag at the PM to interfere
with Gag assembly. By contrast, exogenous miRNAs that we
introduced in HEK293 cells with no known mRNA targets would
be available to bind Gag and interfere with Gag assembly. To
test this idea, plasmid constructs encoding target mRNAs for
miRNA-146a were coexpressed with Gag-GFP-expressing HIV-1
proviral clones in miR™* cells. Our assumption was that if our
hypothesis was correct, then in these cells fewer Gag proteins
should be internalized and delivered into vacuoles because
miRNA-146a would interact with the expressed target mRNA
within silencing machinery rather than with Gag at the PM.
Consistent with this possibility, we found that fewer Gag vacuoles
formed in miR* cells expressing Gag plus the target mRNA for
miRNA-146a compared with miR* cells expressing Gag plus the
empty vector control (Fig. 4C). Exogenous miRNAs, therefore,
may interact with Gag more efficiently than endogenous miRNAs
because they lack mRNA targets.

The above findings led us to investigate whether depletion
of Argonaute 2 (Ago2), which binds miRNAs to form RISCs,
makes the endogenous miRNAs available for interacting with
Gag to disrupt viral assembly. Supporting this possibility, knock-
down of Ago2 led to increased numbers of Gag-enriched in-
tracellular vacuoles and decreased viral particle formation in WT
HEK?293 cells expressing Gag (Fig. 4D and SI Appendix, Fig.
S15). The effects were analogous to those seen in Gag-expressing
cells overexpressing foreign miRNAs. Gag-enriched intracellular
vacuoles were also seen in Gag-expressing WT HEK293T and
Hela cells after knockdown of Ago2 (SI Appendix, Fig. S16).
Endogenous miRNAs, therefore, may also interact with Gag to
disrupt Gag assembly when not packaged with RISCs.
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To test this idea further, we depleted proteins necessary for
the biogenesis of miRNAs, including Dicer or Drosha (22). We
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Fig. 4. miRNAs disrupt Gag assembly when they do not participate in RNAI
activity. (A) Expression levels of the exogenous (exo) miR-146a and endog-
enous miR-16, -17, and -19 in the miR™ cells. Levels determined by gRT-PCR
were normalized to the miR-146a level per cell. Note that miR-146a and miR-
16 were expressed at similar levels. (B) Levels of the miR-146a and the en-
dogenous miR-16, -17, and -19 retrieved by immunoprecipitating Gag from
the miR" cells. Note that significantly more miR-146a than miR-16 is re-
trieved by IP of Gag. (C) Addition of mRNA targets for the miR-146a reduced
vacuole formation. miR* cells were cotransfected with pNL43APolAEny and
the mRNA target or empty plasmids (Materials and Methods for construct
details). At 24 h posttransfection, percentage of Gag expressing miR* cells
containing at least one vacuole were assayed by fluorescence microscopy.
(D-F) The effect of knockdown of Ago2, Dicer, and Drosha on vacuole
formation and Gag particle release. shRNA-Ago2, shRNA-Dicer, shRNA-
Drosha (or shRNA-ctrl, a control shRNA) and pNL43APolAEnvGag-GFP were
cotransfected in WT HEK293 cells. At 24 h posttransfection, Western blot
was performed to assess the knockdown efficiency. Ago2 shRNA treatment
reduced the levels of Ago2 by ~50%, whereas Dicer shRNA and Drosha
shRNA treatments reduced the Dicer and Drosha levels by 23% and 20%,
respectively. Vacuoles and particle release were assayed by fluorescence
microscopy as described in Materials and Methods. All data are represented
as mean =+ SD of at least three replicate experiments. Results were normal-
ized to the number of vacuoles observed in the cells cotransfected with
shRNA-ctrl. For the vacuole analysis in C-F, each replicate experiment is
performed by visually examining at least 150 transfected cells. (G) Schematic
model of Gag-miRNA complexes interfering with Gag assembly at the
plasma membrane. In the absence of Gag-miRNA complexes, Gag and the
HIV-1 viral RNA form stable complexes at the PM, resulting in viral budding.
When Gag-miRNA complexes are present within the viral RNA-mediated
assembling complexes, they interfere with proper Gag assembly, resulting in
internal vacuole formation.
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reasoned that in cells depleted of either Dicer or Drosha, there
would be few miRNAs available to bind to Gag and disrupt vi-
ral assembly. Supporting this hypothesis, partial knockdown of
Dicer or Drosha led to reduced numbers of Gag-enriched in-
tracellular vacuoles but enhanced viral particle formation in WT
HEK293 cells expressing Gag (Fig. 4 £ and F). This supported
the idea that any miRNA when not mediating RNAI activities
can obstruct viral assembly via miRNA-Gag interactions.

In summary, our results suggest that miRNA, when unbound
to silencing machinery, can bind to Gag proteins and disrupt Gag
clustering into viral particles at the PM (Fig. 4G). Improperly
assembled Gag complexes so formed undergo enhanced endo-
cytic delivery to lysosomes. This effect of miRNA on Gag as-
sembly is more pronounced in cells that have miRNAs not
engaged in RNAI activities. These findings linking miRNA with
Gag physiology have significant implications for understanding
how cells modulate HIV-1 infection. Gene expression is in-
creasingly known to occur stochastically, with cell-to-cell variations
in mRNA and protein levels (23-27). Moreover, transcription
rates often exhibit pulsatile variations (23-27). Production of
miRNAs may therefore sometimes be out of sync with mRNA
transcription, leading to buildup of miRNAs not bound to mRNA
or RISCs. The RISC-free miRNAs could then become potent
inhibitors of viral production and regulators of Gag physiology. In
this context, expression of total miRNAs may play an equal if not
a more important role than specific miRNAs in regulating HIV-1
biogenesis. Given the ever-growing development of antiviral
agents designed to target HIV-1 assembly, our results suggest the
possibility of manipulating total expression levels of host miRNAs
to combat HIV-1 transmission and infectivity.

Materials and Methods

Cell Culture. Human embryonickidney 293 (293), 293T, HeLa cell lines (American
Type Culture Collection), the HIV reporter cell line TZM-bl [National Institutes
of Health (NIH) AIDS Research and Reference Reagent Program, Germantown,
MD], and miRNA-overexpressing cells (miR* and miR*888) were cultured in
Dulbecco’s modified eagle medium (DMEM; Mediatech), supplemented with
10% (volivol) FBS (Invitrogen) at 37 °C, 5% (volivol) CO,, and 90% relative
humidity. All experiments were performed with cells at passage numbers
between 10 and 25.

miRNA Expression Plasmids. Precursor miR-146a expression plasmid (backbone
pBApo-CMV Neo) was described previously (28). Precursor miR888 expression
vector was constructed by PCR amplification of the human genomic DNA
with forward primer ACCTGCGGGATCCCTTCTGGTCCTGGCAATCAT and re-
verse primer ACTGCTAAGCTTACCAGTCTGAGGACCACCAC. The PCR product
was then inserted into pBApo-CMV Neo digested with BamH1 and Hindlil.
The neo-resistant miRNA constructs also served as the PCR templates for
constructing hygromycin-resistant precursor miRNA expression vectors. For
the hygro precursor miR-146a vector, forward and reverse primers were
ACCTGCGCTAGCTTTACAGGGCTGGGACAGG and ACTGCTGCGGCCGCAAGC-
TCTTCAGCAGACTGAAAA. For the hygro precursor-miR-888 vector, the for-
ward and reverse primers were ACCTGCGCTAGCCTTCTGGTCCTGGCAATCAT
and ACTGCTGCGGCCGCACCAGTCTGAGGACCACCAC, respectively. The result-
ing PCR products were then inserted into the Nhel and Notl sites of Hyg-N1,
constructed by excising out the sequences encoding DsRed-Monomer from
the pDsRed-Monomer-Hyg-N1 vector with Nhel and Notl. The functionality
of all precursor miR constructs were confirmed by miR-reporter assays
(see below).

miR-Reporter Constructs. The construction of miRNA reporter construct for
miR-146a was described previously (28). miRNA reporter construct for miR-
888 was constructed similarly by introducing multiple tandem repeats of
binding sites perfectly complementary to miR888 into the Notl site of psi-
CHECK2 (Promega). For the miR888 reporter construct, the following sequences
were inserted: GCGGCCGCTGACTGACAGCTTTTTGAGTAAAGAATTCTTTGACTGA-
CAGCTTTTTGAGTAAAGAATTCTTIGACTGACAGCTTTTTGAGTAGCGGCCGC. (The
underlined sequence is complementary to miR888.)

Viral Constructs. The pNL43 proviral construct (29) was used to construct
other pNL43 derivatives used in this study. These constructs including
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pPNL43APolAEnV, pNL43APolAENVGag-GFP, pNL43APolAEnvGag-mEOS2, pNL4-
3ANCAPolAENnY, pNLA3ANCAPOIAENVGag-GFP, pNLA3ANCAPOIAENWGag-GFP,
ANCAPolGag-mEOS2, and pNL43ZiLAPolAEny are described below.

The pNL43APolAEnv was constructed by subcloning the Spel-Sall and
Sall-BamHI regions from pNL43 into pBluescript (SK+), deleting the Bcli-Nsil
and Nsil-Bglil regions from the pol and env genes, respectively, and insert-
ing the resulting Spel-Sall and Sall-BamH! regions back to pNL43. The
PNLA3APOIAENVGag-GFP was constructed by inserting GFP from pNL4-3/iGFP [a
kind gift from Benjamin Chen (Mount Sinai School of Medicine, New York)] into
the BssHIl-Spel region of pNLA3APOIAENv. The pNLA3APOIAENVGag-mEOS2 was
constructed by amplification of pCMV-mEosFP2-C1 with BsiE-Acll flanking pri-
mers. The amplified PCR products were subcloned into pBluescript (SK+) con-
taining the Hindll-Spel region of pNL43, where the synthetic cleavage site at
the C terminus of the matrix domain and the cloning sites (BstBl and Pacl) were
introduced. The inserted sequences are indicated in uppercase in the follow-
ing: gtcTCGCAGAACTATCCAATTGTACAATTCGAAGGTTAATTAagccaa (the
sequences for the synthetic cleavage site are in italics and the restriction sites
are underlined). The resulting partial fluorescent proteins (FPs) were cloned into
pNL43APolAEnV by insertion into the BssHIl-Spel site. The pNL43APolAEnVANC
was made by subcloning the Spel-EcoRl region from pNL43 ANC [a kind gift
from David Ott (National Cancer Institute, Frederick, MD)], deleting the Bcli-Nsil
fragment of the Pol region, and cloning into pNL43APolAEnv by insertion into
the Spel-EcoRl site. The pNL43APOIAENVANC-Gag-GFP was constructed by
insertion of the Spel-EcoR! site from pNL43 APolAEnvANC into pNL43-
APolAENnVGag-GFP. The pNL43APolANC-Gag-mEOS2 was constructed by in-
sertion of the Spel-EcoRl fragment from pNL43APolAENVANC into pNL43/
imEosFP2. The pNL4-3 Zil APolAEnv construct was made by amplifying the
Spel-Apal region of Zil-p1p6 (30) and cloning into pNL43APoIAEnv.

shRNA Constructs. pTER-shAgo2 and pTER-shDicer plasmids were kind gifts
from P. Svoboda (Friedrich Miescher Institute for Biomedical Research, Basel,
Switzerland). The shRNA Drosha plasmid was a kind gift from Tyler Jacks
{Massachusetts institute of Technology, Cambridge, MA). To construct the
pTER-shCtrl plasmid, the sequences encoding shAgo2 in the pTER-shAgo2
were replaced with sequences AAGAGATAGTTGCGGACAATCTGACTTTTTT
using Bglll and Hindlll restriction sites.

Transfection. Transfection was performed with Fugene 6 (Promega) unless
otherwise noted as per manufacturer’s protocol when cells reached 50-70%
confluency. For fluorescent microscopic studies where FPs were used, cells
seeded on clean coverslips or labtek chambers (Nunc) were transfected with
a mixture containing both FP-tagged and untagged PNL43 derivative con-
structs at a 1:3 ratio. This is to avoid potential morphological defects in Gag
assembly caused by expressing Gag tagged with FP alone. For shRNA
knockdown studies, equal amounts of shRNA constructs and pNL43 de-
rivative constructs were transfected.

Establishment of Cell Lines Stably Expressing Exogenous miRNAs. HEK293 celi
lines stably expressing hsa-miR-146a or hsa-miR888 were generated by two
successive selections using miRNA expressing plasmids with neomycin- and
hygromycin-resistant genes. This allowed the establishment of stable cell lines
with high miRNA activity. First, cells transfected with miRNA-expressing
vectors (derived from neomycin-resistant plasmids) were cultured in media
containing 1-2 mg/mL geneticin. After 2 wk, single colonies were isolated,
maintained in 0.5-1 mg/mL geneticin for 3 wk, and thereafter cultured
without geneticin. The clone that exhibits the highest miRNA activity (as
determined by miR-reporter assay) was further used to generate double
stable cell lines by further transfecting it with hygromycin-resistant plasmids
containing hsa-miR-146a or hsa-miR888. After selection in culture media
containing 20-60 ng/mL hygromycin, single colonies were isolated and
maintained in 10-30 ng/mL hygromycin for 3 wk and thereafter cultured
without any antibiotics. The colony with the highest microRNA activity was
selected for further studies.

Assessment of Total Gag Expression Levels. Radioimmunoprecipitation assays
were carried out as previously described (31). Briefly, WT HEK293 and miRNA-
expressing cells were transfected with the HIV-1 molecular clone pNL4-3 by
using Lipofectamine 2000 reagent (Invitrogen). At 24 h posttransfection,
HIV-1-expressing cells were starved in ?°S]Met/Cys-free medium (MPBio) for
30 min and metabolically labeled for 2 h with [*%sIMet/Cys-Promix (Perkin-
Elmer). Virions released into the medium were collected by ultracentrifu-
gation at 100,000 x g for 45-60 min. Cell and virus lysates were immuno-
precipitated with pooled Ig from HIV-1-infected patients (HIV-lg) obtained
from the NIH AIDS Research and Reference Reagent Program. Immunopre-
cipitated proteins were separated on 12% (wt/vol) acrylamide gels by SDS/PAGE,
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exposed to a phosphorimager plate (Fuji), and quantified by Quantity One
software (Bio-Rad). in general, Gag detected in the supernatant represents
only a minor fraction of total Gag labeled during a 2-h labeling period;
therefore, virion-associated Gag is negiected for the measurements of total
Gag expression levels. In some measurements, Gag expression was divided
by the Envelope (Env) expression to correct for variations in transfection
efficiency ($/ Appendix, Fig. $17).

Infectivity Assay. For luciferase-based, single-cycle infectivity assays, viral
supernatant from WT cells and miRNA-expressing derivatives transfected
with pNL4-3 were used to infect the CD4*/CXCRAY/CCR5' Hela cell derivative
TZM-bl (obtained from J. Kappes and X. Wu through the AIDS Research and
Reference Reagent Program) as previously described (32). Infection was
carried out over a range of inputs from 1 to 10 pL of viral supernatant col-
lected from the WT or miRNA-overexpressng celis for 2 h. At 48 h post-
infection, cells were lysed and infectivity was measured using the Britelite
Plus (Perkin-Elmer) Luciferase Reporter Gene Assay system. Percent in-
fectivity was normalized based on reverse transcriptase (RT) activity. Data-
sets in the linear range of sensitivity were used as a means to assess the
effect of miRNAs on virus infectivity.

miRNA Functional Analysis. Cells were plated at 50,000 cells per well in a 24-
well tissue culture plate overnight. The next day, cells were transfected with
0.5 pug miR-reporter plasmids using Fugene & as per manufacturer’s instruc-
tions. Twenty-four hours posttransfection, the samples were harvested and
luciferase signals were measured using the Dual Luciferase Reporter Assay
kit (Promega) following the manufacturer’s instructions. Signals were ac-
quired on a luminometer (LMaxll, Molecular Devices), and the ratio between
the Renilla and the firefly luciferase internal control was used to quantify
the repression efficiency indicative of the activity of the microRNAs.

Fluorescent Microscopy. Confocal imaging was performed with a Marianas
spinning disk {Intelligent Imaging Innovations) attached to a Zeiss Observer.
Z1 microscope (Carl Zeiss) equipped with a 63x and a 100x Plan Apochromat
1.4 NA (Carl Zeiss) objective lens or a Zeiss 710 with a 63x oil-immersion
objective. Maximum-intensity projection images were constructed using
Imagel. TIRF imaging was performed on an Elyra PS.1 system (Carl Zeiss)
using a 100x 1.46 NA objective and a 488-nm excitation laser (100 mW).

PALM Acquisition. Eighteen- or 25-mm 1.5 thickness coverslips (Warner
Instruments) were cleaned as previously described (33). Cells were grown on
cleaned coverslips coated with fibronectin (2 pg x mL™" in PBS, pH 7.4;
Sigma) and transfected with pNL4-3APAE and pNL4-3-imEOS2-APAE as de-
scribed above. For spt-PALM experiments, cells were placed in phenot red
free DMEM containing 25 mM Hepes and 1% FBS and imaged at 37 °C.
Imaging was performed on either a custom Olympus IX81 microscope with
modified TIRF illuminator port and 60x 1.45 NA PlanApoN objective (Olympus)
or a commercial TIRF Elyra PS.1 system using a 100x 1.46 NA objective (Carl
Zeiss). Fluorescence emission was detected using an EM-CCD camera (Andor
Technology, DU-897). Images were obtained by spontaneous photoconversion
of mEQS2 probes using 500-900 pW of 561 nm light measured from the rear
aperture of the objective. Upon significant depletion of mEOS2, 405 nm light
was used at 5-10 pW in 500-ms pulses on intervals of 1-3 min to recover ad-
ditional tracks. Images were acquired at 20 frames per second.

Spt-PALM Analysis. Single molecules were localized using either a previously
described algorithm written in IDL (Research Systems) (17) or commercially
available software (Elyra PS.1 system, Carl Zeiss). Peaks identified in each
frame were fit with a cylindrically symmetric Gaussian point spread function.
The average localization precision of the peaks ranged between 20 and 35
nm. PALM images were collected under conditions where average distance
between peaks in a single frame was substantially larger than the maximum
distance that a single molecule is expected to move between two consecu-
tive frames. The rest of the analysis was performed using code custom
written in MATLAB (Mathworks). Single molecule peaks localized to better
than 25 nm were only used for the final analysis. For single molecules dif-
fusing with an average diffusion coefficient of 0.1 um?/s (previously reported
diffusion coefficient of Gag), 99% of molecules are expected to move less
than 300 nm between two consecutive frames. Peaks present in consecutive
frames within a distance of 300 nm were assigned to the same trajectory,
representing the successive positions of the same molecule. Trajectories
containing at least 15 steps were selected for calculating the average short-
term diffusion coefficient (Dets). The mean square displacement (MSD) cor-
responding to different time lags (At) was calculated by averaging the MSD
over overlapping time windows. Finally, the De¢ of each trajectory was
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obtained from a linear fitting of MSD vs. At plot, using the first five time lags
(0 < At < 250 ms).

Cluster Analysis. The single molecule localizations (with localization precision
30 nm or less) from all of the acquisition frames of a PALM time series of live
cell (10,000 frames acquired over 8.3 min at 20 frames per second) were
combined to form a composite, superresolution image. Hoshen-Kopelman
algorithm (34)-based cluster analysis was performed on this composite im-
age to identify individual clusters of Gag molecules. Briefly, Gag molecules
with neighboring molecules within a distance of 300 nm were identified and
grouped together with all of the shared neighbors into the same cluster,
From the set of clusters obtained from this operation, only clusters with
a radius less than or equal to 150 nm and density greater than three times
the average density of Gag over the plasma membrane were considered as
Gag platforms (nascent viral buds) arising from oligomerization of Gag at
the plasma membrane. Next, the size of each cluster was determined by
calculating the convex hull (the smallest convex set) for the set of molecules
belonging to the cluster. The area of the convex hull and the radius of
a circle of equivalent area (as the convex hull) were used as estimates of
cluster area and cluster radius, respectively. The density of Gag-mEos2 within
the convex hull was normalized with respect to the average density of
Gag-mEos2 over the entire plasma membrane of the cell to obtain the
cluster density.

Quantification of Particle Release. Supernatant containing particles encapsi-
dating Gag and the Gag-GFP were harvested 48 h posttransfecton. Cell debris
and large aggregates were removed by centrifugation at 200 x g for 10 min
followed by filtration through a 0.45-um filter. Subsequently, an aliquot of
the purified supernatant was incubated on a polylysine-coated coverslip at
room temperature for 1 h before being imaged and/or subjected to fluo-
rescent in situ hybridization according to procedures below. All images were
processed by setting an appropriate intensity threshold in the GFP channel
to obtain a good contrast. The same threshold setting was used for an entire
dataset, which included at least 50 unique fields of view. Images were an-
alyzed using the “analyze particles” command on NIH Image).

Fluorescent in Situ Hybridization of HIV-1 Viral RNA. Cells were fixed in PBS
solution containing 4% (wt/vol) paraformaldehyde for 30 min at room
temperature, washed with 1x PBS, and permeabilized at 4 °Cin 70% (vol/vol)
ethanol overnight. A pool of 48 oligonucleotides (listed in S/ Appendix,
Table $1), each labeled with a single Quasar 670 dye on the 3’ end and
complementary to a different region of the target HIV-1 mRNA, were
designed using custom FISH design software and manufactured by Biosearch
Technologies. FISHs were performed according to the manufacturer's pro-
tocol with slight modifications. In brief, after overnight permeabilization in
70% ethanol, the cells were washed with wash buffer [2x SSC, 10% (vol/vol)
formamide] and then incubated in hybridization buffer [10% (wt/vol)
dextran sulfate, 2x SSC, 10% (vol/vol) formamide] containing 500-nM probes
for 4 h at 37 °C in a humidified chamber. Slides were washed with wash
buffer to remove the unbound probes.

MicroRNA-Fluorescent in Situ Hybridization. After the fixation and per-
meabilization step as described above, the cells were wash once with 0.2%
(wtivol) glycine/TBS, twice with 1x TBS, and then crosslinked with l-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) similar to the procedure pre-
viously described (35). In brief, cells were incubated twice for 10 min in
a freshly prepared solution containing 0.13 M 1-methylimidazole, 300 mM
NaCl, pH 8.0 adjusted with HCl. Then 0.16 M EDC (Pierce) was added to the
cells and incubated for 1-2 h at room temperature. Before probe hybridization,
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the slides were washed in 0.2% (wt/vol) glycine/TBS, 1x TBS, and dehy-
drated in 70% ethanol followed by 99% (vol/vol) ethanol. Hybridization
was carried out in hybridization buffer (Exigon) containing 100 nM of the
antisense miR-146a or scrambled locked nucleic acid probes (Exigon) in a hu-
midified chamber at 55 °C overnight. After stringent washes in 5x SSC, 1x SSC,
and 0.2x 55C, the slides were blocked in 1x blocking solution (1% blocking
reagent, 100 mM maleic acid, 150 mM NaCl, PH 7.5) (Roche) for 15 min and
then incubated with anti-Dig-POD (1:500) in the blocking solution overnight at
4 °C. After washing the slides with wash buffer (0.1 M Tris:HCl, 0.15 M NaCi,
0.05% Tween20 pH 7.5), the samples were subject to Cy5-plus tyramide (1:100
dilution of stock solution in 1X Plus Amplification Diluent) using the TSA plus
amplification system (Perkin-Elmer) according to the manufacturer’s protocol.

Quantitative RT-PCR of miRNA. Total RNA was isolated from 10° cells using
TRiIzol according to the manufacturer’s instructions, RNA concentrations
were determined using a Cary100 UV-Vis spectrophotometer (Varian). cDNA
synthesis was performed in parallel with RNA standards using the Tagman
microRNA Reverse Transcription kit according to the manufacturer’s instruc-
tions. RNA oligonucleotides with the same sequence as matured miRNA
(mMiRNA-16, miRNA-17, miR-19, miR146a, and miR888) (Integrated DNA
Technologies) were used as the standards for miRNA quantification. All PCR
experiments were performed using Tagman gene expression assays on an
ABI StepOnePlus Real-Time PCR system (Applied Biosystems) according to
the manufacturer's instructions.

Immunoprecipitation of MicroRNA-Gag Complexes. Immunoprecipitation of
microRNA-Gag complexes was performed according to a procedure de-
scribed previously with modifications (36). In brief, 1 x 107 cells were tran-
siently transfected with 4 pg of pNL43APolAEnvGag or pNL43APOIAERVANC-
Gag constructs. At 2 d posttransfection, cells were harvested in 500 L of lysis
buffer (100 mM KCI/5 mM MgCl2/10 mM Hepes, pH 7.05/0.5% Nonidet P-40/
1 mM DTT/100). Following gentle mixing for 30 min at 4 °C, lysate was
centrifuged at 16,000 x g for 30 min before being subjected to precleaning
with proteinA-agarose beads for 1 h at 4 °C. A total of 500 uL of the pre-
cleaned lysates was recovered. HIV-Ig was added at 25 pg/mL of the re-
covered lysates. After overnight incubation with gentle mixing at 4 °C, 20 uL
of 50% (vol/vol) protein-A agarose bead slurry was added to each sample
and mixed for 4 h at 4 °C. The beads were then washed with lysis buffer with
and without 1 M urea. A total of 50% of the sample was spun down at
16,000 x g for 20 min and the beads were resuspended in elution buffer and
an aliquot was taken to determine the input of Gag or ANC-Gag by Western
blot analysis. The other 50% of the sample was spun down at 16,000 x g for 20
min, resuspended, and incubated in polysome lysis buffer containing 0.1% SDS
and 30 pg proteinase K at 50 °C for 30 min. Following phenol—chloroform
extraction and ethanol precipitation, RNA was further purified from residual
contaminants by lithium chloride precipitation. The purified RNA was sub-
jected to ¢DNA synthesis and gRT-PCR analysis according to procedures
described above.

Data Analysis. All experiments were repeated at least three times unless
otherwise stated. Statistics were performed using one-way ANOVA with post
hoc testing of pairwise comparisons using Fisher’s protected least significant
difference. Significant difference was taken at the P < 0.05 level.
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Clinical Relevance and Therapeutic Significance of
MicroRNA-133a Expression Profiles and Functions
in Malignant Osteosarcoma-Initiating Celis
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TADASHI Kompo,d HiTosH! ICHIKAWA,® AKIHIKO YosmnAf EISUKE KOBAYASHI,b
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Novel strategies against treatment-resistant tumor cells remain a challenging but promising
therapeutic approach. Despite accumulated evidence suggesting the presence of highly malig-
nant cell populations within tumors, the unsolved issues such as in vivo targeting and clinical
relevance remain. Here, we report a preclinical trial based on the identified molecular mecha-
nisms underlying osteosarcoma-initiating cells and their clinical relevance. We identified key
microRNAs (miRNAs} that were deregulated in a highly malignant €D133"8" population and
found that miR-133a regulated the cell invasion that characterizes a lethal tumor phenotype.
Silencing of miR-133a with locked nucleic acid (LNA) reduced cell invasion of this cell popula-
tion, and systemic administration of LNA along with chemotherapy suppressed lung metastasis
and prolonged the survival of osteosarcoma-bearing mice. Furthermore, in a clinical study, high
expression levels of CD133 and miR-133a were significantly correlated with poor prognosis,
whereas high expression levels of the four miR-133a target genes were correlated with good
prognosis. Overall, silencing of miR-133a with concurrent chemotherapy would represent a
novel strategy that targets multiple regulatory pathways associated with metastasis of the
malignant cell population within osteosarcoma. STEM CELLS 2014,32:959-973

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

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

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

To date, the molecular mechanisms underlying the tumor-
initiating phenotypes of osteosarcoma, their clinical correla-
tions, and effective treatments against them have not been
elucidated. In this study, we confirmed that the osteosarcoma
CD133"8" cell population not only demonstrate a tumor-
initiating phenotype but also show significant correlation with
poor prognoses for osteosarcoma patients. In addition, we elu-
cidated that miR-133a is a key regulator of cell invasion, which
constitutes these malignant phenotypes of osteosarcoma, and
that silencing of miR-133a with locked nucleic acid {LNA) inhib-
ited osteosarcoma metastasis in vivo when applied with current
chemotherapy. Furthermore, the expression of miR-133a and
its target genes significantly correlated with the prognoses of
osteosarcoma patients. Thus, our preclinical trial using LNA
therapeutics may represent a novel strategy for osteosarcoma
treatment through regulating multiple molecular pathways of
the malignant cell population within osteosarcoma.

Osteosarcoma Cell Purification from Fresh Clinical
Samples

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

Cells and Cell Culture

The human osteosarcoma cell lines Sa082, U20S, MG63, HOS,
MNNG/HOS, and 143B were purchased from the American
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Type Culture Collection {ATCC, Manassas, VA, http://www.atcc.
org). The human osteosarcoma cell lines HUO9 and 143B-luc
were previously established in our laboratory [29, 30], and
Sa082-luc cell line, a stable luciferase-expressing cell line, was
newly established using a plasmid vector. We cultured Sa0s2,
$a0S-luc, and HuO9 cells in RPM! 1640 {Life Technologies).
U20S, MG63, HOS, MNNG/HOS, 143B, and 143B-luc cells
were cultured in DMEM. All media were supplemented with
10% heat-inactivated FBS (Life Technologies), penicillin (100
U/mt), and streptomycin {100 pg/mi). The cells were main-
tained under 5% CO, in a humidified incubator at 37°C.

Cell Sorting and Flow Cytometry

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

Cell Proliferation and Cytotoxicity Assays

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

Sphere Formation

Freshly isolated CD133™8" and CD133" osteosarcoma $a0S2
cells were plated on ultra low-attachment 96-well plates
{Corning, Corning, NY, http://www.corning.com} at a concen-
tration of a single cell per well containing 100 pb of culture
medium, which was confirmed visually. Wells containing either
no cells or more than one cell were excluded for further anal-
ysis. The ratios of the wells containing spheres formed from
single cells on day 10 were counted. The wells containing
the cells that did not form spheres were excluded. The num-
bers of spheroids were counted 10 days after cell sorting.
Serum-free DMEM/F12 (Life Technologies) supplemented with
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20 ng/mL human recombinant epidermal growth factor
(Sigma-Aldrich), 10 ng/mL human recombinant basic fibroblast
growth factor (life Technologies), 4 pg/mL insulin (Sigrma-
Aldrich), B27 (1:50; Life Technologies), 500 units/mL penicillin
(Life Technologies) and 500 pg/ml streptomycin (Life Technol-
ogies) was used as the culture medium.

Invasion Assay

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

miRNA Profiling

miRNA expression profiling was performed using a miRNA
microarray manufactured by Agilent Technologies (Santa Clara,
CA, http://www.home.agilent.com) that contained 866 human
miRNAs. Three independently extracted RNA samples obtained
from CD133"8" and CD133™Y cells just after isolation were
used for the array analyses. The labeling and hybridization of
the total RNA samples were performed according to the man-
ufacturer’s protocol. The microarray results were extracted
using the Agilent Feature Extraction software (v10.7.3.1) and
analyzed using GeneSpring GX 11.0.2 software (Agilent
Technologies).

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

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

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

We purified total RNA from cells and tumor tissues using the
miRNeasy Mini Kit (Qiagen, Valencia, CA, http://www.giagen.
com). For quantitative polymerase chain reaction (qPCR) of
mRNAs, cDNA was synthesized using a High-Capacity cDNA
Reverse Transcription Kit (Life Technologies). For each gPCR,
equal amounts of cDNA were mixed with Platinum SYBR
Green gPCR SuperMix (Life Technologies) and the specific pri-
mers (Supporting Information Table $3). We normalized gene
expression levels to fi-actin or GAPDH. For the gPCR of miR-
NAs, miRNA was converted to ¢cDNA using the TagMan Micro-
RNA  Reverse Transcription Kit (Life Technologies). RNUGB
small nuclear RNA was amplified as an internal control. gPCR
was performed using each miRNA-specific probe included
with the TagMan MicroRNA Assay. The reactions were per-
formed using a Real-Time PCR Systern 7300 with the SDS soft-
ware {Life Technologies).

Transfection with Synthetic miRNAs, LNAs, and siRNAs

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

Tumor Transplantation Experiments

The animal experiments in this study were performed in compli-
ance with the guidelines of the Institute for Laboratory Animal
Research at the National Cancer Center Research Institute.
Athymic nude mice or NOD/SCID mice (CLEA Japan, Tokyo,
Japan, http://www.clea-japan.com) were purchased at 4 weeks
of age and given at least 1 week to adapt to their new environ-
ment prior to tumor transplantation. On day 0, the mice were
anesthetized with 3% isoflurane, and the right leg was disin-
fected with 70% ethanol. The cells were aspirated into a 1 mL
tuberculin syringe fitted with a 27-G needle. The needle was
inserted through the cortex of the anterior tuberosity of the
tibia with a rotating movement to avoid cortical fracture. Once
the bone was traversed, the needle was inserted further to frac-
ture the posterior cortex of the tibia. A 100 pi volume of solu-
tion containing Sa0S2-luc cells (102, 103, 10, 105) or 143B-luc
cells (1.5 X 10°%) was injected while slowly removing the needle.

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

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

Comprehensive Collection and ldentification of MiR-
133a Target mRNAs

To identify comprehensive downstream targets of miR-133a,
we performed cDNA microarray profiling using two experi-
mental approaches. First, we collected candidate genes from
the ¢DNA microarray analysis performed on total RNA col-
lected from Sa0S2 CD133"" cells transfected with miR-133a
or NC. Second, a ¢cDNA microarray analysis was performed on
total RNA collected using anti-Ago2 antibody immunoprecipi-
tation {Ago2-1P) from CD133°Y cells transduced with miR-
133a or NC. The genes that were identified in the former
method as downregulated with a 1.5-fold decrease and the
genes identified in the latter method as upregulated with a 2-
fold increase were defined as candidates by reference to in
silico databases using TargetScanHuman 6.0 (http://www.tar-
getscan.org).

Luciferase Reporter Assays

Each fragment of the 3’ UTR of sphingomyelin synthase 2
(SGMS2) (nt 1,656-1,879 of NM_152621), ubiquitin-like modi-
fier activating enzyme 2 (UBA2) (nt 2,527-2,654 of
NM_005499), sorting nexin family member 30 (SNX30) (nt
6,659-7,611 of NM_001012944), and annexin A2 {ANXA2) (nt
1,056-1,634 of NM_001002857) were amplified and cloned
into the Xhol and Notl sites of a psiCHECK-2 vector containing
either the firefly or Renilla luciferase reporter gene (Promega,
Tokyo, lapan, hitp://www.promega.com). We verified all PCR
products that were cloned into the plasmid using DNA
sequencing to ensure that they were free of mutations and in
the correct cloning direction. The primer sequences are listed
in Supporting Information Table S7. For the luciferase reporter
assay, 5a0S2 cells were cotransfected with 100 ng of lucifer-
ase constructs and 100 nM synthetic miR-133a molecules or
control {nontargeting siRNA ocligonucleotide, Qiagen). The fire-
fly and Renilla luciferase activity levels were measured using
the Dual-Luciferase Reporter Assay {Promega) 48 hours after
transfection. The results are expressed as relative Renilla lucif-
erase activity (Renilla luciferase/firefly luciferase).

Immunohistochemistry

To stain the miR-133a targets, we prepared slides from osteo-
sarcoma xenograft tumors. Endogenous peroxidase was
quenched with 1% H,0, (30 minutes). The slides were heated
for antigen retrieval in 10 mM sodium citrate (pH 6.0). Subse-
quently, we incubated the slides with monoclonal mouse anti-
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human $GMS2 {1:50 dilution, Abcam, Tokyo, Japan, http://
www.abcam.co.jp), ANXA2 (1:250 dilution, Abcamy}, or isotype-
matched control antibodies overnight at 4°C. Immunodetec-
tion was performed using ImmPRESS peroxidase polymer
detection reagents (Vector Labs, Burlingame, CA, https://
www.vectorlabs.com) and the Metal-Enhanced DAB Substrate
Kit (Thermo Scientific) in accordance with the manufacturer’s
directions. The sections were counterstained with hematoxylin
for contrast.

Statistical Analyses

All statistical analyses were performed using SPSS Statistics
Version 21 software (IBM SPSS, Tokye, Japan, https://www.
ibm.com). Student’s t test or one-way ANOVA, corrected for
multiple comparisons as appropriate, was used to determine
the significance of any differences between experimental
groups. The differences in CD133, miR-133a, and the miR-
133a targets expression among different clinicopathological
data were analyzed using the chi-squared (4?) test or ANOVA.
We carried out receiver-operating characteristic curve analysis
using the SPSS software, and the optimal cutoff points for the
expression levels of CD133, miR-133a, and the target genes of
miR-133a were determined by the Youden index, that is,
J=max (sensitivity + specificity — one) {31]. The Kaplan-Meier
method and the log-rank test were used to compare the sur-
vival of patients. We defined the survival period as the time
from diagnosis until death, whereas living patients were cen-
sored at the time of their last follow-up. For all the analyses,
we considered a p value of .05 or less to be significant.

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

Based on the emerging evidence that tumors contain the het-
erogeneous cell populations, we tried to isolate the small
population of highly malignant cells in osteosarcoma. In order
to evaluate the phenotypes of the cell population, we
screened human osteosarcoma cell lines {Sa052, U20S, HOS,
MG-63, Hu09, MNNG/HOS, and 143B) for the markers
expressed on the highly malignant cell populations within the
tumors [4, 7, 32]. As a result, we confirmed that CD133, a
human structural homolog of mouse prominin-1, was
expressed in a small proportion of cells ranging from 0.04% to
8.47% (Fig. 1A; Supporting Information Fig. S1A), which was
consistent with the previous reports [18, 19]. Several exami-
nations were performed to confirm the phenotypes of the
Sa0S2 CD133"8" and CD133™" populations. Freshly isolated
CD133"8" and CD133"Y osteosarcoma Sa0S2 cells were
plated at a concentration of a single cell and cultured imme-
diately in a serum-free, growth factor-supplemented, anchor-
age-independent environment. Within 2 weeks of culture, we
observed more osteosarcoma spheres from the CD133%8" cells
than from the CD133"Y cells {Fig. 1B, 1C). The cell prolifera-
tion rate was slightly lower in CD133"8" celi population than
in CD133"Y cell population (Supporting Information Fig. S1D).
To assess the difference of drug resistance, both populations
were observed after exposure to doxorubicin (DOX), cisplatin
(CDDP), or methotrexate (MTX), which are the standard
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chemotherapeutic agents that are used against osteosarcoma.
The €D133"8" cells were more resistant to these chemothera-
peutics than CD133"" cells (Fig. 1D). In addition, CD133"e"
cells showed a higher invasive ability than CD133"" cells (Fig.
1E, 1F). Performing gRT-PCR reactions on mRNA from freshly
isolated CD133M8" and CD133"" cells revealed that CD133Me"
5a0S2 cells expressed higher levels of Oct3/4 and Nanog,
which are essential transcription factors that play critical roles
in the self-renewai and pluripotency of embryonic stem cells
{Fig. 1G) [15-17]. Meanwhile, the expression levels of the
genes that are essential for differentiation, such as Runx2,
Osterix, and Sox9 [33-36], were lower in €D133"8" than in
CD133'" cells {Supporting Information Fig. S1C). In addition,
the multidrug resistance transporter genes ABCB1, ABCC2,
and ABCG2 and the metastasis-associated genes fS4-integrin,
ezrin, MMP-13, and CXCR4 [30, 37] were upregulated in
€D133M8" calls relative to CD133°Y cells (Fig. 1G). impor-
tantly, the CD133"8" 52052 cells showed stronger tumorige-
nicity in vivo than the CD133"°Y $a0S2 cells (Fig. 1H). We
identified tumor initiation on the right legs of three in four
mice transplanted with 1 X 10° €D133"8" cells but only one
in four mice formed tumor with 1 X 10° CD133"% cells on
the left legs. To evaluate the clinical importance of CD133
expression, cell lines established from fresh human osteosar-
coma biopsies were analyzed by flow cytometry, and these
cell fines contained a low proportion (< 10%) of CD133Men
cells {Supporting Information Fig. S1B). Furthermore, a clinical
study of 35 osteosarcoma patients revealed that high expres-
sion levels of CD133 mRNA were associated with significantly
worse survival rates among osteosarcoma patients {Fig. 11, 1J;
Supporting Information Figure S2A). In this study, all biopsy
samples from patients who developed lung metastasis at first
diagnosis represented high expression level of CD133
(p = .045; Supporting Information Table S1), suggesting that
the expression of CD133 closely correlate with osteosarcoma
metastasis. Collectively, the osteosarcoma CD133™8" cell popu-
lation possessed highly malignant phenotypes, and the
expression of CD133 revealed a prognostic value of osteosar-
coma patients.

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

Following the confirmation of the malignant phenotypes in
the osteosarcoma CD133™¢" population, we further charac-
terized the molecular mechanisms underlying these pheno-
types. We focused on miRNAs because of their ability to
simultaneously regulate multiple pathways responsible for
the malignant phenotypes by targeting multiple genes. miR-
NAs are small, regulatory RNA molecules that modulate the
post-transcriptional expression of their target genes and play
important roles in a variety of physiological and pathological
processes, including tumor biology [23, 25, 38]. miRNA
expression profiling has become a useful diagnostic and prog-
nostic tool, and many studies have indicated that miRNAs
act as either oncogenes or tumor suppressors [38]. In our
MIiRNA microarray analysis of isolated CD133"€" and
CD133"°" cells using 866 sequence-validated human miRNAs,
we identified 20 miRNAs that were upregulated in cp133hieh
cells and additional gRT-PCR analysis demonstrated that the
expression levels of miR-1 and miR-10b, together with miR-
1333, which represents the “miR-1 cluster” transcribed from
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adjacent miR-1 genes, were consistent with the microarray
data (Fig. 2A; Supporting Information Fig. S3A, Table $8).
Indeed, miR-1 and miR-133a are physically linked, and both
the miR-1-1/miR-133a-2 (chromosome 20q13.33) as well as
miR-1-2/miR-133a-1 clusters (chromosome 18q11.2) are pres-
ent. miR-10b is embedded in the HOX gene cluster and
maps between the HOXD3 and HOXD4 genes on chromo-
some 2g31. Since miR-10a and miR-133b would presumably
be functionally redundant to miR-10b and miR-133b, respec-
tively, we also confirmed that miR-133b, but not miR-10a,
was upregulated in CD133"8" cal) population (Supporting
Information Fig. S3B).

To determine whether these miRNAs could regulate the
malignant phenotypes of osteosarcoma, we manipulated the
expression levels of miR-1, 10b, and 133a in CD133°% cells
(Supporting Information Fig. S4A). These miRNAs, especially
miR-133a, enhanced the invasiveness of CD133"Y cells com-
pared with control oligos (Fig. 2B, 2C). Interestingly, the com-
bined transfection of all of these miRNAs enhanced the
invasiveness of CD133™" cells to the greatest extent (Fig. 2C).
However, the transfection of miR-133a did not increase the
mRNA level of CD133 (Supporting Information Fig. $4B), sug-
gesting that miR-133a does not affect the expression of the
molecules upstream of CD133. These results indicated that
miR-133a simultaneously regulate several molecular pathways
that are associated with cell invasion of the malignant cell
population within osteosarcoma. In our experiment using
fresh clinical samples, miR-133a expression was alsoc high in
the CD133"€" fraction of osteosarcoma biopsies (Fig. 2D). Sur-
prisingly, a clinical study based on gRT-PCR using clinical FFPE
samples revealed that the high expression of miR-133a closely
correlated with a poor prognosis of - osteosarcoma patients
{log-rank test, p=.032 for overall survival, p=.081 for
disease-free survival;, Fig. 2E, 2F; Supporting information Fig.
$2B, Table S2).

Silencing of MiR-133a Inhibits the Cell Invasion
of CD133"2" Osteosarcoma Cell Population

To evaluate whether silencing of miR-133a show the thera-
peutic effect on osteosarcoma cells, we manipulated the
expression of miR-133a by introducing LNAs. LNAs are a class
of nucleic acid analogs that possess a very high affinity and
excellent specificity toward complementary DNA and RNA,
and LNA oligonucleotides have been applied as antisense
molecules both in vitro and in vivo [39-41]. The $a0S2
€D133"¢" cell population was isolated by cell sorting and
was then transfected with LNA-antimiR-133a (LNA-133a) and
LNA-NC. As a control, the isolated Sa0S2 CD133"% cell popu-
lation was also transfected with LNA-NC. Prior to functional
assay, we confirmed the efficacy of LNA-133a using both
qRT-PCR analysis and a sensor vector which allowed us to
measure the suppressive effect of LNA by luciferase assay
{Supporting information Fig. S5A-S5D). We observed that
the LNA-133a-treated Sa0S2 CD133"8" cells demonstrated
decreased invasiveness relative to LNA-NC-treated CD133PeP
cells, whereas there was no significant difference of cell pro-
liferation between the two populations (Fig. 2G, 2H; Sup-
porting Information Fig. S5E). These observations suggest
that silencing of miR-133a in €D133"e" cells could reduce
the cell invasion of the malignant cell population within
osteosarcoma tissue.
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The Expression Levels of MiR-133a in Osteosarcoma
Cells Are Enhanced by Chemotherapy

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

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

To extend our in vitro findings and to determine whether
silencing of miR-133a could be an effective therapeutic option
for osteosarcomas, we next examined the effect of LNA-133a
on a spontaneous lung metastasis model of osteosarcoma.
Experimentally, 1.5 X 10° 143B cells transfected with the fire-
fly luciferase gene {143B-luc) were implanted orthotopically
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into the right proximal tibia of athymic nude mice. The
implanted tumor growth and the presence of distant metasta-
ses were analyzed weekly for luciferase bioluminescence using
an in vivo imaging system. We used a new treatment protocol
{Fig. 4A)} with the intravenous (i.v.) administration of LNA-
133a (10 mg/kg) 24 hours before intraperitoneal (i.p.) injec-
tion of CDDP (3.5 mg/kg) to prevent the induction of malig-
nant phenotypes by chemotherapy, which were indicated in
the in vitro experiments. Prior to conducting these animal
studies, we confirmed that miR-133a levels were reduced in
osteosarcoma tissues from LNA-133a-treated mice compared
with control mice (Supporting Information Fig. S6A, S6B). To
assess the efficacy of our protocol, the results were compared
with the results obtained for the following four control groups
(n=10 per group): the control saline followed by control
saline group, the LNA-NC followed by control saline group,
the LNA-133a followed by control saline group, and the LNA-
NC followed by CDDP group. After implantation of the 143B-
luc cells, five mice within each one cage were sacrificed at 3
weeks after evaluating lung metastasis by in vive imaging and
validated for lung metastasis formation by additional in vivo
imaging and histological examination of the lung, whereas the
other five mice in the other cage were evaluated for survival
periods. The results demonstrated that the tumor expression
levels of miR-133a were decreased in the presence of LNA-
133a (Fig. 4B). Although tumor growth at the primary site
was significantly reduced in CDDP-treated group, we identified
no significant difference between LNA-133a-CDDP-treated
mice and LNA-NC-CDDP-treated mice (Fig. 4C, 4D). We
observed lung metastases on day 22 in nine {90%) saline-
saline-treated mice, eight (80%) LNA-NC-saline-treated mice,
seven {70%) LNA-133a-saline-treated mice, eight (80%) LNA-
NC-CDDP-treated mice, and three (30%) LNA-133a-CDDP-
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Figure 4. Therapeutic administration of LNA-133a with systemic chemotherapy inhibits osteosarcoma progression in vivo. {A): A sche-
matic representation of the LNA-133a (red arrow) and CDDP (blue arrow) administration schedule for 143B-luc-bearing mice. {B}: The
expression levels of miR-133a in osteosarcoma tissues (n =5 per group) analyzed by quantitative reverse transcriptase polymerase chain
reaction. The tumors were obtained during autopsy after completion of treatment on day 22. Data are presented as mean =SD {(n=75
per group). **, p < .01, as compared to control saline-treated group; Student’s t test. (C, D}: Tumors at the primary site of each treat-
ment group measured on day 22. The macroscopic appearances of 143B-luc tumors in each group of mice on day 22 are shown {C}. The
tumor masses outlined by a dotted line. Scale bar = 10 mm. The 143B-luc tumors from each group of mice were weighed on day 22
(D). Data are presented as mean = SD (n =75 per group). *, p < .05, as compared to control saline-treated group; Student’s t test. {E~
G): The lung metastases of each treatment group measured on day 22 using an IVIS. The representative luminescence of the chest
regions in each group of mice was determined (E). For each mouse that was sacrificed to validate the lung metastases, each lung was
re-evaluated using VIS (F). The representative average luminescence of the chest region in each group of mice {n = 10} was compared
among the treatment groups (G). Data are presented as mean = SD {n =5 per group). *, p < .05, as compared with LNA-NC/CDDP and
LNA-133a/CDDP group; Student’s t test. {H}: Lung metastases validated by H&E staining. Black arrow represents metastatic foci in the
lung. Scale bars = 500 um. {I): Survival curves for each group of mice by Kaplan-Meier analysis. Log-rank test was performed between
LNA-NC/CDDP group {blue line) and LNA-133a/CDDP group (red line) (¥, p = .026). Abbreviations: CDDP, cisplatin; VIS, in vivo imaging
system; LNA, locked nucleic acid; NC, negative control.
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treated mice (n = 10; Fig. 4E, 4F). We observed the decreased
signal intensity in the chest regions of LNA-133a-CDDP-treated
mice compared to those of LNA-NC-CDDP-treated mice (Fig.
4G). Both the number and size of lung metastases were vali-
dated by histopathological examination (Fig. 4H}. We found
low cell concentration in lung metastatic foci of CDDP-treated
groups, indicating therapeutic effect of chemotherapy, and
identified smallest number of osteosarcoma metastatic foci in
the lung of LNA-133a-CDDP-treated mice. Furthermore, LNA-
133a-CDDP-treated mice showed longest survival periods
among the five groups in Kaplan-Meier analysis {log-rank test,
p = .026; Fig. 41). Despite the conserved sequence of mature
hsa-miR-133a and mmu-miR-133a (Supporting Information Fig.
S7A}, all mice exhibited minimal toxic effects on various tis-
sues, including the heart, liver, skeletal muscle, and blood
test, during the observation period (Supporting Information
Fig. S7B-S7H, S8A-S81). Thus, systemic administration of LNA-
133a was effective for the suppression of lung metastases in
a xenograft model of a highly metastatic osteosarcoma in the
presence of CDDP,

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

We demonstrated that miR-133a regulated the malignancy of
CD133"8" gsteosarcoma cell population and that silencing of
miR-133a expression with chemotherapeutics inhibited the
osteosarcoma metastasis in vivo. Next, to understand the
molecular mechanism regulated by miR-133a in the tumor-
initiating population, we performed mRNA expression profiling
using two different microarray analyses together with in silico
predictions (Supporting Information Fig. S9A). We detected
1,812 genes that were downregulated by at least 1.2-fold in
the first microarray analysis, which was performed from total
RNA collected from Sa0S2 CD133'Y cells transduced with
miR-133a or NC. Furthermore, 4,976 genes were upregulated
by at least 2-fold in the second microarray analysis of mRNA
expression using RNA collected using anti-Argonaute 2 anti-
body immunoprecipitation {Ago2 1P} in €D133°% celis trans-
duced with miR-133a or NC. Subsequently, 226 genes were
collected using both methods, and 20 genes were identified
in TargetScanHuman 6.0, a publicly available in silico database
(Fig. 5A). Overall, 10 putative miR-133a target genes were
selected from these combined data, and we reduced the
expression of these molecules using an siRNA-induced gene
knockdown system to investigate whether these candidates
are functionally important targets of miR-133a in osteosar-
coma cells. As a result, the knockdown of four genes (SGMS2,
UBA2, SNX30, and ANXA2) enhanced the invasiveness of
CD133"°" 53052 cells (Fig. 5B). To validate whether these mol-
ecules are regulated by miR-133a, we cloned the 3’ UTR frag-
ment (Fig. 5C) containing the putative miR-133a binding sites
downstream of a luciferase coding sequence and performed
cotransfection of the luciferase reporter and miR-133a oligos
in Sa0S2 cells. Luciferase activity levels were reduced by
approximately 36%-55% in the cells cotransfected with miR-
133a compared with the cells cotransfected with the NC oli-
gos (Fig. 5D). Consequently, SGMS2, UBA2, SNX30, and ANXAZ2
functioned as direct targets of miR-133a. Indeed, these mole-
cules have been suggested to have antitumor function in the
other types of tumors [45-47]. Among them, ANXAZ2 is down-
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regulated in osteosarcoma metastases compared to primary
site [48]. The expression levels of these targets were
decreased in CD133"€" celis {Supporting Information Fig. S9B)
and reduced via miR-133a upregulation in CD133°% cells
{Supporting Information Fig. S9C). The increased expression
levels of the targets after silencing of miR-133a were con-
firmed by immunohistochemistry of LNA-treated tumors and
gRT-PCR (Fig. 5E, 5F; Supporting Information Fig. S9D). Taken
together, LNA-133a was found to inhibit cell invasion of the
malignant cell population of osteosarcoma through multiple
molecular pathways. Finally, we observed a strikingly close
correlation between these mRNA expression levels of the
miR-133a targets and osteosarcoma patient prognosis (Fig.
6A~6D). Patients with higher expression levels of these targets
significantly survived longer than those with lower expression
levels. These results would support the importance of regulat-
ing the expression of miR-133a during current osteosarcoma
treatment, providing insight into the development of more
effective therapies against osteosarcoma.

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

First, we identified human miR-133a as a key regulator of
the malignant tumor-initiating phenotypes of osteosarcoma.
The other miRNAs that might regulate these phenotypes
included miR-1 and miR-10b. The human miRNA hsa-miR-10b
is also positively associated with high-grade malignancies,
including breast cancer [54, 55], pancreatic adenocarcinomas
[56], and glioblastomas [57]. However, the importance of miR-
10b in sarcoma development has not been previously
reported. In our experiment, miR-10b regulated, less than
miR-133a, the cell invasion of osteosarcoma. The human miR-
NAs hsa-miR-1 and hsa-miR-133a are located on the same
chromosomal region in a so-called cluster. We found that miR-
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Figure 6. The low expression levels of miR-133a target genes correlate with poor survival of osteosarcoma patients. {A-D}: Kaplan-
Meier survival curves of disease-free survival according to the expression levels of the miR-133a target genes including SGMS2 (A),
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ANAX2, annexin A2; SGMS2, sphingomyelin synthase 2; SNX30, sorting nexin family member 30; UTR, untranslated region; UBA2,

ubiquitin-like modifier activating enzyme 2.

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

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

Third, the multiple targets of miR-133a were identified
to have antitumor functions against osteosarcoma with clini-
cal relevance. Using an siRNA-induced gene knockdown sys-
tem and a 3’ UTR luciferase reporter assay, we identified
SGMS2, UBA2, SNX30, and ANXAZ2 as novel antitumor mole-
cules of osteosarcoma. Some of these molecules have been
reported their association with other cancers but not for
osteosarcoma. SGMS2, located on 4q25, is an enzyme that
catalyzes the conversion of phosphatidylcholine and cer-
amide to sphingomyelin and diacylglycerol [66]. The specific
activation of SGMS2 explains the ability of this gene to trig-
ger cell cycle arrest, cell differentiation, and autophagy or
apoptosis in cancer cells [47]. UBA2, located on 19ql2,
forms a heterodimer that functions as a small ubiquitin-like
modifier {SUMO)-activating enzyme for the sumoylation of
proteins [67]. Conjugating SUMO-1, one of the four SUMO
isoforms, to wild-type p53 increases the transactivation abil-
ity of p53 [45]. SNX30, located on 9¢32, may mediate mem-
brane association either through the lipid-binding PX domain
(a phospholipid-binding motif) or protein-protein interac-
tions. Although SNX30 has not been well studied in cancer,
loss of SNX1, one of the SNX families, plays a significant role
in the development and aggressiveness of human colon can-
cer, at least partially through increased signaling from the
endosomes [46]. in this study, we found correlations
between the expression of SGMS2, UBA2, and SNX30 and
osteosarcoma cell invasion, as well as a close correlation
with the prognosis of osteosarcoma patients. ANXA2, located
on 15¢22, belongs to a large family of diverse proteins that
are characterized by conserved annexin repeat domains and
the ability to bind negatively charged phospholipids in a
calcium-dependent manner [68]. The expression levels of
ANXAZ2 are decreased in a subset of human OS metastases
and metastatic lines [69], but the actual role of ANXAZ in
suppressing OS metastasis has remained unclear [37], which
was identified as a regulator of osteosarcoma cell invasion.
In this study, we were unable to identify the target genes of
miR-133a that were involved in cellular proliferation, which
is a general characteristic of TICs. This result may provide
one explanation for why the difference in the proliferation
rate of the CD133Me" and CD133'% cell populations was rel-
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atively small. Another reason for this difference may have
been heterogeneiety even within the CD133"&" cell popula-
tion. Further investigation of additional markers might shed
further light on the mechanisms underlying these
phenotypes.

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

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

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