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TARGETING GLIOMA STEM CELLS BY SEQUENCE-SPECIFIC '
FUNCTIONAL INHIBITION OF PRO-SURVIVAL ONCOMIR-138 .

RELATED APPLICATION:
This application claims the benefit of U.S. provisional application number

61/424,898, filed December 20, 2010 under 35 U.S.C. §119, the entire content of which is

herein incorporated by reference.

BACKGROUND OF THE INVENTION _

MicroRNAs (miRNAs) are endogenous small n'ohcoding RNAs that regulate various
physiological pathways such as cellular differentiation and prolifefation via gene silencing.
More specifically, they bind to complementary sequences in targef‘mRNAvs and suppress
target gene expression.

Alterations in miRNA expression are knoWh to play a critical role in cancer initiation,
progression and metastasis (Calin and Croce, 2000; Ma et al., 2007). Thé robust cgpnection
between miRNAs and tumorigenesis is emphasized by the differential expression pfofiles of

miRNAs from healthy tissue across cancers (Ambros, 2004; Bagga and Pasquinelli, 2006;

- Bartel, 2004). Several miRNAs have been found to be aberrantly expressed in solid tumors

as determined by high throughput microarray techniques. In addition, recent evidence
indicates that miRNAs might also function as tumor suppressors or activators. Examples

include miR-127, and miR-15a/miR-16-1, which target BCL6 and BCL2 anti-apoptotic

“genes, respectively, and the let-7 family members, which tal;get the Ras oncogenes (Esquela-

‘Kerscher and Slack, 2006; Slack and Weidhaas, 2006). Further, i_inpaired miRNA regulatory

network is known to be one of the key mechanisms in brain tumor patho_génesis (Bottoni et
al., 2005; Chan et al., 2005).

Malignant gliomas account for approxi}ﬁately 70% of the 22,500 new cases of
malignant primary brain tumors that are diagnosed in adults in the United States each year.
Malignant gliomas (MG) comprise of grade-1lI anaplastic astrocytoma and grade-1V
glioblastoma multiforme (GBM) lesions that are highly invasive and display histological

evidence of malignancy. GBM is a lethal intracranial malignancy with a median survival of
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less than 12 months (Leglér et al,, 1999) . Composed of a heterogeneous mixture of poorly

differentiated neoplastic astrocytes, maligﬁant gliomas primarily affect adults, and
preferentially occur in the cerebral hemispheres. Treatment of malignant gliomas is pél]_iative
and includes surgery, radiotherapy, and chemotherapy and frequently recur after radiation as -
focal masses (Garden et al,, 1991). ' A |
Despue the recent advances in mali gnant glioma treatment, patients relapse after an
initially favorable response to (herapies. This is potentially due to a sub-population of cells

with tumorigenic potential that are intrinsically resistant to therapy. These cells, referred to

" as twmor—initiating “stem cells” or cancer stem cells, were identified in a variety of solid
Atumors. including brain tumors (Galli et al.,‘ 2004; Hemmati et al., 2003; Singh et al., '2004).

“This cellular fraction of the tumors is capable of initiating tumors similar to the paréntal

tumor when transplanted into a secondary site (Reya et al., 2001).

1t has been found that a malignant glioma is a heterogeneous tumor composed of a
small portion of tumor-initiating cells, i.e., glioma stem cells (GSCs). GSCs'are -
phenotypically similar to normal neural steh) cells (NSCs). They express CD133 and Nestin,
which are characteristic marks for NSCs. Like NSCs, GSCs also possess the self-renewal -
potential. On the other hand, GSCs have the potential to recapitulate original polyclonal
twmors when xeno—grafte& to nude mice. They are chemo-resistant and radiatioh—fesistant
and therefore responsible for tumor ﬁroéression and recurrence after conventional ltherapy.

Altered expression (e.g., reduced/loss-of expression) of a miRNA may lead to 7
aberrant expression of its target proteins, resulting in allered phenotype. For example, over-
éipression of ‘rniR—34a inhibits proliferation, disrupts fumorspherc fbrrﬁatioﬁ, 61‘ induces

differentiation of GSCs, but fails to eliminate GSCs (Guessous et al., 2010; Ll .et al., 2009).

SUMMARY
The present disclosure is based on unexpected dlscoveues that (i) the levels of
nncroRNA 138 (miR-138) increase in glioma stem cells (GSCs) isolated from MG pdtlents
and in GBM patient tumor samples (primary and secondary) as compared to those in normal
§1eural stem cells (NSCs) and in healthy controls, and (ii) :knockdown 'of miR-138 results in

suppression of cell proliferation, induction of apoptosis, and reduction of tumorigenicity. -
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These discoveries demonstrate that miR-138 is a reliable biomarker for monitoring

-brain tumor progress, assessing efficacy of MG treatment, and identifying GSCs, the

presence of which is indicative of an increased risk in MG development, progression, and
metastasis. They also demonstrate that miR-138 is a target in treating malignant glioma,
such as grade- ITI anaplastic astrocytoma and grade-IV glioblastoma multiforme.

In one aspect, there is provided use of an oligonucleotide targeting miR~138 in the
manufacture of a medicament for treating malignant glioma in a subject in need thereof.

Disclosed is a method for treating malignant gliomas, including administering to a subject
in need thereof an effective amount of an oligonucleotide (an antigomir) specifically
targeting miR-138, which can be a hairpin oligonucleotide. The oligonucleotide can
comprise a core sequence having the nucleotide sequence of 5
CGGCCTGATTCACAACACCAGCT-3' (SEQ ID NO.1), which targets the sequence of
human mature miR-138. In one example, the oligonucleotide has the nucleotide sequence
of 5'-GAGCTGGTATTGTGAATCAAGCAGCTTCCTGTCAGCGGCCTGATTC
ACAACACCAGCTTTTTT-3' (SEQ ID NO:2). In another example, one or more of the
nucleotides in the oligonucleotide are modified by, e.g., a 2'—O-methoxyethy1 group, a 2'-
O-methoxy group, or a phosphorothioate group.

In another aspect, there is provided use of an oligonucleotide targeting miR-
138 in the manufacture of a medicament for inhibiting glioma stem cell growth,
wherein the medicament is to be contacted with the glioma stem cell.

Disclosed is a method for inhibiting GSC cell growth, including contacting GSCs
with an effective amount of any of the oligonucleotides described above. In this method,
the contacting step can be performed by administering the oligonucleotide to a subject in
need of the treatment.

In another aspect, thére is provided use of an oligonucleotide targeting miR-
138 in the manufacture of a medicament for prolonging survival of a subject
suffering from malignant glioma.

Disclosed is a method for prolonging survival in malignant glioma patients (e.g.,
human patients) with an effective amount of any of the above-described oligonucleotides.
Optionally, the patients subjected to this method have undergone or are in the course of
conventional therapy, including surgery, radiotherapy, and/or chemotherapy.

Any of the methods described above can be performed, when applicable, on a
human subject having, suspected of having, or at risk for malignant glioma. The
oligonucleotide administered to such a subject can be in an amount sufficient to suppress
GSC proliferation or in an amount sufficient to induce GSC apoptosis in the subject.

Also within the scope of this disclosure are (a) a pharmaceutical composition for
use in treating MG, prolonging survival of a MG patient, or inhibiting GSC growth, the
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pharmaceutical composition containing any one or more of the oligonucleotides described
herein and a pharmaceutically acceptable carrier; and (b) the use of the just-described
phs;nnaceutical composition in manufacturing a medicament for any of these purposes.

In addition, the present disclosure provides methods for monitoring MG progress, methods
for assessing efficacy of a MG treatment, and methods for identifying GSCs, all relying on
the level of miR-138 as a biomarker.

In another aspect, there is provided a method for monitoring tumor progress in
a malignant glioma patient, comprising: quantifying levels of miR-138 in samples
containing glioma stem cells that have been obtained from the patient at multiple
time points, and assessing whether malignant glioma progresses in the subject,
wherein an increase in miR-138 levels over time indicates progress of malignant
glioma.

A method for monitoring MG progress includes at least the following steps:
obtaining samples containing tumor cells from a patient (e.g., a human patient or a
laboratory animal) suffering from MG at multiple time points, quantifying the levels of
miR-138 in the samples, and assessing whether MG progresses in the subject. An increase
in miR-138 levels over time indicates progress of MG. In this method, the quantifying step
can be performed by any conventional method, including, e.g., quantitative real-time PCR
or in-situ hybridization.

In another aspect, there is provided a method for assessing efficacy of a
malignant glioma treatment in a malignant glioma patient, the method comprising:
quantifying levels of miR-138 in samples containing tumor cells that have been
obtained from the patient before, during, and/or after the treatment, and assessing
efficacy of the treatment based on the levels of miR-138, wherein no change or a
decrease in the levels of miR-138 after the treatment or along the course of the
treatment indicates that the treatment is effective.

A method for assessing efficacy of a MG treatment in a patient (e.g., a human
patient or a laboratory animal) includes obtaining samples containing tumor cells from the
patient before, during, and/or after the treatment, quantifying levels of miR-138 in the
samples via a conventional method (e.g., those listed above), and assessing efficacy of the
treatment based on the level of miR-138. No change or a decrease in the levels of miR-138
after the treatment or along the course of the treatment indicates that the treatment is
effective. In some embodiments, the samples are obtained before and after the treatment
and no change or a decrease in the level of miR-138 after the treatment indicates that the
treatment is effective. In other embodiments, the samples are obtained at multiple intervals
during the treatment and no change or a decrease in the levels of miR-138 along the course
of the treatment indicates that the treatment is effective.

In another aspect, there is provided a method for identifying glioma stem cells,
comprising: quantifying the level of miR-138 in a sample suspected of containing
glioma stem cells, and determining whether the sample contains glioma stem cells
based on the level of miR- 138, wherein an elevated miR-138 level and/or a
decreased level in the sample as compared to a predetermined standard indicates
presence of glioma stem cells in the sample.

A method for identifying GSCs includes quantifying the level of miR-138 in a
sample suspected of containing GSCs via a conventional method as those described herein,
and determining whether the sample contains glioma stem cells based on the level of miR-
138. An elevated miR-138 level in the sample as compared to a predetermined standard
(e.g., the level of miR-138 in non-tumor cells such as normal neural stem cells) indicates
presence of glioma stem cells in the sample. The sample suspected of containing GSCs can
be obtained from a human subject. In some embodiments, this method further comprises a
step of
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assessing whether the human subject is suspected of having or at risk for malignant glioma.
. Presence of GSCs in the sample indicates that the human subject is suspected of having or at

" risk for malignant glioma. In other embodiments, the method further comprises assessing the

risk of tumor progression or tumor metastasis in a malignant glioma patient. Presence of
GSCs in the sample is indicative of an increased risk for malignant glioma prOgréssion or

metastasis.

The details of one or more embodiments of the disclosure are set forth in the description below.
Other features or advantages of the present disclosure will be apparent from the following drawings

and detailed description of several examples, and also from the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
The drawings' are first described. : }
_ Figure 1 is a diagram showing that GSCS are multipotent and tumorigenic. A: a photo
of fepresentativé images showing that, like NSCs, GSCs also form spheres: -Scale bar: 100
pm. B: a photo showing immune-blot analysis of cellular lysates from GSCs. NSCS; and

GSCs on differentiation. Like NSCs, GSCs express neural stem cell markers CD133 and .

‘Nestin. C: a bar graph slldwing the percentage of tumorspheres formed by, GSCS,

demonstrating the GSCs’ ability to self-renew (left panel) and a photo sliowing formation of a

tumdrsphere. Sub-sphere forming assay was petformed up to 3 generations. The bar graph

- represents the mean and standard deviation from triplicate experiments. D: a photo of

representative images showing differentiation of GSCs to neurons, astrocytes, and

: ol_igoder_xdrocytes, which were determined by specific markers Tujl, GFAP, and O4,

respectively. E: a photo showing characteristic glioblastoma phenotype observed in H&E
stained tumor sections via light lmcrogmph ’

Figure 2 is a diagram showmg identification and validation of dlfferentmlly expwssed

~miRNAs in GSCs. A:a graph showmg differential miRNA ex pressmn in GSCs. The scatter

plot represents the transcript abundance of miRNAs in GSCs (ver tical axis) and NSCs
(horizontal axis). B : a bar graph showing levels of miR-138 in NSCs and GSCs as -
determined by quantitative real-time PCR (qRT-PCR). C: a photo showing the expression
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levels of miR-138 in NSCs and GSCs as validated by Northern blot analysis. Blots were re-

probed for U6 snRNA as a loading control. D and E: bar graphs showing the expression
levels of pre-miR—138-1 and pre-miR-138-2 in NSCs and GSCs and the level of mature miR-
138 in GSCs on differentiation, all determined by qRT-PCR.

Figure 3 is a diagram showing functional characterization of differentially expressed
miRNAs. A: a photo of representative images éhowing spheres formed by GSCs transduced
with a scramble control (top panel) and aiitimiR-138 (bottom panel) at various time points.

B: a bar graph showing average diameters of tumorspheres at indicated time points formed by
GSCs transduced with antimiR-138 or the scramble control. The etror bars refer to relative
mean * SD of 30 spheres. C: a chart showing the numbers of viable cells in GSCs transduced
with the scramble control or antimiR-138 at various time points.. D: Inhibition of miR-138
hampered GSC tumorsphere formation. Top panel: a bar graph showing percentage of
tumorspheres formed by GSCs transduced by either the scramble control or antimiR-138.
Bottom panel: a photo of representative images showing a sihgle-cell-derivéd tumorsphere
formed by GSCs transduced by the scramble control (left) or GSCs transduced by antimiR-
138 (right). E: a photo showing colony formation by a soft agar assay using GSCs

transduced with scramble control and antimiR-138. F: a photo of representafive images
showing sphere formation of NSCs transduced with the scramble control (top panél)‘ and
antimiR-138 (bottom pahel) at various time points. G: a chart showing the expression levels

of miR-886, miR-21, mi_R-'1274a and miR-106a in GSCs transduced with the scramble

- control or antimiR-138.

Figure 4 is a diagram showing that miR-138 is a pro-survival oncomiR. A: a photo
showmg 1mmunoblot analysis for phosphoplotem histone 3 and cleaved PARP. B: a bar
grdph showm g caspase 3/7 activity relative to cell number increased in antimiR- 138—
introduced GSCs but not in cells t;ansduced with the scramble control. Data were obtained

from a cell titer assay. C: a bar grébh showing the percentage of Annexin V positive cells in

'GSCs transduced with antimiR-138 but not the scramble control. * indicates p<0.01 with t-

test comparison of the scramble control and antimiR-138.
'Figure 5 is a diagram showing that miR-138 is an essential pro-survival oncomiR for

GSCs. A: aphoto showing the levels of bioluminescence in mice transplanted with
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luciferase-expressing GSCs transduced with either antimiR-138 or the scramble control. B:a |

photo of representative micrographic images Showing H&E staining of xenografts derived

from GSCs transduced with antimiR-138 or the scramble control. H&E staining revealed a

large tumor mass only in mice bearing GSCs transduced with the scramble control and no

detectable tumor mass was observed in mice implanted with GSCs transduced with antimiR-
138. C: a survival plot showing development of intracranial tumors and neurological
Symptoms only in mice transplantedv with GSCs expressing the scramble control but not in
mice transplanted with GSCs expressing antimiR-138. '

Figure 6 is a diagram showing that miR-138 targets pro-apoptotic genes and tumor

'suppressors. A: a graph illustrating expression levels of selected genes as a heat map from

‘microarray data. B: a scatter plot representing the fold changes (Scramble/ AntimiR-138) of

selected genes obtained from microarray and qRT-PCR. A trend line was plotted by linear
fegression using the least squares method and R?=0.96.C: a photo showing immuno-blot
an'alys\is of CDKNIA, BTG2, OLIGI, EFNAI, LASPI1, AURKA, PANX2, TXNIP and
GADD45¢ in GSCs transduced with antimiR-138 or the scramble control. Beta-actin
expression' was analyzed as the loading control. D: a bar graph showing validation of miR-"

138 direct targets by Luciferase reporter assays. Luciferase levels are expressed as mean

-relative to controls + SD.

Figure 7 is a diagram showing the effect of miR-138 overexpression.in NSCs. Aa

“diagram showing the average diameter of neurospheres (n=30) formed by NSCs transduced

- with an empty vector or miR-138. Lower panel displays neurospheres formed from NSCs

transduced with either the scramble control or miR-138. Upper panel is the quantitation of
the same (n=30). B: a bar graph showing quantitation of gene expression by quantitative real
time PCR analysis in NSCs transduced with miR-138 compared to scramble control.

Figure 8 is a diagram showing miR-138 in GSCs and GBMs. A: a schematic .

_representation of potential targets of miR-138. -B: a photo showing patient-derived GBM

tumor sections stained by a miR-138 probe via in situ hybridization. C: a log-log plot of the

normalized expression levels of miR-138 vs. miR-21 in GBM pat_iént samples. Data was

obtained from GEO database (Accession # GSE13030).
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DETAILED DESCRIPTION OF THE INVENTION _

Disclosed herein are methods for treating malignant glioma (MG) by suppressing
miR-138 and malignant glioma-related diagnostic and prognostic methods using miR-138 as
a biomarker. -

miR-138 is a well-characterized endogenous microRNA found in many sbecies,
including human and mouse. Information regarding miR-138 can be obtained from the

microRNA database (www.mirbase.org) or from GenBank. Two putative precuisors, miR-

138-1 (GenBank Accession No. MI0000476) and pre-miR-138-2 (GenBank Accession No.

MI0000455), have been identified, which are encoded on human chromosomes 3 and 16 and

‘are 99 and 84 nucleotides in length, respectively (Griffiths-J ones, 2004; Lagos-Quintana et

al., 2002; Weber, 2005). -See also Landgraf et al., Cell 129:1401-1414 (2007) and Lui et al.,
Cancer Res. 67:6031-6043 (2007). Sequence alignments of the two chromosomal fegions
show high sequence homology with the mature miRNA. It haé been reported that the mature

miR-138 is a product of pre—miR—138-2, but not pre—miR-lBS-l (Obernosterer et al., 20006).

. Stringent transcriptional and post-transcriptional control mechanisms regulate the synthesis

of mature miR-138 (Obernosterer et al., 2006).
The nucleotide sequences of Pre-miR-138-1, Pre-miR-138-2, and mature miR-138,

are provided below:

Nucleotide sequence of Pre-miR-138-1 (GenBank Accession No. MI0000476; SEQ 1D
NO:62): '

1 ccctggcatg gtgtggtggg gcagctggtg ttgtgaatca ggccgttgec aatcagagaa

61 cggctacttc acaacaccag ‘ggccacacca cactacagg

Nucleotide sequence of Pre-miR-138-2 (GenBank Accession No. M10000455; SEQ ID
NO:63):
1 cgttgctgca gctggtgttg tgaatcaggc ¢gacgagcag cgcatcctct tacccggcta

61 tttcacgaca ccagggttgc atca

Nucleotide sequence of mature miR-138 (SEQ ID NO:64)
1.a gctggtgttyg tgaatcagge cg
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miR-138 as a Target in MG Treatment

In some embodiments, an 'effective amount of an oligonucleotide that targets miR-138
can be used for treating MG in a subject in need of the treatment. The term “treating” as used
herein refers to the application or administration of a composition including one or more |
active agents to a subject, who has MG, a symptom of the disease, or a prediSposition toward

the disease, with the purpose to cure, heal, alleviate, relieve, alter, remedy, ameliorate,

- improve, or affect the disease, the symptoms of the disease, or the predisposition toward the

disease.

In other embodiments, an effective amount of the oligonucleotide noted above is used

o inhibit glioma stem cell (GSC) growth, either in vifro or in a subject that needs the

treatment. Inhibition of GSC growth reduces the risk for malignant glioma development,

progression, and/or metastasis.
In yet other embodiments, an effective amount of a miR-138- -targeting

ohgonucleoude is used to prolong survival of malignant ghoma patients. Optionally, the

.mah gnant glioma pauents have undergone, are in the course of, or will be subjected to

conventxonal therapy, such as surgery, radiotherapy, or chemothelapy A mahgnant glioma

pauent subjected to this method is expected to have increased survival prospect as compared

to malignant glioma patients with matched factors that may affect survival prospect (e.g.,

disease severity, age, gender, lifestyle, and conditions unrelated to malignant glioma) and not
treated by this method. ' ‘

“An effective amount” as used herein refers to the amount of an miR-138-targeting
oligonucleotide that alone, or together with further doses or one or more other active agents,

produces the desired response, e.g., inhibiting GSC gfowth via suppressing GSC proliferation

‘and/or inducing GSC apoptosis, or prolonging survival of a malignant glioma patient. In the

_case of treating malignant glioma, the desired response may be inhibiting the progression of

_tumor growth. This may involve only slowing the progression of MG temporarily, although

more preferably, it involves halting the progression of the tumor pemlanently and/or reducing

" the volume of the tumor. This can be monitored by routine methods, X-ray analysis,

»conlputed tomography (CT), and magnetic resonance imaging (MRI), or can be monitored

accdrding to the prognosis/efficacy-assessing methods described herein. The desired

-9.
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i} response to treatment of MG also can be delaying the onset or even preventing the onset of

the tumor, or delaying metastasis or even preventing metastasis of the tumor.

, Effective amounts vary, as recognized by those skilled in the art, depending on the
particular condition being treated, the severity of the condition, the individual pafient
parameters including age, physical condition, size, gender and weight; the duration of the
treatment, the nature of concurrent therapy (if any), the specific route of administration and
like factors within the knowledge and expertise of the health practitioner. These factors are
well known to those of ordinary skill in fhe art énd can be addressed with no more than
routine experimentation. It is generally preferred that a maximum dose of the individual
components or combinations thereof be used, that is, the highest_ safe dose according to sound
medical judgment. It will be understood by those of ordihary skill in the art, deever, that a

patient may insist upon a lower dose or tolerable dose for medical reasons, psychological

* reasons or for virtually any other reasons.

The interrelationship of dosages between animals and humans (e.g., based on .
milligrarﬁs per meter squared of bbdy surface or milligrams per body weight) is well known
in the art. See, e.g., Freireich et al., ( 1966) Cancer Chemother Rep 50: 219. Body'surface
area may be approximately determined from height and Weight of the patient. v

A subject in need of any of the above-described treathlents can be a subject (e.g., a
human) suffering from MG (e.g., anapl'astié astrocytoma or glioblastoma multiforme),

suspected of having MG, or at risk for developing MG. A subject having MG can be

- identified via a routine medical procedures, including, but are not limited to, physical

examination, pathological analysis, computed tomography (CT), and magnetic resonance
imaging (MRI). A subject suspected of having MG méy show ‘one_o_r_ more symptoms of the
disease, including seizure, nausea and vomiting, headache, hemiparesis, and a progressive
memory, personality, or neurological deficit due to temporal and frontal lobe involvement.
Such subjects can be i‘dentiﬁed via routine medical procedures. A subject at risk for |
deve]bping MG possesses one or more risk factors associatéd with MG. Below is a list of
exemplary risk factors for MG:

-- Sex: male (slightly more common in men that women)

-- Age: over 50 years old

- 10 -
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-- Ethnicity: Caucasians, Latinos, Asians
-- Having a low-grade aslrocytoma (brain tumor), which occasionally develops into a
higher-grade tumor, ‘ -

-- Having one of the following genetic disorders: Neurofibromatosis, Tuberous

sclerosis, Von Hippel-Lindau disease, Li-Fraumeni syndrome, and Turcot's syndrome, and

-- Having loss of heterozygosity or a genetic mutation in the p53 gene, the epidermal
growth factor receptor gene, the MDM2 gene, the platelet-derived growth factor-alpha géne,
the PTEN gene, the MMACI-E1 gene,"the MAGE-E1 gene, or the NRP/B gene.

An oligonucleotide that targets miR-138 is a nucleic acid molecule (either DNA or

'RNA), at least a portion of which is complementary (i.e., completely or partially) to a

fragment of miR-138, i.e., capable of forming a double-strand duplex with miR-138 via base-
pairing accofding to the standard Watson-Crick complementarity rules. Such an
oligonucleotide is capable of reducing the level of endogenous miR-138 or inhibiting miR-
138 activify. An hﬁR—138-targeting oligonuéleotide, preferably having a maximum length of
100 nucleotides (nts), can be a double-stranded molecule or a hairpin molecule including a
21-23nt sense sequence (complementary to a fragment of miR-138), a short linker, an
antisense sequence, and a polyT tail. It can have a minimum length of 8-11nt. In one
example, at least a portion of the oligonucleotide is complementary to the human mautre
fniR—l38 sequence or a fragment thereof. Oligonucleotides targeting miR-138 can be

designed in light of the sequence of miR-138, which is well known in the art, by routine

- technology. See, e.g., Krutzfeldt et al., Nature 438 (7068): 685-689, 2005; and Czech, New

England Journal of Medicine 354(11):2, 2006; Obad et al. Silencing of microRNA families
by seed-targeting tiny LNAs. Nat Genet 43, 371-378 (201 1) |

| They can be prepared via conventional methods, e.g., chemical synthesis or in vitro
transcription. Their ability to inhibit miR-138 can be verified by routine methods, e.g., those
described in the Examples below. ‘ . ' |

| When necessary, the oligonucleotide described abové for suppressing miR-138 can
include non-naturally-occurring nucleobases, sugars, or covalent intémucleoside linkages
(backbones). Such a modiﬁcd oligonucleotide confers desirable properties such as.-enhanced

cellular uptake, improved affinity to the target nucleic acid, and increased in vivo stability.

- 11 -
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“In one example, the oligonucleotide to be used in a method as described above has a
modified backbone, including those that retain a phosphorus atom (see, e.g;, U.S. Pat. Nos.
3,687,808; 4,469,863; 5,321,131; 5,399,676; and 5,625,050) and those that do not have a
phosphorus atom (see, e.g., U.S. Pat. Nos. 5,034,506; 5,166,315; and 5,792,608). Examples
of phosphorus-containing modified backbones include, but are not limited to,
phosphorothioates, chiral phosphorothioates, phosphorodithioates, phosphotriesters,
aininoalkyl—phosphotriesters, methyl and other alkyl phosphonates including 3'-alkylene
phosphonates, 5'-alkylene phosphonates and chiral phosphonates, phosphinates, |

phosphoramidates including 3'-amino phosphoramidate and aminoalkylphosphoramidates,

'thionophosphoramidates, thionoalkylphosphonates, thionoaikylphosphotn'esters,

selenophosphates and boranophosphates having 3'-5' linkages, or 2'-5' linkages. -Such

~ backbones also include those havin g inverted polarity, i.e., 3' to‘3', 5'to 5' or 2' to 2' linkage.

Modified backbones that do not include a phosphorus atom are formed by short chain alkyl or

cycloalkyl internucleoside linkages, mixed heteroatom and alkyl or éycloalkyl

- internucleoside linkages, or one or more short chain heteroatomic or heterocyclic

internucleoside linkages. Such backbones include those having morpholino linkages (formed
in part from the sugar portion‘ of a nucleoside); siloxane backbones; sulfide, sulfoxide and

sulfone backbones; formacetyl and thioformacetyl backbones; methylene formacetyl and

 thioformacetyl backbones; riboacetyl backbones; alkene containing backbones; sulfamate

backbones; methyleneimino and methyienehydrazino backbones; sulfonate and sulfonamide

- backbones; amide backbones; and others having mixed N, O, S and CH, component parts.

In another example, the miR-138-targeting oligonucleotide described herein includes
one or more substituted sugar moieties. Such substituted sugar moieties can include one of

thve following groups at their 2' position: OH; F; O-alkyl, S-alkyl, N-alkyl, O-alkenyl, S-

alkenyl, N-alkenyl; O-alkynyl, S-alkynyl, N-alkynyl, and O-alkyl-O-alkyl. In these groups,

the alkyl, alkenyl and alkynyl can be substituted or unsubstituted C‘l to Cld alkyl or C; to Cyp
élkenyl and alkynyl. They 1hay also include at their 2' position heterocycloalkyl, |
heterocycloalkaryl, aminoalkylamjrio, polyalkylamino, substituted silyl, an RNA cleaving
group, a reporter group, an intercélator, a group for improving the pharmacokinetic properties

of an oligonucleotide, or a group for improving the pharmacodynamic properties of an
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oligonucieotide. Preferred substituted sugar moieties include those having 2'-methoxyethoxy,
2'-dimethylaminooxyethoxy, and 2'-dimethylaminoethoxyethoxy. See Martin et al., Helv.
Chim. Acta, 1995, 78, 486-504. ' '

In yet another example, the oligonucleotide described herein includes one or more
modified native nucleobases (i.e., adenine, guanine, thymine, cytosine and uracil). Modified
nucleobases include those described in U.S. Pat. No. 3,687,808, The Concise Encyclopedia
Of Polymer Science And Engineering, pages 858-859, Kroschwitz, J. L, ed. John Wiley &
Sons, 1990, Englisch et al., Angewandte Chemie, International Edition, 1991, 30, 613, and
Sanghvi, Y. S., Chapter 15, Antisense Research and Applications, pages 289-302, CRC Press,
1993. Certain of these nucleobases are particularly useful for iﬁcreasing the binding affinity
of the bligonucleotidc to miR-138. These include 5-substituted pyrimidines, 6- |
azapyrimidines and N-2, N-6 and O-6 substituted purines (e.g., 2-aminopropyl-adenine, 5-

propynyluracil and 5-propynylcytosine). See Sanghvi, et al., eds., Antisense Research and

*. Applications, CRC Press, Boca Raton, 1993, pp. 276-278).

To perform any of the methods described above, a miR-138 targeting oligonucleotide
can be mixed with a pharmaceutically acceptable carrier to form a pharmaceutical v
composition. An "acceptable carrier” is a carrier compatible with the active i'ngredient of the
composition (and preferably, stabilizes the active ingrgdient) and not deleterious to the
subject to be treated. | Suitable carriers include, but are not limited to, (a) salts formed with
cations (e.g., sodium, potassium, ammonium, magnesium, calcium) and polyamines (e.g.,
spermine and spermidine); (b) acid addition salts formed with inorganic acids (e.g.,
hydrochloric acid, hydrobromic acid, sulfuric acid, phosphoric acid, nitric acid); (c) salts
formed with organic acids (e.g., acetic acid, oxalic acid, tartaric acid, succinic acid, maleic
aéid, fumaric acid, gluconic acid, citric acid, malic acid, ascorbic acid, benzoic acid, tannic
acid, palmitic acid, alginic acid, polyglutamic acid, naphthalenesulfonic acid,
methanesulfonic acid, p-toluenesulfonic aéid, naphthalenedisulfonic acid, polygalacturonic
acid); ahd (d) salts formed from elemental anions (e.g., chlorine, bromine; and iodine). Other
suitable carriers include miérocrystalline cellulose, mannitol, glucose, defatted milkvpowder,
polyvinylpyrrolidone, starch, and a combination thereof. See, e.g., Remington's |

Pharmaceutical Sciences, Edition 18, Mack Publishing Co., Eastbn, Pa (1995); and Goodman
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and Gilman's "The Pharmacological Basis of Therapeutics", Tenth Edition, Gilman, J.
Hardman and L. Limbird, eds., McGraw- H111 PICSS 155-173,2001.

Conventional methods, known to those of ordinary skill in the art of medicine, can be

used to administer to a subject in need of the treatment the pharmaceutlcal composition

described above. For example, the pharmaceutical composition described above can be
delivered orally or parenterally. Parenteral administration includes intravenous, intraarterial,
subcutaneous, intraperitoneal or intramuscular injection or infusion; or intracranial |
administration (e.g., intrathecal or intraventricular).

An injectable composition containing an_oligonﬁcleotide for targeting miR-138 may
contain various carriers such as vegetable oils, dimethylactarhide, dimethylormamide, ethyl
lactate, ethyl carbonate, isopfopyl‘myristate, ethanol, and pol_yols(glycerol, propylene glycol,
liquid polyethylene glycol, and the like). For intravenous injection, the oligonucleotide can
be administered by the drip method, whereby a pharmaceutical formulation containing the
oligonucleotidc and a physiologically acceptable excipients is infused. Physidlogically
acceptable excipients may include, for example, 5% dextrose, 0.9% séline, Ringer's solution
or other suitable excipients. Intramuscular preparations, e.g., a sterile formulation of é
suitable solﬁble salt form of a peptide, can be dissolved and administered in a pharmaceutical
excipient such as sterile water, 0.9% saline, or 5% glucose solution. »

When oral administration is applied, it is preferred that the oligonucleotide includes at

least one 2'-O-methoxyethyl modification. A composition for oral administration can be any

-orally acceptable dosage form including, but not limited to, capsules,'tablets, emulsions and

aqueous suspensions, dispersions and solutions. In the case of tablets for o.ralv use, carriers
which aré commonly used include lactose and corn starch. Lubricating agents, such as
magnesium stearate, are also typically added. For oral administration in a capsule form,
useful diluents include lactose and dried corn starch. When aqueous suspensions or
emulsions are administered orally, the active ingredient can be suspended or dissolved Iin an
oily phase combined with emulsifying or suspending agents. If desired, certain sweetening,
flavoring, or coloring agents can be added. A nasal aerosol or inhalation composition can be
prepared accbrdin_ g to techniques well known in the art of pharmaceutical formulation. The

pharmaceutical composition described herein can also be administered in the form of
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suppositories for rectal administration.

To facilitate delivery, the oligonucleotide can be conjugated with a chaperone agent.
As used herein, "conjugated” means two entities are associated, preferably with sufficient
affinity that the therapeutic benefit of the association between the two entities is realized.

Conjugated includes covalent or noncovalent bonding as well as other forms of association,

~ such as entrapmeht of one entity on or within the other, or of either or both entities on or

within a third entity (e.g., a micelle). v .
The chaperone agent can be a naturally occurring substance, such as a protein (e.g.,
hdman serum albumin, low-density lipoprotein, or globulin), carbohydrate (e.g., a dextran,

p'ullulan, chitin, chitosan, inulin, cyclodextrin or hyaluronic acid), or lipid. It can also be a

- recombinant or synthetic molecule, such as a synthetic polymer, e.g., a synthetic polyamino

‘acid. Examples of polyamino acids include polylysine (PLL), poly L-aspartic acid, poly L-

glutamic acid, styrene-maleic acid anhydride copolymer, poly(L-lactide-co-glycolied)
copolymer, divinyl ether-maleic énhydride copolymer, N-(2-hydroxypropyl) 1lletliacry1alrlide
copolymer (HMPA), polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyurethane,
poly(2-ethylacryllic acid), N-isopropylacrylamide polymers, and polyphosphazine.

In ohe example, the chaperone agent is a micelle, liposome, nanoparticle, or

microsphere, in which the oligonucleotide/interfering RNA is éncapsulated. Methods for

~ preparing such a micelle, liposome, nanoparticle, or microsphere are well known in the art.

See, e.g., U.S. Pat, Nos. 5,108,921, 5,354,844; 5,416,0106; and 5,527,5285.-

- In another example, the chaperone agent serves as a substrate for attachment of one or
more of a fusogenic or condensing agent.

. A fusogenic agent is responsive to the local pH. For instance, upon encounteung the

pH within an endosome, it can cause a physical change in its immediate environment, e.g., a
change in osmotic properties which disrupts or increases the permeability of the endosome
membrane, thereby facilitating release of the miR—l38—targetin g oligonucleotide into host
cell's cytoplasm. A preferred fusogenic agent changes charge, e.g., becomes protonated at a
pH lower than a physiological range (e.g., at pH 4.5-6.5). Fusogenié agents can be molecules
containing an amino group capable of undergoing a change of charge (e.g., protonation) when

exposed to a specific pH range. Such fusogenic agents include polymers having pf)lyamino
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chains (e.g., polyethyleneimine) and membrane disruptive agents (e.g., mellittin). Other
examples include polyhistidine, polyimidazole, polypyridine, polypropyleneimine, and a
polyacetal substance (e.g., a cationic polyacetal). '

A condensing agent interacts with the oligonucleotide, causing it to condense (e.g.,

reduce the size of the oligonucleotide), thus protecting it against degradation. Preferably, the

condensmg agent 1ncludes a moiety (e g., a charged moiety) that interacts with the
ohgonucleotlde via, e.g., ionic interactions. Examples of condensing agents include
polylysine, spermine, spermidine, polyamine or quarternary salt thereof, pseudopeptide-

polyamine, peptidomimetic polyamine, dendrimer polyamme arginine, amldme protamine,

cationic lipid, cationic porphyrin, and alpha helical peptide.

miR- 138 as a Biomarker in MG Diagnosis and Prog11051s
As disclosed helem miR-138 is a reliable biomarker for GSCs, Wthh play crucml

roles in MG initiation, progress1on and metastasis. Presence of GSCs in a subject is
indicative of an increased I‘lSk for MG occurrence (1ncludmg occurrence of grade- III
ahaplastic astrocytoma or gLade IV glioblastoma multlforme) progress1on and/or
metastasis. ' ‘
Accordingly, described herein is a method for 1denufymg GSCs in a sample suspected
of contammg GSCs. Sucha sample (e g., a brain tumor biopsy sample), can be obtained |

from a subject having MG or suspected of having the tumor. A conventional method, such as

quantitative real-time PCR and hybridization, can be performed to quantify the amount of

miR-138 in the sample. Oligonucleotide primers or probes cqinplementary to a portion of

miR-138 (either the precursor form or the mature form) can be designed for amplifying miR-

- 138 or hybridizing to this micro RNA. It was within the knoy_illedge of a skilled person to

design p"rimers for amplification of miR-138. Oligonucleotide pfobes specific to miR-138,
optionally having a minimum length of 15 nts, are capable of hybridizing to this target
miRNA under, e.g., stringent hybridization conditions. As used herein, the term "stringent

conditions" refers to parameters known to those skilled in the art. One example of stringent

- conditions is hybridization at 65 °C. in hybridization buffer (3.5 x SSC, 0.02% Ficoll, 0.02%

polyvinyl pyI*olidone, 0.02% bovine serum albumin (BSA), 25 mM NaH,PO4 (pH7), 0.5%
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SDS, 2 mM EDTA). SSCis 0.15M sodium chlbride/O.lSM»sodium citrate, pH7;>SDS is
sodium dodecylsulphate; and EDTA is ethylene diamine tetra acetic acid. There are other

conditions, reagents, and so forth which can be used, which result in the same degree of

stringency. A skilled artisan will be familiar with such conditions, and thus they are not

given here. The probes for detecting miR-138 can be modified in the same manner as noted
above. _ '
| The miR-138 amount thus detemiihed, which can be normalized against the cell ‘
number if necessary, is compared with a predetermined standard. An elevated level of miR-

138 in the sample indicates presence of GSCs. The predetermined standard represents the

‘average amount of miR-138 in non-tumor cells, e.g., normal brain cells, which prefefably are

. from subjects with matched age, sex, and/or ethnic background. ‘In one example, the

predetermined standard is the level of miR-138 in neural stem cells.

As also disclosed herein, high levels of miR-138 was observed in recurrent GBM
péﬁents as compared with healthy controls. Thus, the levél of this nniqtoRNA is a prognostic
biomarker indicating recurrence of GBM. ‘

To determine whether a patient is suffering from GBM recurrence, a biosample (e.g.,
a brain tissue biopsy) can be obtained from a patient suspected of having GBM recurrence
and the amount of miR-138 can be determined via any method known in the art. The miR-
138 level can be compared with a predetermined standard to determine whether the patient

has GBM, and if so, the stage of the disease. More specifically, if the miR-138 level in the

“sample is higher than the predetermined standard, it indicates that the patient has a relapse of

GBM and as a malignant tumor, indicates poor survival rates. The predetermined standard

represents the average amount of miR-138 in non-glioblastoma patients (e.g., healthy control

v subjects) or in patients first detected with MG. Preferably, the predetermined standard is

obtained from patients with matched age, sex, and/pr ethnic background relative to the MG
patient whose disease stage needs to be determined. o

To monitor MG progression in a patient, biosamples such as those described above
can be obtained from the patient at hmltiple time points and the amounts of miR-138 in the
samples are measured via a routine method. If the amount of miR-138 increases over time, it

indicates that MG is progressing in the patient.
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“Given the association between miR-138, MG and increased expression ef this
microRNA in recurrent GBMs, this can be used as a biomarker to assess efficacy of a MG
treatment. To perform this method, biosamples can be obtained from a subject having MG
before, during, or after a MG treatment. The amounts of miR-138 in the samples "vcan be
determined by a routine method. In one example, a pre-treatment sample and a post-
treatment sample are obtained. In another example, samples at multiple time intervals during
a treatment can be obtained. If the miR-138 level remains unchanged or decreases after the
treatment or along the course of the treatment (that is, the levels of miR-l’o‘S remain the same

or are lower in samples taken at intervals later in the course of the treatment as compared to

those in samples taken at intervals earlier in the course of the treatment), it indicates that the

treatment is effective. This method can be apphed to a human MG patlent to evaluate

whether the patient is responsive to a MG treatment. It also can be apphed to a laboratory

animal used in developing new MG treatment.

- Without further elaboration it is believed that one skilled in the art can, based on the

above description, utilize the present invention to its fullest extent.. The following specific

examples are, therefore, to be construed as merely illustrative, and not limitative of the
remainder of the disclosure in any way whatsoever. All publications cited herein are

incorporated by reference for the purposes or subject matter referenced herein.

EXAMPLES

METHODS
Cell Culture arid MG sample collection

GSC cell lines used in the study were derived from five melignant glioma patient
samples NNI-1, NNI-4, NNI-8, NNI-1 1; and NNI;12. Briefly, the GSC cell lines were
cultured in chemically defined serum-free selection growth medium consisting of 20 ng/ml
basic fibroblast growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF), 20 ng/ml
human recombinant leukemia inhibitory factor (LIF), 5 ug/ml heparin, serum-free supplement
(B27) in a 3:1 mix of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F-12 -

Nutrient MiXture'(Fl 2). The cultures were incubated at 37 °C in a water-saturated

‘atmosphere containing 5% CO,. Growth factors were replenished every other day.
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Tumorsphere cultures were expanded by mechanical trituration using a flame-drawn glass

Pasteur pipette.

Normal human neural stem cells (NSCs) were obtained from Lonza. NSCs were

_culturc:d as free-floating neurospheres in a serum-free DMEM/F12 medium (Invitrogen)

supplemented with basic fibroblast growth factor (bFGF, 20 ng/ml, Peprotech), endothelial
growth factor (EGF, 10 ng/ml, Peprotech), 2 pg/ml heparin (Sigma) and 2% B27
(Invitrogen). ' '

_ Lenti-X 293T (Clontech) were cultured abcording to the supplier’s instructions.
Human MG specimens for in situ hybridization were obtained from the National University

Hospital (NUH).

Cell differentiation: _

| Differentiation studies werevconducted by allowing GSCs to attach to glass coverslip
coated with Laminin and poly-L-ornithine (Sigma). Cells were cultured in differentiation
medium containing 12% FBS without growth factors. Fresh medium was replenished every 2

days. Cells were allowed to differentiate for 5-7 days.

Immunocytochemistry on diﬁeréntialed GSCs: |
Cells plated on coverslips were fixed in PBS containing 4% Para formaldehyde for 30
min at room temperature. Cells were then permeabilized for 5 min in PBS containing 0.2%

Tween-20 (omitting O4 staining), rinsed for 5 min in PBS and blocked for 1 hour in PBS

containing 10% normal goat serum. Cells were incubated overnight with the following

primary antibodies: anti-GFAP (Sigma), anti-p-Tubulin (Covance), anti-O4 (Millipore) and
then washed with PBS three times prior to incubation with the abpropriate goat secondary
antibodies: anti-mouse Alexa 568 (Invitrogen) or anti-rabbit Aiexa 488 (Invitrogen) or anti-
mouse Alexa 488 IgM (Invitrogen) for 1 hour at room temperatﬁre. Cells were then washed
with PBS three times. Prior to mounting, nuclei were counterstainecvi‘ with DAPI (5 ug/inl,

Invitrogen) and imaging done with a Olympus FV1000 confocal microscope.

i
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Tumorsphere formation as'say_.i
Spheres were harvested and dissociated into single cells. Further, single cells were
plated into 96-well by manual picking. After plating, cells were observed and only wells

with single cell were considered. The number of wells with tumor spheres was scored after 21

days.

MiRNA Profiling:

Total RNAs from GSCs and NSCs was isolated ﬁéing Exiqon kit following
manufacturer’s protocol. RNA was subjected to quality control analysis by nano-drop and
Bioanalyiér to assess the concentration, integrity of the RNAs and the content of small
RNAs. Further, the RNAs thus obtaiend was subjected to miRCURY™ LNA Array
microRNA profiling (Exigon) following manufacturer’s protdcol. Arrays were scanned in
ozone free environment. Image analysis was performed to quantify the signals on the arrays.
Technical quality assessment was performed based on results from spike in controls, flagging
of spots, background intensity levels and signal intensity distribution. After background
subtraction and normalization, differential gene expression analysis was performed on, e.g.,
log2(Hy3/HyS5) ratios inclﬁding the top-50 miRNA (lowest p-value). A multible ANOVA

model was used to remove batch effects from 1'eplicaté samples.

Mzcroarray analysis of gene expresswn profile:

Total RNA (500 ng) from three biological replicates of GSCs transduced with
antimiR-138 or scrambled control samples were converted to biotinylated cRNA using
TargetAmp Nano-g Biotin-aRNA labeling kit (Epicentre, Madison, Wisconsin). Biotinylated
RNA wasr isolated using Qiagen mini columns according to the manufacturer's instructions.
cRNA was hybridized on HumanWG-6 v3.0 array chips from Illumina (Illumina Inc., San
Di'ego, CA), washing and scanning steps were performed according to the Illumina
BeadStation 500X manual. The data was extracted, noﬁnalized, and analyzed using Illumina
BeadStudio provided by the manufacturer. Transcript signals that were below the limit of

detection (LOD) at 99% confidence were defined as genes not expressed. Microarray

analysis was performed on PARTEK platform. Gene datasets specific for each group of cells
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were uploaded onto Ingenuity Pathway Analysis platform (Ingenuity Systems, Mountain

View, CA) for analysis of biological procéss, molecular functions and pathways.

RNA isolation and Quantitative RT-PCR:

Total RNA was extracted using miRCURY RNA isolation kit according to the
manufacturer’s instructions (Exiqon, Denmark). Reverse transcription (RT) reaction for
cDNA synthesis was performed' using superscript III (Invitrogen) according to the
manufacturer’s instructions. Transcript levels were measured by quantité;tive RT-PCR using

SYBR Green PCR master mix (Applied Biosystems). Gene speéific primers, shown in Table

1 below, used in this study are listed in supplementary tablel. For miRNA expression '

analysis, 10 ng total RNA was used along with miR138 — specific primers (Tagman

‘MicroRNA assay). cDNA was synthesized using TagMan miRNA reverse transcription kit

and expression level of miRNA levels were analyzed using the 7900 fast Real-time PCR
system (Applied biosystems). All reactions were run in triplicate. A U6 TagMan probe was

used as an endogenous control. The comparative Ct (AACt) method was used to determine

. the transcript abundance.

Table 1. Primers Used in RT-PC'R‘An'alysis ‘

GENE 1D Forward primer 5'----3' - ‘Reverse primer §'----3'
COLA4AL GCCTCCTGGCTTGCCTGG TGGTGGGCCTGGAGTCCCTG
(SEQ ID NO:10) (SEQID NO:11)
BTG2 CAGAGCACTACAAACACCACTG | CTGAGTCCGATCTGGCTG
(SEQID NO:12) ' . | (SEQIDNO:13) ,
‘TUSC2 GCGGCTGGGGCAGGTTATGG CCGAGCTTTGGACCCGCTGG
(SEQ ID NO:14) ' (SEQ ID NO:15)
BLCAP GTCGGTGGCGAGCTGAGG CACCAAGGCAGCAGGGATC
(SEQIDNO:16) . (SEQID NO:17)
.| EFNAL CCCCAGTCCAAGGACCAAG CTGTGAGTGATTTTGCCACTG
' { (SEQIDNO:18) ' (SEQ ID NO:19)
CCND1 CCTGGATGCTGGAGGTCTG | ACATGCAAGTGGCCCCCAG
(SEQ ID NO:20) . (SEQ IDNO:21)
CDC20 GGGCTGTCAAGGCCGTAGC CCACGGCACTCAGACAGG
(SEQ ID NO:22) (SEQ ID NO:23)
CCNA2 TGATCCCGCCGTCCACTC GTGCAACCCGTCTCGTCTTC
(SEQ ID NO:24) (SEQ 1D NO:25)
CASC4 CCAACTGGACAACCTCTCTCC - | GCTGCGGATCAACAGGGGATTC

(SEQ ID NO:26) (SEQ ID NO:27)
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(SEQ ID NO:60)

AURKA T CGGAGTGGCGGAGCGTCAAG | TGGGCAATGGAGTGAGACC
(SEQ ID NO:28) (SEQ ID NO:29)
LASPI TCACCACATCCCGACCAG CGGCGCTGTAGTCATACACC
(SEQ ID NO:30) (SEQ ID NO:31) '
CEP55 CAGATCGCGTCCGCGGGATTC | TGGTCGCCAAGTCCAAAG
a (SEQIDNO:32) . (SEQ'ID NO:33)
OLIG1 AGGGCGTTCCTGAAGGGCGTC | GCGCCTGGGAAACCGCATAG
(SEQ ID NO:34) ' (SEQ ID NO:35)
SERPINA3 GTGGACCTCGGATTAGCCTC GCTCATCGCTGGAACTGATTG
, (SEQ ID NO:36) (SEQIDNO:37)
GAPDH ATTTGGCTACAGCAACAGGG TGTGAGGAGGGGAGATTCAG
(SEQ ID NO:38) (SEQ ID NO:39)
BCL2 GGGGAGGATTGTGGCCTIC CAGGGCGATGTTGTCCACC
(SEQ ID NO:40) (SEQ ID NO:41)
['PANX2. GGTAACAGTTGTCGATCTCCTG | CCAAGAACTTCGCAGAGGAAC
(SEQ ID NO:42) (SEQ ID NO:43)’
CASP3 AGAGGGGATCGTTGTAGAAGTC | ACAGTCCAGTTCTGTACCACG
(SEQ 1D NO:44) (SEQ ID NO:45)
TXNIP AGTGCAAACAGACTTCGGAG TTTGTCTCTTGAGTTGGCTGG
(SEQ ID NO:46) (SEQ ID NO:47)
MXD1 AGCCGTTCACCAAATCGACC. CTCGTCAGAGTCGCTCAC
(SEQ ID NO:48) .| (SEQ ID NO:49) '
GADD45A CCCTGATCCAGGCGTTTTG GATCCATGTAGCGACTTTCC
(SEQ ID NO:50) (SEQ ID NO:51)
cMYC CCTCCACTCGGAAGGACTATC | AAGCTCCGTTTTAGCTCGTTC
(SEQ 1D NO:52) (SEQ ID NO:53)
HIFIA CAGCAGCCAGACGATCATGCA | TGGTCAGCTGTGGTAATCCACTTTCA
. (SEQ ID NO:54) (SEQ ID NO:55)
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
(SEQ ID NO:56) (SEQ ID NO:57)
hsa-miR-138-1 | CCCTGGCATGGTGTGGTG AGTGTGGTGTGGCCCTGGTG
(SEQ ID NO:58) (SEQ ID NO:59)
‘hsa-miR-138-2 | GTTGCTGCAGCTGGTGTTGTG | GCCGGGTAAGAGGATGCGCTG

(SEQ ID NO:61)

-MicroRNA Northern Blot Analysis:

Northern blot analysis was carried out using 15 pg of small RNA-enriched total RNA.

Briefly, RNAs were separated on 15% denaturating Urea-PAGE, transferred to positivvély

charged nylon membrane (Ambion, Austin, TX), and cross linked at 120 mJ in UV
SUatagene cross linker 2400. MIRCURY LNA probes for miR-138 and UG, (Ex1qon

Denmark) were end-labeled w1th T4 polynucleotide kmase followed by hybridization.
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Lentiviral Constructs
Stable expression of antimiRs were camed out using m1RZ1p expression vector, a

third generation HIV-based expression Lentiviral vector provided by System Biosciences,

 LLC. This vector has a CMV-driven [GFP-T2A-Pur0mycin] reporter cassette and a H1

promoter upstream of either antigomiR-138 or a control non-targeting small RNA. The
hairpin consists of 23 nt sense sequence, a 11 nt short spacer (CTTCCTGTCAG; SEQ D
NO:3), an antisense sequence, 6 Ts (a transcription stop signal for RNA pol§n1erase 1II). The

antigomiR sequence used to construct lentivirus against human mature-miR- 138 (pmiRZIP-

138) was 5'- GAGCTGGTATTGTGAATCAAGCAGCTTCCTGTCAGCGGCCTGATTCA

CAACACCAGCTTTTTT3' (SEQ ID NO:2). The mature functlonal antigomiR-138
sequence is CGGCCTGATTCACAACACCAGCT (SEQ ID NO: l), which is complementary

‘to the mature miR-138 sequence. The H1 expression cassette of the vector pr0v1des

- constitutive and efficient RNA polymerase IlI-dependent transcription of antigomiR

transcript's. 'CMYV promoter promotes high level of expression of both copGFP (fluorescent
reporter) and puromycin-Nacetyl transferase (drug selectable marker) in the same vector for
detection and selection of transduced cells

Alternanvely, synthetic single- stlanded anti- nnRNA or ant1gom1Rs were 1ntr0duced

into cells to knock down miRNAs (i.e., decreasing miRNA levels) transiently.

Preparanon of Lentiviral stocks and transductions

Third generation lentivini_ses were produced in Lenti-X 293T (cat# 632180, Clontech,

iMountain View, CA) devoid of Tat in the packaging mix. A lentiviral packaging mix
* containing three plasmid constructs, pMDLg/pRRE (cat # 12251), pRSV-Rev (cat # 12253)
+and pMD2.G (cat # 12259) [Addgene], was used. Super coiled DNA of constructs were

prepared by using Qiagen maxi prep kits (cat # 1045091, Germantown, MD). The packaging
constructs were used to transfect Lenti-X 293T cells as described in the protocol in Tiscomia
et al., 2006. Transducing Unité (Ty) determination and transductions were performed
following the methods also described in Tiscomia et al., 2006. Transfections were performed
in antibiotic free medium using EFFECTENE transfection reagent (cat # 301427, Qiagen,
Germantown, MD) reagent as per manufacturer protocol. Supernatant was collected 2nd and

3rd day post transfection. Supernatant is poeled and filtered through a 0.45pm HV Durapore
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membrane (Milliporé' # SCHVUOIRE) Filtrate is subjected to centrifugation at 25,000 rpm
(~82,000 g) for 2h at 4 °C. The visible pellet was re-suspended in.cold 1X HBSS (cat # 9269,
Sigma-Aldrich, St. Loﬁis, MO, USA) and stored at -80 °C or used for transduction.

Titration of Lentivirus

Transducing Units (TU) were determined as per the protocol described also in
TlSCOfnld et al., 2006. Lenti viral titrations were performed in HEK 293T cells. Briefly,
HEK293T cells were plated at density of 4X10%well in 24-well plate. Next day, cells were

transduced with serially diluted lentiviruses in the presence bf polybrene 8 ug/ ml. Three

days of post transduction, percentage GFP positive cells were measured using FACS analysis

and number of transducing particles was determined. Biological viral titer was determined

according to the following formula: TU/ml= (PxN)/ (DxV), where TU=Transduction units,

" P= % GFP positive cells (percentage is between 2-20%), N= Number of cells at the time of

transduction, D=Dilution factor, V=Volume of viral inoculﬁm. Further titrations were
confirmed by FACS and genomic PCR for integrated Lentiviral genome coples in target cell
lmes using specific primers as descnbed earlier (Geraerts et al., 2006). Specific primers for
WPRE: 5'- CAGGCAACGTGGCGTGGTG-3' (SEQ ID NO:4) and 5'-
GGCGATGAGTTCCGCCGTG -3' (SEQ ID NO:5); LTR-GAG: 5'-

. TGTGTGCCCGTCTGTTGTGTGAC 3" (SEQ 1D NO:6), 5’ TCGGGCGCCACTGCTAGA

G-3’ (SEQ ID NO:7); and for GFP: 5’- AGAGCACCAAAGGCGCCCTG 3'"(SEQID .
NO:8); and 5'-TGCGGGTGTTGGTGTAGC-3' (SEQ ID N(_)_:9), were used to determme

Jentiviral genomic integration.

Saft Agar assay:
~ For soft agar assay, single cell suspension was made by ACCUTASE (Invitrogen)

treatment and resuspended in complete medium containing 0.3% noble agar (Difco). A total

© of 2x107 cells were seeded in each well of 6 well plates (Nunc) containing 1% noble agar.

Cells were cultured for 2-3 weeks by supplementing fresh mediﬁm with growth factors and,
once in evbe'ry three days. Lentiviral transduced cells were grc_)wh in lhe presence of 1 ug/ ml
puromycin. At the end of the experiment, cells were incubated with 1 mg/ml 3-(4,5-

dimethylthiaiol-2¥y1)—2;5— diphenyltetrazolium bromide (MTT, Sigma Aldrich) for 1 hour.
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Colonies were counted using MATLAB software program. : -

Cell viability assay _

Cells infected with lentivirus for 48 h were plated at a density of 5,000 cells/well in
96;well plates in at least triplicate for growth curve analysi_s.. Live cells were determined at
the indicated number of days after plating using the Cell Titer-Glo Luminescent Cell ‘
Viability Assay kit (Promega). ‘

Luciferase assay: ,
Luciferase reporter constructs containing the 3°'UTR of BLCAP, CASP3 and MXD1

‘were purchased from Genecoepia (Rockville, MD). Total of 50 ng of wild-type or mutated

. reporter plasmids were cotransfected with 250 ng of pCDH-miR—.138 ora négatiVC control

vector into HEK293T cells using EFFECTENE following the manufacturer’s protocol
(Qiagen). Firefly and Renilla luciferase activities were measured at 48 hours of post-

transfection using Dual-Luciferase Reporter System (Promega) according to the

manufacturer’s instructions. The firefly luminescence was normalized to the Renilla

luminescence as an internal control for determinin g transfection efficiency. The experiments
were performed in triplicates. miR-138 binding site was mutated using the QuikChange II
XL Site-Directed Mutagenesis Kit (Stratagene), in accordance with the manufacturer’s v
instructions. For the mutated constructs, the miR-138 binding site accagc was substituted

with cttgait, gaagta and gcagaa in BLCAP, MXD1, and CASP3 respectively.

: Caspase 3/7 assay

GSCs were infected with lentivirus for 2 days. Cells were plated at a density of 5000 |
cells/well in 96-well lates in at least triplicate. Caspase 3/7 activity was measured by

commercially available Caspase-Glo 3/7 assay kit (Promega). Relative luciferase units were

_calculated based on the number of viable cells, using the CellTiter-Glo Luminescent Cell

Viability assay as described above.

Cell-Cycle Analysis and Annexin V Staining
GSCs plated in six-well plates at 100,000 cells per well were infected with

~ Lentiviruses for 48 hours. To determine the percentage of cells in each phase of the cell

cycle, cells were labeled with 20 pM EdU for 5 hours prior to harvesting, and processed
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using the Click-iT EdU Alexa Fluor 647 FloW Cytometry assay kit (Invitrogen), and cell
nuclei were counter stained with 25 pg/ml propidium iodide (Sigma-Aldrich). Samples were
subjéct to EdU incorporation analysis on a BD FACS caliber (Becton Dickinson). Data were
analyzed using the WIN-MDI 2.9 software. To detect apoptptic cells, Annexin V-FITC
staining was performed with the Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen)

following manufacturer’s protocol.

TUNEL (terminal deoxynucleotidyl transferase ( TdT) nick end labeling ) assay

Lentiviral transduced spheres were grown for indicated time points and collected by

-spinning at 900 x g. Spheres were washed twice with PBS and paraffin embedded sections

were made and attached on 0.01% polylysine—coéted slides, fixed with 4% methanol-free
formaldehyde solution, bleached with 6% H,0, and fluorescence stained by following the
procedure of the DeadEnd fluorometric TUNEL system (Promega). Cell nuclei were counter

stained with DAPIL.

Equal amount of ceﬁ blysate were resolved by SDS-PAGE, transferred to
PolyVinylidene difluoride membranes (Millipore), and detected using SuperSignal West Pico
(Pierce Biotechnology). All blots were stripped and reprobed with B-actin antibodies

(Abcam) as loading control. For immuhoblots, primary antibodies used were: anti-PARP

(Abcam), anti-LASP1 (Abcam) , anti-BTG2 (Abcam), anti- OLIG1 (Abcam), anti-

GADDA450 (Santa Cruz), anti-EFNA1 (Sdnta Cruz), anti-CYCLIN D1 (Santa Cruz), anti-
CDKNI1A (Santa Crui), anti-AURKA (Cell signaling), anti-phospho-Histone3 (Millipore),
anti-Pannexin 2 (Santa Cruz), anti-TXNIP (Santa Cruz), Secondary antibodies used were

anti-rabbit HRP (Santa Cruz) and anti-mouse HRP (Jackson Laboratory).

~ Luciferase assay

_ Luciferase 1'eportér constructs containing the 3’UTR of BLCAP, CASP3 and MXD1
weré purchased from Genecoepia (Rockville, MD). Total of 50 ng of wild-type or mutated
reporter plasmids were cotransfected with 250 ng of pCDH-rhiR—BS or negative control
vector into HEK293T cells using Effectene as per manufactures protocol (Qiagen). Firefly

and Renilla luciferase activities were measured at 48 hours of post-transfection using Dual-
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Luciferase Reporter System (Promega) according to the manufacturer’s instructions. The
firefly luminescence was normalized to the Renilla luminescence as an internal control for

transfection efficiency. The experiments were performed in triplicates. miR-138 bindihg site

was mutated using the QuikChange I XL Site-Directed Mutagenesis Kit (Stratagene), in

accordance with the manufacturer’s instructions. For th¢ mutated constructs, the miR-138
binding site accagc was substituted with cttgat, gaagta and gcagaa in BLCAP, MXD1 and
CASP3 respectively. |
Immunohistochemistry (IHC)

Staining was performed on paraffin tumor sections as previoﬁsly described (Xue et
al, 2010). Briefly, tumor sections from mouse xenograft were dewaxed and rehydrated
through descending ethanol concentrations. Tumor sections were stained with anti-GFP
(Abcam,) and anti-GFAP (Sigma) after epitope retrieval at pH 6. After 1 hour prin1ary
antibody incubation, sections were washed in tap water and incubated for 30 min with HRP-
labeled polymer conjugated to goat anti-rabbit IgG (Dako EnVision+Peroxidase system
before color dévelopment ﬁsing the 3,3"-diaminobenzidine substrate-chromogen system
(Dako). The sections were counterstained with haematoxylin before dehydrating and

mounting in DPX. Photographs were taken using a Nikon eclipse 90i microscope.'

miR-138 in situ hybridization
For the detection of miR-138, 5’ and 3’ double DIG labeled LNA probe against miR-

138/scramble control probes were used (Exiqon, Denmark). Five micron sections of mouse

‘tumor tissues/GBM tissues were deparaffinized in Xylene and rehydrated. The sections were

treated with protease, (Panomics, USA) followed by PBS wash. Slides were fixed and
dehydrated. Double DIG labeled miR-138/Scramble LNA probe was hybfidized to the
.sections in microRNA ISH buffer (Exiqon). After hybrfdization, sections were treated with
blocking reagent (Roche) followed by incubation withr Goat serum (DAKO), The DIG
labeled LNA probes were detected using Alkaline phosphatase conjugated anti-DIG antibody

- and BM Purple substrate (Roche) at 30°C. Color development was continued until the

scramble control LNA probe treated sections show non-specific staining. Slides were

dehydrated, passed through Xylene bath and mounted with DPX-neutral mounting medium
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(Sigma). Images were acquired using Bright field microscope.

Intracranial implantation of GSCs

Intracranial transplantation of GSCs into 8 weeks old NOD/SCID/IL.2ry mice

“obtained from Jackson Laboratory, was performed as described in accordance with the

Institutional Animal Care and Use Committee approved protocol. Luciferase-expressing
GSCs bearing either antimiR-138 or scramble control, were orthotopically transplanted
following washing and resuspension in PBS. Three microlitres (15 x 10* cells) were injected

stereotactically into the forebrain of immunodeficient mice. Mice were maintained till the

.development of neurological symptoms. Brain collected from the euthanized mice, was fixed

in 4% paraformaldehyde, paraffin embedded and sectioned. H&E staining was performed

according to standard protocol.

GSCs Luciferase preparation and Bioluminescence imaging ‘ '

~ GSCs Luciferase stables were established by selecting for puromyciri_(l pg/ml) after
transducing with Lentivirus expressing Luciferase under human PGK promoter (Addgene #
w543-1) (Campeau et al. 2009). For bioluminescence imaging, GSCs expressing firefly

luciferase bearing scramble-control or antimiR-138 were intracranially injected into the right

- forebrains of NOD-SCID mice, and the Xenogen system was used for imaging. Mice were

given an intraperitoneal dose of 150 mg/kg of D-luciferin and anesthetized anesthetized in a

- closed box filled with oxygen and 2-3% isoflurane. ‘Further, animals were imaged after 15

‘minutes of D-luciferin dosage using the IVIS spectrum Imaging Sys’tein (Xenogen).

Quantification was based on total flux (photons/sec) of emitted light as a measure of the
relative number of viable cells. Bioluminescence signals were analyzed using Living Image

software (IVIS living image v3.0).

Statistical analysis _ _
Values are reported as the mean + the standard error. Statistical significancé between
2 samples was determined with two-tailed Student’s ¢ test using GraphPad InStat 3.0 software

(GraphPad Software, Inc.).
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RESULTS

GSCs are multipotent and tumorigenic

GSCs were derived from tumor specimens obtéined from five mali g-nant‘ glioma
patients NNI-1, NNI-4, NNI-8, NNI-11 and NNI-12 (see Chong et al., 2009 and Foong et al.,
2011) were found to retain their properties for limited passages. A comprehensive validation
to test self-renewal properties in vitro and tumorigenic propertiés in an immun‘e-comprorr'u'sed
host was performed on these cell lines. | GSCs were first characterized on the basis of
functional criteria in comparison with normal huiman neural stem cell (NSCs). The NSCs
used in this study w‘er'e’ obtained from Lonza (whole brain-derived), or from specific regions

of the human foetal brain (either the frontal cortex or the sub-ventricular zone). In an

* undifferentiated state, in culture, GSCs form tumorspheres that resemble NSCs derived

neurospheres (Figure 1A). GSCs, like NSCs, express CD133 (Prominin-1) and Nestin.
These markers were found to be down-regulated on differentiation (Fi gufe 1B). To examine
the self-renewal capacity of GSCs we performed single cell (clonal) sphere-formation assays
(Reynolds, ef.al., 2005). When individual spheres from primary culture éfter enzymatic
dissociation were plated as a single cells per well in a 96 well plate and the number of wells
with a single cell were scored, 15% of wells formed tumorspheres. When secondary

tu’morsphere was subjected to sphere formation assay, 26 + 3% (n = 3 independent culture

preparations) of wells formed tertiary tumorspheres and quaternary single cell passages

| yielded 23 + 5% tumorspheres (Figure 1C).

*In addition to the self-renewal potential, GSCs, like NSCs, were found to be
multipotent and differentiated into neurons, astrocytes and oligodendrocytes (Figure 1D).

However, unlike NSCs, the GSCs were found to be tumorigenic and the first appearance of

- well-defined tumor masses were observed at 12 weeks after sub-cutaneous injection of GSCs

1n N(jD—SCID mice. Further, GSC-derived xenograft tumor sections were subjected to H&E
slainin g. This histo-pathological analysis of GSC-derived tumors demonstrated a
characteristic glioblastom’a‘ tissue pattern, e. g., the presence of large areas of necrosis
surrounded by highly packed tumor cells. Figure 1E (see also Bao et al., 2006b; Galli et al.,
32(.)04). Some areas show extreme cytologic pleomorphism. Pseudorogettes with tumor cells

oriented around a vessel in the center found in human GBMs were also observed. All of these
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results confirm that GSCs are tumorigenié

Identification of unique miRNA signatures in GSCs

In an attempt to address the tumorigenic ploperty of GSC§ the miRNA exp1essu)n
ploﬁles of GSCs were compared with those of NSCs, using miRNA profiling analysis as

described in the Method section above. Differentially expressed miRNAs were identified

‘using ANOVA analysis on normalized microarray data. The scatter plot of the expression

data reveals that most of the transcripts were within the 2-fold cut off band, suggesting that

the overall miRNA expression pattern in NSCs is very similar to that of GSCs. Among the

few differentially expressed transcripts, miR-138 emerged as the most consistent,

d.iffé.re.ntially expressed miRNA. Fig. 2A. GSCs expressed elevated levels of miR-138
compared to the very low or no expression in NSCs. These results was validated by stem-
loop real-time reverse ttahscri ption-PCR (Fig. 2B) and further confirmed by northern blot
analysis using probes that reco gnize miR-138 (Fig. 2C). It has been 'demons&ated miR-138
was reliably up-regulated in GSCs reldtlve to their expression in NSCs.
miR-138 has two putative precursors pre-miR-138-1 and pre-miR-138- 2 and the
synthesis of mature miR-138 is regulated by stringent transcriptional and post-transprlptlonal
control mechanisms. The expression levels of precursor transcripts in GSCs and NSCS were
examined. Elevated 1evé15 of pre-miR-138-2 were detected only in GSCs, not in NSCs
(Figure 2D), suggesting thaf miR-138 is under tight transcriptional control in NSCs. The

expression levels of miR-138 were then analyzed when GSCs were subjected to

differentiation. The results thus obtained show clear down-regulation of miR-138 in

differentiated GSCs. Figure 2E.

In sum, the results discussed above show that miR-138 is differentially expressed in
GSCs and is therefore a reliable biomarker for identifying GSCs, the presence of which is .
indicative of an increased risk for MG initiation, pfogresﬁon, and metastasis_. '
Functional Characterization of differentially expressed miRNAs in GSCs--T. argeting miR-138
decreased llQurosp/zere Sformation capacity of GSCs

To understand the functional significance of the elevated expression of miR-138 in
GSCs, lentiviral-based antagomirs were used to obtain stable lossfof—f:unction phenotypes

(Krutzfeldt et al., 2005 and Scherr et al., 2007). To control for pot_ehtial off—_tafget effects, a
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non-targeting-scrambled control (a Scrémble control) was used. Sequence-specific inhibition -
of miRNA-138 by a lentiviral vectors encoding an anti-miRNA-138-antagomirs (antimiR-
138) affected growth and survival of GSCs (Figure 3A lower panel) and this is appareht by a
decrease in size of tumorvspheres compared to the scramblé—control (Figure 3A and 3B).
Results obtained from transduction efficiency assays by FACS and gPCR quantitation of
LTRGAG and GFP (vector derived sequences) confirmed that the above-noted antimiR-138
effect was not due to differences in lentivirus transduction or integration efficiency..

Cell;titer growth curve assay demonstrated that the total number of viable scramble-
control GSCs increased roughly eight to nine folds over seven days, whéreas GSCs depleted
of miR-138 decreased in number indicating that miR-138 preferentially contributes to
sustained growth of tumor initiating GSCs. Figure 3C. Clonogenic assays on GSCs
transduced with antimiR-138 or scramble-control confirmed the same, wherein 26 £ 1.5 %i (n
= 3 independent culture preparations) of wells formed tumorspheres in scramble-control,
whereas targeting miR-138 in GSCs prevented tumorspheres formation. Figure. 3D. When
single cell suspension of GSCs transduced with antimiR-138 or the scramble-control was
plated in soft agar, macroscopically, visible colvonies were observed only in GSCs transduced
with the scramble-control but not with antimiR-138. Figure 3E. Together, these results
suggest that nﬁR-l38 is essential for the growth and survival of bona fide stem cells with
self-renewal potential. '

To demonstrate the cell-specificity and to rule out toxic effects of antimiR-138 on

normal cells, transduced normal human NSCs were transduced with either antimiR-138 or the

scramble-control. NSCs were not affected as assessed by their neurosphere formation

. capacity. Figure 3F. Further, a significant decrease in the level of only miR-138, and no

change in the levels of miR-886, miR-106, miR-21 and miR-1274a in GSCs transduced with -
antimiR-138 relative (o the scramble-control, confirms that antimiR-138 is highly transcript-

specific. Figure 3G.

miR-138 plays a pro-survi&al role in GSCs
Next, to determine the specific role of miR-138 in regulating proliferation and growth,
a dual color flow cytometric analysis with DNA content determination was performed on -

GSCs transduced with scramble-control or antimiR-138. A reduction in cellular entry into S
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phase, coﬁpled with reduced expression of ph‘osphohistone H3, a pfolife’ratioh marker of cells
in late G, and M phase, in GSCs transduced with ant;imiR-l38 but not in cells transdu;ied ‘
with the scramble control indicates attenuation of proliferatiqn. A robust increase in subGi »
population; accompanied by detectionvo‘f 89-kDa Poly-ADP-Ribose-Polymerase (PARP)
cleavage fraction in GSCs transduced with antimiR-138, but not with the scramble control,
suggests that knoék-down of miR-138 leads to apoptosis. Figure 4A. Functional inhibition
of miR-138 prevents tumorsphere formation partly due tb' attenuation of proliferation,
coupled with apoptotic cell death of GSCs.

Supporting this result, caspase-3/7 activity normalized to cell number increased in

miR::i38 targeted GSCs compared to the scramble-control. Figure 4B. Further targeting

miR-138 in GSCs increased the percentage of Annexin V—positive cells when compared to V
the scramble-control suggesting increased apoptosis. Figure 4C. Finally, increased terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (detects DNA
fragments in the last phase of apoptosis) only in antimiR-138 targeted GSCs, not with the
scramble-control, suggests that targeting miR-138 results in increased apoptotié death of
GSCs, highlighting that miR-138 is a pro-survival oncomiR for GSCs. - |

Taken together, the data discussed above demonstrate that targeting miR-138 results
in increased apoptotic death of GSCs, indicating that miR-138 is a potential pro-survival

oncomiR for GSCs.

miR-138 promotes tumorigenesis and is an essential pro-survival oncomiR for GSCs:

To evaluate whether disruption of miR-138 function ablates tumor formation in
immunocompromised mice, equal number of viable cells infected with antimiR-138 or the
scramble-control were transplanted sub-cutaneously or intracranially in 14 immune-
compromised mice. Ten of twelve mice vtransplanted with GSCs transduced with the:

scramble developed tumors whereas none of the twelve mice transplanted with GSCs

 transduced with antimiR-138 GSCs develop tumors. The xenograft tumor sections display

GFP and GFAP positive cells confirming that the GFP positive GSCs are tumorigenic.  In-
situ-hybridization (ISH) on these xeno-graft tumor sections, not normal tissue sections exhibit
positive staining for miR-138. This observation coupled with absence of tumor formation in

mice bearing antimiR-138 GSCS, suggests that functional knockdown of this pro-survival
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oncomiR leads to apoptotic death of GSCs and impedes tumor formation.
Next, to specifically evaluate the role of miR-138 expression in GSCs and

tumorigenicity, luciferase-expressing GSCs transfected with antimiR-138 were intracrénially

implanted into the forebrains of immune-compromised mice. An equal number of luciferase-

expressing GSCs transfected with the non-targeting-scramble RNA was used as a control.
The viability of the engrafted GSCs was measured by tracking the bioluminescence after
implantation via real-time imaging at various time points as indicated in Figure 5A. The

bioluminescence measured on day-2 after implantation indicates that the antimiR138-

transfected GSCs had the same post-transplantation survive rate as the GSCs transfected with

the scramble control. However, diminishing luminescence was observed in mice transplanted

\‘x%iith the antimiR138-expressing GSCs at day-10, suggesting that miR-138'activity in GSCs
relates primarily to the maintenance and survival of GSCs. Figure SA. Tumor formation was
observed in mice transplanted with GSCs transfected with the scramble control, but not in
mice transfected with the antimiR-138-expressing GSCs. Figure 5B. Further, Mice
transplanted with the antimiR-lBS-eXpressing GSCs did not show neurological'symptdms 18
months after the transplantation, while the percentage of neurological symptom-free mice
transplanted with GSCs transfected with the scramble control decreased over time. FigbuAre
5C. A Kaplan-Meier survival curve also demonstrated increased survival rates in mice
transplanted with GSCs transduced with antimiR-138; mice transplanted with GSCs |

transduced with the scramble control developed turhors and showed a high percentage of

‘mortality. All these results demonstrate that miR-138 positive GSCs are tumorigenic and

functional knockdown of this pro-survival oncomiR leads to apoptotic death of GSCs and
impedes tumor formation. -
miR-138 targets tmor suppressor genes, pro-apoptotic gene, and proliferation inhibitor
genes :
Further, to delineate the underlying mechanism of miR-138 as a pro-survival
dncomiR, targets of miR-138 were identified by comparing gene expression profiles from
GSCs transduced with either antimiR-138 or the scramble éontrdl. “Graphic ;'epreserltatioxx of
selected array data as a heatmap, displays several differentially expressed gehqs. Figure 6A.
For example, MYC, BCL2, CASC4, CCNDI, HIFla, LASP1, OLIG1, AURKA, and CCNA2
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were found to be down-regulated in GSCs expressing antigomiR-138 as comparéd with GSCs =~

expressing the scramble control; and RARA, GADD45A, CASP3, MXD1, PANX2, 7
COLA4AL, TXNIP, EFNAL, TUSC2, BLCAP, and BTG2 were found to be up-regulated in
GSCs expressing-antigomiR-l38 as compared with GSCs expressing the scramble control.
An excellent linear correlation between array and qRT-PCR (R? = 0.96) indicated that the
array profiles can be used to ascertain globzﬂ and specific properties of miR-138. Figure 6B.
Several of the candidate gene products were analyzed by immunoblotting, and expected
changes in protein levels were observed. Figure. 6C.

Increased expression of specific genes on functional inhibition of miR-138 suggests that

these genes are potential targets of miR-138. These include transcriptional repressors like

MAX dlmenzatxon protein 1 (MXD1), tumor suppressors like Tumor suppressor candidate 2
(TUSC2) and Bladder cancer-assoc1ated protein (BLCAP) pro-apoptotic genes like Cysteme—
aspartic acid protease-3 (CASP3) and B-cell translocation gene 2 (BTG2), inhibitors of
tumbrigenesis like Ephrin-A1 (EFNA1) and Pannexin2 (Panx2), inhibitors of proliferation
like retinoic acid receptor, alpha (RARA) and growth arrest and DNA-démageJnducible,
alpha (GADD45a:), metastasis suppressors like thioredoxin interacting protein (TXNIP),
inhibitors of tumor angiogenesis like collagen type IV alpha 1 (COL4ALl). Figures 6A and
6C. |

Interrogation of Targetscan v5.1 database and correlation of the predicted targets with

microarray data revealed potential direct targets of miR-138. These include CASP3, BLCAP

‘and MXD1, each with one conserved binding site for miR-138. Chimeric 3’-UTR luciferase

reporter assays were performed to confirm the ability of miR-138 to negatively regulate
CASP3, MXDI and BLCAP expressibn, Expression of miR-138 resulted in significant .
down-regulation of CASPS,VMXDl, or BLCAP 3’-UTR luciferase rep}ovrter activity, whereas
the reporter vector with a mutation in the miR-138 binding site was not affected confiﬁning
fhat CASP3, MXD1 and BLCAP are direct targefs of miR-138. Figure. 6D.

The ﬁbove—diSCtlssed results indicate that miR-138 indirectly activates a plethdra of
genes involved in tumorigenesis via targeting tumor suppressors, inhibitors of proliferation,
and transcriptional repressors, miR-138. Down-regulation of cyclin DI (CCND1), cyclin A2
(QCNAZ), aurora kihase A (AURKA), and proto-oncogene c-Myc (cMYC) by mliR-138
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inhibition confirms this conclusion. Figure 6A and 6C. Concomitant repression of the

indirect targets using gene-specific-shRNAS results in a decrease in s-phase population

. coupled with an increase in sub-G1 population, suggesting that targeting these genes partially
phenocopy the effect of antimiR-138 in GSCs. In conclusion, by targeting specific genes,

miR-138 promotes proliferation and inhibits apoptosis, underscoring its role as a pro-survival

oncomiR.
Finally, to test whether the oncomiR-138 alone can confer a transformed phenotype,
normal NSCs were transduced with lentivirus expressing miR-138. Ectopic expression of

miR-138 in NSCs resulted in a significant increase in size of neurospheres formed when

compared with NSCs transduced with the scrambled control. Figure. 7A. Time-course gene

expression analysis by gqRT-PCR further confirmed that over-expression of miR-138 in NSCs

results in a significant down-regulation of several targets accompanied by an increased

éxpression of a few but not all indirect targets. Figure. 7B. These results highlight that

miRNA expression is highly context-specific and miR-138 alone may not transform a normal

- NSC to a GSC.

miR-138- a potential prognostic biomarker: v

: As a confirmation of ciinical significance, and to confirm what'we observed above is
not a culture artifact, we screened for miR-138 on patient samples. Expression levels of miR-
138 in patient tumor specimens were examined by in situ hybridization, using a miR-138- |
Specific probe on patient-derived GBM tumor sections and noi‘mal human brain frontal lobe
sections. Positive signals were detected in patient-derived tumor sections stained with the
miR-138 specific-probe but not in normal human brain sections stained with the same probe.
This result confirms the expression of miR-138 in GBM specimens. Figure 8B. ISH was
performed on 25 patient samples and the results suggested a discrete expression pattern for
miR-138 in GBMs. An elevated level of miR-138 was observed in patients with '
recurrent/secondary GBM, as compared to patién'ls with de novo GBM. Figure 8B. As a
confirmation of clinical significance, GBM patient miRNA profiles were screened in the
GEO database (ncbi.n'lm.nih_.gov/geo/query/acc.cgi?acc:GSE13030). In this database from
84 GBM patient samples, 57 patienis with primm'y GBMs displéy moderate to low expression

of miR-138. Supporting the ISH results, 27 patients with secondary/recurrent GBMs
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displayed a ~ 150-300 fold increased expressi'on of miR-138 relative to the non-neoplastic
adult brain tissue (Figure. 8C), suggesting that miR-138 can serve as a potential prognostic

biomarker.
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OTHER EMBODIMENTS |
All of the features disclosed in this specification may be combined in any ‘
combination. Each feature disclosed in this specification may be replacéd by an alternative
feature serving the same, equivalent, or similar purpose. Thus; unless expressly stated
otherwise, each feature disclosed is only an example of a generic series of equivalent or
similar features. |

From the above description, one skilled in the art can easily ascertain the essential

- characteristics of the present invention, and without departing from the spirit and scope

thereof, can make various changes and modifications of the invention to adapt it to various

- usages and conditions. Thus, other embodiments are also within the claims.
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What is claimed is:

1. Use of an oligonucleotide targeting miR-138 in the manufacture of a medicament for

treating malignant glioma in a subject in need thereof,

2. The use of claim 1, wherein the amount of the oligonucleotide is effective in

suppressing glioma stem cell proliferation.

3. The use of claim 1, wherein the amount of the oligonucleotide is effective in inducing

apoptosis in glioma stem cells.

4. The use of any of claims 1-3, wherein the subject is a human subject suffering from,

suspected of having, or at risk for malignant glioma.

5. The use of any of claims 1-4, wherein the oligonucleotide is a hairpin oligonucleotide.

6. The use of any of claims 1-5, wherein one or more of the nucleotides in the
oligonucleotide are modified by a 2'-O-methoxy group, a 2-O-methoxyethyl group, or a
phosphorothicate group.

7. The use of any of claims 1-6, wherein the oligonucleotide comprises the nucleotide

sequence of 5 “CGGCCTGATTCACAACACCAGCT-3 ' (SEQ ID NO: 1).

8. The use of claim 7, wherein the oligonucleotide comprises the nucleotide sequence of
5'GAGCTGGTATTGTGAATCAAGCAGCTTCCTGTCAGCGGCCTGATTC
ACAACACCAGCTTTTTT3' (SEQ ID NO:2}.

9. Use of an oligonucleotide targeting miR-138 in the manufacture of a medicament for
inhibiting glioma stem cell growth, wherein the medicament is to be contacted with the

glioma stem cells.

10.  The use of claim 9, wherein the contacting step is to be performed by administering

the oligonucleotide to a subject in need thereof.
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11.  The use of claim 10, whercin the subject is a human subject suffering from, suspecied

of having, or at risk for malignant glioma.

12. Theuse of any of claims 9-11, wherein the amount of the oligonucleotide is effective

in suppressing proliferation of the glioma stem cells.

13. The use of any of claims 9-12, wherein the amount of the oligonucleotide is effective

in inducing apoptosis in the glioma stem cells.

14.  The use of any of claims 9-13, wherein the oligonucleotide is a hairpin

oligonucleotide.

15, The use of any of claims 9-14, wherein one or more of the nucleotides in the
oligonucleotide are modified by a 2-O-methoxy group, a 2'-O-methoxyethyl group, or a
phosphorothioate group.

16.  The use of any of claims 9-15, wherein the oligonucleotide comprises the nucleotide

sequence of 5~CGGCCTGATTCACAACACCAGCT-3' (SEQ ID NO:).

17.  The use of claim 16, wherein the oligonucleotide comprises the nucleotide sequence
of 5'GAGCTGGTATTGTGAATCAAGCAGCTTCCTGTCAGCGGCCTGATTCA
CAACACCAGCTTTTTTS' (SEQ ID NO:2).

8. Use of an oligonucleotide targeting miR~138 in the manufacture of a medicament for

prolonging survival of a subject suffering from malignant glioma.

19.  The use of claim 18, wherein the amount of the oligonucleotide is effective in

suppressing glioma stem cell proliferation.

20.  Theuse of claim 18 or 19, wherein the amount of the oligonucleotide is effective in

inducing apoptosis in glioma stem cells.
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21. The use of any of claims 18-20, wherein the subject is a human malignant glioma

patient.

22. The use of claim 21, wherein the human patient has undergone or is in the course of

one or more additional malignant glioma treatments.

23. The use of claim 22, wherein the one or more additional malignant glioma treatments

are surgery, radiotherapy, and/or chemotherapy.

24.  The use of any of claims 18-23, wherein the oligonucleotide is a hairpin

oligonucleotide.

25.  The use of any of claims 18-24, wherein one or more of the nucleotides in the
oligonucleotide are modified by a 2'-O-methoxy group, a 2'-O-methoxyethyl group, or a

phosphorothioate group.

26.  Theuse of any of claims 18-25, wherein the oligonucleotide comprises the nucleotide

sequence of 5-CGGCCTGATTCACAACACCAGCT-3' (SEQ ID NO: 1).

27. The use of claim 26, wherein the oligonucleotide comprises the nucleotide sequence
of 5-GAGCTGGTATTGTGAATCAAGCAGCTTCCTGTCAGCGGCCTGATTC
ACAACACCAGCTTTTTT-3' (SEQ ID NO:2).

28. A method for monitoring tumor progress in a malignant glioma patient, comprising;

quantifying levels of miR-138 in samples containing glioma stem cells that have been

obtained from the patient at multiple time points, and

assessing whether malignant glioma progresses in the subject, wherein an increase in

miR-138 levels over time indicates progress of malignant glioma.
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29.  The method of claim 28, wherein the malignant glioma patient is a human patient.

30.  The method of claim 28, wherein the malignant glioma patient is a laboratory animal.

31. The method of any of claims 28-30, wherein the quantifying step is performed by

quantitative real-time PCR or in situ hybridization.

32. A method for assessing efficacy of a malignant glioma treatment in a malignant

glioma patient, the method comprising:

quantifying levels of miR-138 in samples containing tumor cells that have been

obtained from the patient before, during, and/or after the treatment, and
assessing efficacy of the treatment based on the levels of miR-138§,

wherein no change or a decrease in the levels of miR-138 after the treatment or along the

course of the treatment indicates that the treatment is effective.

33, The method of clatm 32, wherein the samples are obtained before and afier the
treatment and no change or a decrease in the level of miR-138 after the treatment indicates

that the treatment is effective.

34. The method of claim 32, wherein the samples are obtained at multiple intervals during
the treatment and no change or a decrease in the levels of miR-138 along the course of the

treatment indicates that the treatment is effective.

35.  The method of any of claims 32-34, wherein the malignant glioma patient is a human

patient.
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36.  The method of any of claims 32-34, wherein the malignant glioma patient is a

laboratory animal.

37.  The method of any of claims 34-36, wherein the quantifying step is performed by

quantitative real-time PCR or in situ hybridization.

38, A method for identifying glioma stem cells, comprising:

quantifying the level of miR-138 in a sample suspected of containing glioma stem

cells, and

determining whether the sample contains glioma stem cells based on the level of miR-
138,

wherein an elevated miR-138 level and/or a decreased level in the sample as compared to a

predetermined standard indicates presence of glioma stem cells in the sample.

39.  The method of claim 38, wherein the predetermined standard is the level of miR-138

in non-tumor cells.

40. The method of claim 39, wherein the non-tumor cells are neural stem cells.

41, The method of claim 38, wherein the sample is one that has been obtained from a

human subject.

42, The mathod of claim 41, further comprising assessing whether the human subject is
suspected of having or at risk for malignant glioma, wherein presence of glioma stem cells in
the sample indicates that the human subject is suspected of having or at risk for malignant

glioma.
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43. The method of claim 41, wherein the human subject is a malignant glioma patient and
the method further comprises assessing the risk of tumor progression or tumor metastasis in
the patient, presence of glioma stem cells in the sample being indicative of an increased risk

for malignant glioma progression or metastasis.

44. The method of any of claims 38-43, wherein the quantifying step is performed by

quantitative real-time PCR or in situ hybridization.

45. The use of any one of claims 1-5, 9-14 or 18-24, wherein one or more of the nucleotides

in the oligonucleotide are modified by Locked nucleic acids (LNA).
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