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sitions for enhancing utrophin protein production by inhibiting bind-
ing of a Let-7¢ microRNA molecule to its binding site in the utrophin
mRNA 3'-untranslated region (UTR). In particular, phosphorodiami-
date morpholino oligonucleotide (PMO) site blocking oligonucleotides
(SBOs) that inhibit Let-7c miRNA binding to its binding site in the
utrophin mRNA 3'UTR. Moreover, methods of enhancing utrophin
protein production in muscle cells can be used to treat muscular dys-
trophy and/or other myopathies.
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PMO-BASED UTROPHIN::Let-7c MIRNA SITE BLOCKING
GLIGONUCLEOTIDES (SBOS) FOR TREATING DUCHENNE MUSCULAR
DYSTROPHY (BMD)

FIELD OF THE INVENTION

[0001] This disclosure relates to compositions and methods for treating miyopathics, such as
Druchenne Muscular Dystrophy (DMD). In one embodiment, compositions and methods are

provided for enhancing utrophin protein expression in a subject by inhibition of microRNAs,

BACKGROUND OF THE INVENTION

[0002] DMD is a lethal muscle wasting disease attecting approximately 1 in ~5000 five-bomn
males worldwide. DMD is caused by mutations in the DMD gene resulting in complete loss or
extremely low expression of the dystrophin protein. Dystrophin (427 kDa) links the
cytoskeleton with the extracellular matnix and 18 a key component of the dystrophin
glycoprotein complex {DGC). During muscle contraction and relaxation cycies, dystrophin
provides structural integrity to the myvotiber. Loss of dystrophin and the concomitant
destabilization of DGC, is thought to result in sarcolemmal fragility, altered raembrane protein
related signaling and defective muscle regeneration. Increased muscle damage leads to cycles
of abortive muscle degeneration and regeneration accompanied by chronic inflammation.
Eventually, contractile units are replaced with fibro-fatty tissues leading to a severe degree of
muscle weakness and wasting. The disease progression typically leads fo loss of ambulation in
the carly teenage years and respiratory and cardiac failure by the fourth decade of life.

[G003] A pronusing therapeutic approach for DMD is upregulating utrophin which is an
autosomal paralog of dystrophin. Utrophin could functionally compensate for the lack of
dystrophin as it has a high degree of structural and functional similarity. The major utrophin
isoform in myofibers, utrophin-A, is enriched at the neuromuscular and myotendinous
junctions of adolt muscles, and at the sarcolemma of regenerating myofibers. Utrophin
upregulation has been obtained with small molecules such as heregulin, nabumetone, SMT
C1100; artificial transcription factors and by regulating miRNAs that repress UTRN
expression. miRNAs are short {(~22nt) noncoding RNAs which, in association with RNA
mduced silencing complex (RISC), target complementary binding sites mostly within 3'UTRs
of mRNAs., miRNAs are involved in post-transcriptional regulation of gene expression,
typically by interfering with the stability and/or translation of target mRNAs. Previously, 27-

O-methyl-phosphorothicate (20MePS) site blocking oligomucleotides (SBOs) have been used
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to block the Let-7¢ binding site in the UTRN 3 -untransiated region (UTR) to obtain
upregulation of utrophin protein as well as functional improvement in mdx mice. However, the
chenucal motety has Umitations as the charged nature of 20MePS leads to suboptimal
pharmacokinetic (PK) properties and therapeutic efficacy in terms of drug development.
Clinical trials with dystrophin exon 51 skipping 2Z0MePS antisense oligonucieotides (AONs)
have reported improvements in DMD; however, they were also accompanied by some side
etfects, e.g., proteinuria and moderate thrombocytopenia, that hampered progress,

[0004] Thus, a need exists for improvement in compositions for and methods of upregulating

utrophin protein for the treatment of myopathies or utrophin-mediated diseases.

SUMBMARY OF THE INVENTION
[000S] In this disclosure, five Let-7¢ PMO-based SBOs (~24-29bp) targeting different

overlapping regions of a Let-7¢ binding site in the UTRN 3"UTR were designed in order 1o
develop additional utrophin upregulation-based therapeutic sirategies. These Let-7¢ PMO-
based SBOs differ in sequence and chemical composition compared to previously described
20MePS-based SBOs. A variety of biochemical, molecular, and morphological methods were
used to rank order and test their ability to upregulate utrophin and ameliorate dystrophic
phenotype in mdy mice. The results show that Let-7¢ PMQO-based SBOs are a promising
uirophin-mediated therapeutic approach for treating DMD (see Figure 1),

[0006] In one aspect, the present disclosure relates to methods and compositions for enhancing
uirophin protein production in a cell by inhibiting binding of utrophin microRNA.

[0007] In one aspect, provided herein are methods of treating a muscle disease or muscular
dystrophy (e.g., Duchenne Muscular Dystrophy {DMD)) in a subiect by administering to the
subject an effective amount of an oligonucleotide that specifically hybridizes to a microRNA
binding sequence in a uirophin mRNA 3 -untranslated region (UTR) and inhibits the binding
of the microRNA to the wirophin mRNA 3°-UTR, wherein the microRNA can be Let-7¢, miR-
133b, miR-150, miR-196b, niR-206, miR-296-5p, or a combination thereof, The
oligonucleotide can be designated as an antisense oligonucleotide or antisense molecule of the
microRNA. Thas, in one embodiment, the oligonucleotide can be a Lei-7¢ antisense
oligonucieotide, an miR-133b antisense oligonucleotide, an miR-150 anfisense
oligonucieotide, an miR-196b antisense oligonucleotide, an  miR-206 anifisense
ohgonucleotide, an miR-296-5p antisense oligonucleotide, or a combination thereof.

[0008] In another aspect, provided herein are pharmaceutical compositions that include an

oligonucieotide that specifically hybridizes to a microRNA binding sequence in g ufrophin
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mRNA 3 -untranslated region (UTR} and inhibits the binding of the microRNA to the 3°-UTR
of utrophin mRNA, wherein the microRNA can be Let-7¢, miR-133b, miR-150, miR-196b,
miR-206, miR-296-3p, or a combination thercof, In one embodiment, the oligonucleotide is
present in an amount effective to block or interfere with the binding of the microRNA to the
uwirophin 3 -untranslated region (UTR}. In one embodiment, the oligonucleotide can be a Let-
7¢ antisense oligomicleotide, an miR-133b antisense oligonucleotide, an muR-150 antisense
oligonucieotide, an miR-196b antisense oligonucleotide, an miR-206 anfisense
oligonucieotide, an miR-296-5p antisense oligonucleotide, or a combination thereof.

[6009] In one aspect, provided herein are methods of treating a muuscle disease or muscular
dystrophy (e.g., Duchenne Muscular Dystrophy (DMD)) in a human subject by admunistering
to the subject an offective amount ot an oligonucieotide that specifically hybridizes to a Let-7¢
microRNA binding sequence in a utrophin mRNA 37 -untranslated region (UTR)} and inhibits
the binding of the Let-7¢ microRNA to the utrophin mRNA 3-UTR. In some embodiments,
the oligonucieotide has a sequence that comprises a nucleic acid sequence set forth in SEQ 1D
NOs: 1-5. In one embodiment, the oligomucleotide has a sequence that comprises the nucleie
acid sequence of SEQ 1D NO: 5.

[0010] In another aspect, provided herein are pharmaceutical compositions that include at least
one pharmaceutically acceptable excipient and an oligonucicotide that specifically hybridizes
to a Let-7¢ microRNA binding sequence in a 3 -untranslated region {UTR) of a utrophin
mRNA and inhibits binding of the Let-7¢ microRNA to the utrophin mRNA 37-UTR, wherein
the oligonucieotide is present in an amount effective in a human subject to inhibit binding of
Let-7 microRNA to its utrophin mRNA 37-UTR binding sequence. In some embodiments, the
ohigonucieotide has a sequence that comprises a nucleic acid sequence set forth i SEQ ID
MNOs: 1-5. In one embodiment, the oligonucieotide has a sequence that conprises the nucleic
acid sequence of SEQ 1D NGO 5.

[0011] In one aspect, provided herein are methods for treating a muscle disease or muscular
dystrophy (e.g., Duchenne Muscular Dystrophy (DMD)) in a subject by administering to the
subject an effective amount of a composition that inhibits binding of utrophin microRNA 1o
the utrophin mRNA 3°-UTR. Also provided herein are the methods for reducing the symptoms
associated with a muscuolar dystrophy (e.g., DMIY) in a subject by administering to the subject
an effective amount of a composttion that inhibus binding of utrophin mucroRNA to the
utrophin mRNA 37-UTR.

[0012] In another aspect, provided herein are pharmaceutical compositions that include an

effective amount of an agent that inhibits binding of utrophin microRMNA to the utrophin mRNA
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3°-UTR. For example, the agent can be a Let-7¢ antisense molecule, an miR-196b antisense
molecule, an miR-133b antisense molecule, an miR-150 antisense molecule, an miR-206

antisense molecule, an miR-296-5p antisense molecule, or a combination thereof,

BRIEF DESCRIPTION OF THE NIGURES

[0013] The subject matter regarded as the mvention i3 particularly pointed out and distinctly
claimed in the concluding portion of the specification. The invention, however, both as to
organization and method of operation, together with objects, features, and advantages thercof,
may best be understood by reference fo the following detatled description when read with the
accompanying drawings.

[0014] Figure 1 is a schematic representation of the PMO-based Let-7¢ SBO strategy to
alleviate Let-Tc miRNA repression of the utrophin gene. The left pancl shows Let-7c miRNA-
mediated post-transcriptional repression of utrophin in control PMO treated mice. The right
panel shows Let-7¢ PMO-mediated blocking of miRNA binding to UTRN 3'UTR, resulting in
higher utrophin expression and improvement in dystrophic pathophysiology.

[0015] Figures 2A-2D show that Let-7¢ PMO SBO upregulates utrophin expression in the
C2C12 cell ine. Figure 2A is a schematic diagram showing the relative position ot the Let-7¢
binding site of five ditferent Let-7¢ PMO SBGOs 1w UTRN 3"UTR. Figare 2B shows luciferase
expression in C2CI2UTRNS luc3” reporter cell line after freatment with 0.1 uM, 0.5 uM, 1
uM and 3 pM of control or five different Let-7¢ PMO SBOs for 24 hrs. Data shown as
percentage of normalized luciferase expression compared with conirol PMO-treated celis
{0=3). Figure 2C shows endogenous utrophin expression in C2C12 cell hine afier treatment
with 0.5 pM, 1 uM, 3 gM and 5pM of control or five different Let-7¢ PMO SBOs for 48hrs.
Figure 2D shows guantification ot endogenous utrophin expression in C2C12 cell line as
percentage of normalized utrophin expression compared with control PMO treated cells (n=3).
Each bar represents rocan + SEM. Statistical analysis performed by Two-way ANOVA
Tukey’s multiple comparisons test. *p<Q.1, ¥*p<0.01, ¥**p<(.001, ****p<0.0001.

[0016] Figures 3A-3C show ligher expression of utrophin in mdx mice after five weeks of
treatmaent with 80 mg/kg/wk 556 PMO. Figure 3A is a diagram of the experimental pipeline
adopted for the study. Figure 3B arc western blots showing higher level ot utrophin expression
in gastrocnemius and soleus muscles of 556 PMO-treated midx mice. Samples from three
different mdx mice treated with control or 856 PMO were shown. Figure 3C shows
guantification of normalized utroplun level in gastrocnenius and soleus muscle in control and

856 PMO-treated mdx mice (n=6 mice for both groups). Data shown as percentage of
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normalized utrophin level compared to control PMO-treated mdy mice. Each bar represents
mean + SEM. Statistical analysis performed by Mann-Whitney nonparametric test, ¥¥p<.01.
[0017] Figures 4A~4B show immunohistochemistry of mdx TA muscles treated with 856
PMO have higher sarcolemmal expression of utrophin. Figure 4A: TA muscles were stained
with a-bungarotoxin {green), utrophin antibody (red) and wheat germ agglutinin {cyan). The
control PMO and S56 PMO-treated cryosections were also stained with utrophin pre-immune
sera as confrol. Scale bar = 100 um. The figures showed synaptic expression of utrophin in
control PMO, and both synaptic and extra-synaptic sarcolemma-associated expression of
utrophin in S56 PMO-treated mice. Figure 4B shows quantification of utrophin expression in
sarcolemma  normalized with WGA  expression. 856 PMO-treated muscles  showed
significantly higher expression of utrophin (¥*¥%¥p=0.0001, n=4 mice for both groups).
Statistical analysis performed by Mann-Whitney nonparametric test,

[0018] Figures SA-SF show H&E staining of cryosections from contral PMO or S56 PMO-
treated mdy mice. Figure 5A shows representative H&E staining image of whole EDL
cryosections (seale bar =100 pm). Figure 8B shows regions highlighted by the white boxes in
Figure 5A were magnified (3%} (scale bar =25 um). Figare 3C shows representative H&E
staining of diaphragm crvosections (scale bar = 200 um). Control PMO-treated EDL and
diaphragm muscle cryosections show regenerated myofibers {arrow) and tramune cell
imfiltration (arrowhead) and 856 PMO treatment appeared {o alleviate symptoms. Figures 5D-
SE show quantification of centrally nucleated EDL and diaphragm muuscle fibers of mdy mice
treated with control PMO or 856 PMQO. The graphs show significant deerease in the percentage
of CNFs of EDL and diaphragm muscles in 556 PMO-treated mdy mice (¥*p=0.002, n=10
mice for both groups of EDL muscles, *p=0.0140, n=6 mice for both groups of diaphragm
muscles). Figure 8F shows seram CK levels in 356 PMO-treated mice were significantly lower
than control PMO-treated mdy mice (*p=0.02, v=10 mice for both groups). Each bar represents
mean + SEM. Statistical analysis performed by Mann-Whitney nonparametric test.

[0019] Figures 6A-61 show utrophin protein and RNA expression in midy mice treated with 80
mg/kg/week control PMQO or $56 PMO for five weeks. Represeniative western blots show
higher utrophin protein expression m 856 PMO treated TA (Figure 6A), EDL (Figure 6B) and
diaphragm (Figure 6C) tissues. Quantification of the normalized utrophin protein expression
in control PMO and S56 PMO-treated TA (Figure 6B), EDL (Figure 6K} and diaphragm
{(Figure 6F) tissues. Data shown as percentage of normalized utrophin profein expression

compared with control PMO-treated mice. Each bar represents mean®tSEM (n=6). Statistical
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analysis performed by Mann-Whitney nonparametric test with statistical significance level set
at a=0.05. (Fp=0.04 for TA, *p=0.03 for EDL and **p=0.003 for diaphragm). Utrophin RNA
expression in the comresponding TA (Figure 6G), EDL (Figure 6H) and diaphragm (Figure
61) tissues. Pata shown as fold change in normalized utrophin RNA expression compared with
control PMO-treated mdx mice tissues. Each bar represents meantSEM {(n=4). Statistical
analysis performed by Mann-Whitney nonparametric test with statistical significance level set
at 0<0.05. (p=0.22 for TA, *p=0.02 for EDL and p=0.2 for diaphragm).

[0020] Figures 7A-7B show utrophin RNA expression in the gastrocnemius and soleus
muscles of mdy mice treated with 80 mg/kg/week control PMO or 856 PMO for five weeks.
Data shown as fold changes in normalized utrophin RNA expression in 856 PMO-treated madx
mice compared with control PMO-treated mdy mice. Each bar represents meandSEM (n=4).
Statistical analysis performed by Mann-Whitney nonparametric test with statistical
significance level set at a<0.05. {p=0.11 for gastrocnemius, *p=0.02 for soleus).

[0021] Figures 8A-8B show restoration of B-DG in S36 PMO-treated mdy muce.
Representative western blots show expression of B-DG in the wild type mice and absence in
mdx mice treated with control PMO. S56 PMO-treated mdx mice show partial restoration of -

DG expression compared with control PMO-treated mdy mice in TA and EDL fissues.

BETALLED DESCRIPTION OF THE INVENTION

[0022] Upregulation of utrophin, a dystrophin related protein, is considered a promising
therapeutic approach for Duchenne Muscular Dystrophy (DMD). Utrophin expression is
repressed at the post-transcriptional level by a set of miRNAs, among which Let-7¢ 1s
evolutionarily highly conserved. In this disciosure, PMO-based SBOs complementary to the
Let-7¢ binding site in UTRN 3"UTR were designed to inhibit Let-7¢ interaction with UTRN
mRNA and thus upregulating utrophin. The C2CIZUTRNS Tucd reporter cell line in which the
5°-and 3°-UTRs of human UTRN sequences flank hiciferase was used for reporter assays. The
C2ZC12 cell line was used for utrophin western blots to independently evaluate the site blocking
efficiency of the series of Let-7¢ PMOs in vifro. Treatment of one-month old mdx mice with
the most effective Let-Tc PMO (i.e. 556) resulted in ca. two-fold higher utrophin protein
expression in skeletal muscles and improvement in dystrophic pathophysiology in s mice in
vive. ln sumimary, results presented herein show that PMO-based Let-7¢ SBO has applicability
for upregulating utrophin expression as a therapeutic approach for DMD.

[0023] In one aspect, provided herein is a method of enhancing utrophin protein production in

a cell, comprising the step of inhibiting binding of utrophin microRNA to the utrophin mRNA
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3.UTR. In one embodiment, the cell is a muscle cell.

[0024] In another aspect, provided herein are methods of treating a muscle discase or muscular
dystrophy (e.g. Duchenne Muscular Dystrophy (DM03)) in a human subject by administering
to the subject an eftective amount of an antisense oligonucleotide that specifically hybridizes
to a Let-7¢ microRNA binding sequence in a utrophin mRNA 3 -uniranslated region (UTR)
and inhibits binding of Let-7¢ microRMNA o the utrophin mRNA 3-UTR. Tn some
embodiments, the oligonucleotide comprises a nucleic acid sequence set forth in SEQ 1D NOGs:
i-5. In one embodiment, the oligonucleotide comprises the nucleic acid sequence of SEQ 1D
NO: S,

[0025] In another aspect, provided herein are pharmaceutical compositions that include an
antisense oligonucleotide that specitically hybridizes to a Let-7¢ microRNA binding sequence
in the utrophin mRNA 3" -untranslated region (UTR), wherein the antisense sligomucleotide is
present in an amount effective 1o a human subject to inhibut the binding of Let-7 microRNA to
s utrophin mRNA 3’-UTR binding sequence. In some embodiments, the ohigomucleotide
comprises a nucleic acid sequence set forth in SEGQ i NOs: 1-5. In one embodiment, the
ohgonucleotide comprises the macleie acid sequence of SEQ 1D NO: S,

[0026] In one ermbodiment, provided herein 15 a method of enhancing utrophin protein
production in a cell, comprising contacting a microRNA molecule that binds 3 utrophin mRNA
with an inhibitor.

(00271 In one embodiment, provided herein 18 a method of enhancing utrophin protein
production in a ccll, comprising contacting a microRNA molecule that binds a utrophin mRNA
37-UTR with an antisense molecule which inhibits binding of the microRNA to a utrophin
mRNA 3’-UTR, thereby enhancing utrophin protein production in a cell, e.g., a muacle cell.
[0028] In one embodiment, provided herein 15 a method of enhancing utrophin protein
praduction in a cell, comprising contacting a muscle cell specific microRNA molecule that
binds a utrophin mRNA 3°-UTR with an inhibitor, thereby enhancing utrophin protein
production in a cell. In one ermnbodument, the cell 1s a muscle cell.

[0029] In one embodiment, provided herein 18 a method of enhancing utrophin protein
production in a coll, comprising the step of contacting a muscle cell specific microRNA
molecule that binds a utrophin mRNA 3'-UTR with an antisense molecule which mnhibits the
binding of the microRNA to a 3'-UTR utrophin mRNA, thereby enhancing utrophin protein
praduction in a cell, In one embodiment, the cell is a muscle cell.

(00307 The wild-type mouse (Mus muscufusy utrophin mRNA sequence can be found in

GenBank with GenBank Accession# AKO35043.1; its 3°-UTR has the following sequence:



(@2

.

}...l
[y

e
<

WA
q
-
g
e
40

WO 2022/109432 PCT/US2021/060411

N B

CCAATCCCARGACC

CCCGACCTTCA
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CTGGGETGITCTACT

CAAGCTGTIGAG GGAACCA
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GCCATAC
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GAATCAMAATA TATETGGAGTAGGCAGECAT

ARCTTTAG

CRGCGATGACTACACTAALA
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TTTATTCCTTITTTGTAAGTAGAT

CACGTCTTTATTTA
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CATC AATCTCT

CTARTACTOTCAAAAAATTATTT
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GAGTC

btk
gLl 5L

T R DR
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AGCAGATA

NN T
CTCATTTGAA

NP ADCCR 7 TR
TTCTGAAAGCAGGCAGATACTTAGTTGE

CACTTGGCCAGCAGCACATCCGAGAAGGATGTCACTC

AC ~ ~ P
ACGGCTTCTCTAGAATC

AAATCAGTACTCGSE

TACTTCTGAGTGTGTT

alele T

CCGATTTTAGAG

-3

TGTTTTGATTCAAACATATATGCT

ACATCAGACATGCTAACTTTIGGTTCTICT

TGGCCCA

IPTTAG [TCCAG

GAAGAABATTGT

ATATAAG CTCAGAACT

CCATTGTGITGGACATACGCTTTATATGCCGCA

GCAAAACCTAGGGCTGTAGTCAGGCCTTIC

N atalarel Tt

GAACCCCAAGTIG

GCTAAAGAAGATCAACACAAACT GATT

COTTETTCTTGRO

SPOOTT PTTATTTCCT

T
AL T

L

ACCTTCTGAGTAATAAATAAGA

N
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TAACACAARA]

T T T

\ T
1 e L NTENEN L

ACATACCGTATY

GACTTTGATGLTTGGECTE

[CAGT

TGATGAR

AT TN TP ONR R T T
VLU LT GAATGL

TAMATCTALRL

GCATATAA

VLCTGAAACTCTC CACTCAT

ATATGATTATATATT

TCAATTTCCTGTACAAATCAGAGTCTTATTACTAGGGAAAATGGATGETT
TPOCTARAGCCCATTORGOCTTCA

SN

[0031] The wild-type human (Homo sapiens) utrophin aRNA sequence can be found in

GenBank with GenBank Accession# NM._007124.2; its 3’-UTR has the following sequence:

CCTGA TGCCCTTTTCAGCA CCAATTCCAAG
CCATTAAATCAGAAGCTCCATGGCTICCTTGGCCCACGATGTIGAGTGCTGACTGTGTGITCTACTGAARAGAGTAA

ATCOARACE

N SCATATATTAT TTCTTOTTCCCTTT

&

CTATGCA

AMATTAATGARC

CATTTGGA

\VTACATTTGTCACGGATTTGTATAATG

- N
ACAGCATTGGGAAAG

GGTGEEEECTTTCTAATATGATACCGTCTT

AATAACTATGACRAAGCTTACATA
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CAATTA
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AR {SEQ 1D NO: 8).
(00321 In one embodiment, the utrophin mRNA
8.

AACACT
TGTAT

AT

ACATT

a variant or a functional fragment of SEQ ID NO: 7

UTR nucleic acid sequence is a homolog
7. Tu one embodiment, the utrophin mRNA
3°-UTR nucleic acid sequence is a homolog, a variant or a functional fragment of SEQ ID NO
[0033] Without wishing to be bound by theory, a microRNA of the tnvention inhibits utrophin
protein production by binding to a utrophin 3°-UTR binding sequence

30 [0034] In mouse mRNA ct-7

AGCCATGATCACCTTTCTACCTCA-Y (SEQIDNG: &)
[0035] In huoman mRNA

AGCCATGAL

¥

(@3

04

the Let-7

¢

ACCTTTCTACCTC

the Let-7¢ binding sequence in ufrophin 3-UTR is
A-3(SEQ

5.

the cell 1s a cardiac muscle cell
377
7

binding sequence in utrophin 3°-UTR 1s
31D NO: 10).
[0036} In one embodiment, the cell is a skeletal muscle cell. In one embodiment, the cellis a

5 T 53__
smooth muscle cell. In one embodiment, the cell is a satellite muscle cell. In one embodiment

[0037] In one embodiment, the microRNA molecule is a muscle cell specific microRNA

molecule. In one embodiment, the microRNA molecule binds to utrophin. In one embodiment



WO 2022/109432 PCT/US2021/060411

the microRNA molecule is complementary to a utrophin RNA sequence. In one embodiment,
the microRNA molecule is complementary to a 3°-UTR of a wirophin RNA sequence. In ong
embodiment, the microRNA molecule decreases the levels of uirophin protein. In one
embodiment, the microRNA molecule decreases utrophin protein levels without decreasing
5  utrophin mRNA levels. In one embodiment, the microRNA molecule targets utrophin-A IRES.
In one embodiment, the microRNA molecule targets utrophin-A IRES in a muscle cell. In one
embodiment, the microRNA molecule represses utrophin-A IRES activity.
[0038} In one embodiment, the microRNA molecule is miR-206. In one embodiment, the

microRNA molecule is Let-7¢. In one embodiment, the microRNA molecule is miR-196b. In

fan)
-

one embodiment, the microRNA molecule 8 nuR-133b. In one embodiment, the microRNA

)

molecule is miR-150, In one embodiment, the microRNA molecule is miR-296-5p.
[0039] The sequence of Let-7c  microRNA  {mouse and human) is:  S§-
UGAGGUAGUAGGUUGUAUGGUU-3 (SEQ D NG: 11,

[0040] In one embodiment, the microRNA molecule Let-7¢ comprises the sequence of

(@3

miRBase accession number MIGOO64. In one embodiment, the microRNA molecule Let-Te

bt

comprises the sequence of miRBase accession mumber MIOO00559. In one embodiment, the
microRNA moelecule Let-7¢ comprises the sequence of miRBase accession numbe
MIOOOOS60. In one embodiment, the microRMNA molecule Let-7¢ comprises the sequence of
miRBase accession number MIG000830. In one embodiment, the microRNA molecule Let-7¢
20 comprises the sequence of miRBase accession number MIG000R31. In one embodiment, the
microRNA molecule Let-7¢ comprises the sequence of miRBase accession number
MIG001174. In one embodiment, the microRNA molecule Let-7¢ comprises the sequence of
miRBase accession number MIGO01866. In one embodiment, the microRNA molecule Let-Te
comprises the sequence of miRBase accession numnber MIOOG1867. In one embodiment, the
25  microRNA molecule Let-7¢c comprises the sequence of miRBase accession mumber
MIOG02445. In one embodiment, the microRNA molecule Let-7¢ comprises the sequence of
miRBase accession number MIG004RRE, [n one embodiment, the microRNA molecule Let-T¢
comprises the sequence of miRBase accession number MI0005124. Tn one embodiment, the
microRNA molecule Let-7¢ comprises the sequence of miRBase accession number
30 MIOG0S454. In one embodiment, the microRNA molecule Let-Te comprises the sequence of
miRBase accession number MISO0O7138. In one embodiment, the microBNA molecule Let-7T¢
comprises the sequence of miRBase accession number MIOO07152. In one embodiment, the
microRNA molecule Let-7¢ comprises the sequence of miRBase accession number

MIGOO7 183, Tn one embodiment, the microRNA molecule Let-7¢ comprises the sequence of

10
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miRBase accession number MIOO07184. In one embodiment, the microRNA molecule Let-Te
comprises the sequence of miRBase accession mumber MIO007574. In one embodiment, the
microRNA melecule Let-7¢ comprises the sequence of muRBase accession number
MIGHORG76.

[0041] Utrophin upregulation is a therapeutic strategy for DMD. Normally, Utrophin-A
expression is repressed through the 5°- and 3°-UTRs by »988% at the translational level. The
Utrophin 5"~ and 3"-UTR contains microRNA target sites. In one embodiment, the Utrophin
37-UTR exhibits its inhibitory effect both on IRES and on cap-dependent translation. Inhibition
of microRNAs that target Utrophin UTRs by blocking the microRNA binding site in the mRNA
or by binding to the moicroRNA uiself are therapeutic strategies for DMD,

[0042] In one embodiment, inhibiting a microRNA molecule comprises contacting a
microRNA with a complementary antisense oligonucleotide sequence. In one embodiment,
mhibiting a utrophin moicroRNA comprises contacting a utrophin microRNA molecule with a
utrophin microRNA antisense molecule. In one embodiment, inhibiting a utrophin microRNA
molecule comprises contacting a utrophin microRNA molecule with an antisense molecule that
specifically binds to or hybridizes with the utrophin microRNA. An oligonucleotide
“specifically hybridizes” to a target polymucleotide it 1 hybridizes to the target under
physiological conditions, with a T, substantially greater than 45° C, preferably at least 50° C,
and typically 60° C - 83° C or higher. Such hybridization preferably corresponds to stringent
hybridization conditions. At a given ionic strength and pH, the T is the temperature at which
50% of a target sequence hybridizes to a complementary polynucieotide. Again, such
hybridization may occur with “near” or “substantial” complementary of the antisense oligomer
to the target sequence, as well as with exact complementarity.

[0043] In one embodiment, inhibiting Let-T¢, miR-196b, nuR-133h, miR-150, miR-296-Sp,
miRk-206 or any combination thereof leads to utrophin upregulation. In one embodiment, an
inhibitor of Let-7¢, miR-196b, miR-133b, miR-150, miR-296-5p, miR-296 or any combination
thereot 1s used as a Duchenne muscular dystrophy therapeutic agent.

[0044] In one embodiment, an antisense specific molecule comprises at least 3 consecutive
nuclestides which are complementary to a utrophin microRNA molecule or a fragment thereofl
In one embodiment, an antisense specific molecule comprises at feast 3 consecutive nucleotides
which are complementary fo a muscle celi utrophin microRNA molecule or a fragment thereof,
In one embodiment, an antisense specitic molecule comprises at least 3 consecutive nucleotides
which are complementary to a utrophin microRNA molecule or a fragment thereot as described

herein. Tn oue embodiment, an antisense specific molecule comprises at least 3 consecutive

11
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nuclestides which are complementary to any microRNA molecule represented by a miRBase
accession number as described hereinabove or a fragment thereot. In one embodiment, an
antisense specific molecule comprises at least 4 consecutive nucleotides which are
complementary to any microRNA molecule represented by a miRBase accession number as
5  described hereinabove or a fragment thereof. In one embodiment, an antisense specific
molecule comprises at least 5 consecutive nucleotides which are complementary to any
microRNA molecule represented by a miRRBase accession number as described hereinabove or
a fragment thereot. In one embodiment, an antisense specific molecule comprises at least 7

consecutive nucleotides which are complementary to any microRNA molecule represented by

fan)
-

a miRBase accession pumber as described hereinabove or a fragment thercof In one

)

embodiment, an antisense specific molecule comprises at least 9 consecutive nucleotides which
are complementary to any microRNA molecule represented by a miRBase accession mumber
as described hereinabove or a fragment thercof. In one erobodiment, an antisense specitic

molecule comprises at least 11 consecufive nucleotides which are complementary to any

(@3

microRNA molecule represented by a miRBase accession number as described hereinabove or

bt

a fragment thercot.
[0045] In one embodiment, an antisense specific molecule comprises at least 3 consecutive
nucleotides derived from the 5°-UTR or the 3’-UTR of 3 wirophin RNA molecule. In one
embodiment, an antisense specific molecule comprises at least 4 consecutive nucleotides
20 derived from the 5°-UTR or the 3’-UTR of a utrophin RNA molecule. In one embodiment, an
antisense specific molecule comprises at least 5 consecutive nucleotides derived from the 57-
UTR or the 3’-UTR of a utrophin RNA molecule. In one embodiment, an antisense specific
molecule comprises at feast 6 consecutive nucleotides derived from the §°-UTR or the 37-UTR
of a utrophin RNA molecule. In one embodiment, an antisense specific molecule comprises at
25  least & consecutive nucleotides derived from the 5°-UTR or the 37-UTR of a utrophin RNA
molecule. In one embodiment, an antisense specific molecule comprises at least 10 consecutive
nucleotides derived from the S™-UTR or the 3’-UTR of a utrophin RNA molecule. In one
embodiment, an antisense specific molecule comprises at least 12 consecutive nucleotides
derived from the 5°-UTR or the 3"-UTR of a utrophin RNA molecule. In one embodiment, an
30 antisense specific molecule comprises at least 14 consecutive nucleotides derived from the 5°-
UTR or the 3°-UTR of a utrophin RNA molecule. For exarple, an anfisense oligonucleotide
derived from the 5"-UTR or the 3"-UTR of 3 utrophin mRNA encompasses sequences that are
complementary to sequences in the 5°-UTR or 3°-UTR. In one embodiment, an antisense

specific molecule comprises a complementary sequence o any microRNA molecule

12
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represented by a miRBase accession number as described hereinabove or a fragment thereof
In one embodiment, an antisense specitic molecule comprises a homologous complernentary
sequence to any microRNA molecule represented by a miRBase accession number as described
hereinabove or a fragment thercof.

5  [0046] A homologous complementary sequence is at least 60% homologous, at least 70%
homologous, at least 0% homologous, at feast 90% homologous, at feast 95% homologous, at
least 98% homologous, at least 99% homologous, or even 1% homologous.

[00471 In one embodiment, an antisense specific molecule comprises at least 3, at least 5, at

least 7, at least 9, at least T, or at least 13 consecutive nucleotides complementary to Let-Tc.

]

fan)
-

[0048] In one embodiment, an antisense specific molecule comprises at least 3, at least 3, at

)

least 7, at least 9, at least 11, or at least 13 consecutive nucleotides complementary to miR-
196b. In one embediment, an antisense specific molecule comprises at least 3, af least S, at
least 7, at least 9, at least 11, or at least 13 consecutive mucleotides complementary to nmiR-

133b. In one embodiment, an antisense spectfic molecule comprises at least 3, at least 5, at

(@3

least 7, at least 9, at feast 11, or at least 13 consecutive nucleotides complementary to miR-150.

bt

In one embodiment, an antisense specific molecule comprises at least 3, at least 5, at least 7, at
least 9, at least 11, or at least 13 consecutive nucleotides complementary to miR-296-5p. In
one embodiment, an antisense specific molecule comprises at least 3, at least 5, at least 7, at
fcast 9, at least 11, or at feast 13 consecutive nucleotides complementary to miR-206.

20 [00491 In one embodiment, an antisense molecule is a synthetic peptide nucleic acid (PNA).
In one embodiment, an antisense molecule 15 a LNA.
[0050] In another aspect, provided herein are antisense oligomucleotides effective to inhibit
binding of Let-7 microRNA to its corresponding 3 -untranslated region (UTR) in utrophin
mRNA. In one embodiment, the antisense oligonucleotide includes a nucleic acid sequence set

25 forth in SHQ 1D NO: 1, a fragment thereot, or a variant thereof. In one embodiment, the
antisense oligonucleotide includes a nucleic acid sequence set forth in SEQ ID NO: 2, a
fragment thereof, or a variant thereof In one embodiment, the antisense oligonucleotide
melades a nucleic acid sequence set forth in SEQ 1D NO: 3, a fragroent thereof, or a variant
thereof. In one embodiment, the antisense oligonucleotide includes a nucleic acid sequence set

20 forth in SEQ ID NO: 4, a fragment thereof, or 8 vanant thereof. Tn one embodiment, the
antisense oligonucleotide includes a nucleic acid sequence set forth in SEQ ID NO: 5, a
fragment thereof, or a variant thereof. In some embodiments, a variant antisense
oligonucieotide includes oligonucleotides where one or more additional bases have been added

to and/or deleted from the 37 and/or §7 end.

13
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[0051] In another aspect, provided herein are compositions that comprise an antisense
ohigonucieotide described herein, wherein the oligonucleotide molecule 1s present in an amount
effective to mhibit binding of Let-7 microRNA o its corresponding 3 -untranslated region
(UTR) in utrophin. In another aspect, provided hercin are composifions that comprise an
5  antisense oligonucleotide described herein with at least one suitable excipient, for example, a
pharmaceutically acceptable excipient, or an additive, known 1u the art.
[0052} In some embodiments, the antisense oligonucieotide is a synthetic oligomucleotide,
[0053] The antisense oligonucleotide can be synthesized by any suitable method known in the

art. In some embodiments, the antisense oligonucleotide i1s a morpholine or

fan)
-

phosphorodiamidate morpholino oligonucleotide (PMO) or Vivo-morpholino molecule.

)

[0054] Morpholinos and PMOs are known in the art and are synthetic molecules that are the
product of a redesign of natural nucleic acid structure. See, e.g., Summerton ef of., “Morpholino
Antisense Ohigomers: Design, Preparation and Properties”. dnfisense & Nucleic Acid Drug

Development 7 (3): 187-95. PMOs bind to complementary sequences by standard nucleic acid

(@3

base-pairing. The structural difference between morpholinos and DNA is that, while

bt

morpholinos have standard nucleic acid bases, those bases are bound to morpholine rings
instead of deoxyribose rings. In addition, PMOs are linked through phosphorodiamidate groups
instead of phosphates. Replacement of anionic phosphates with uncharged phosphorodiamidate
groups eliminates ionization in the physiological pH range, and thus morpholinos in organisms

20 orcells are uncharged molecules. Vivo-Morpholinos are comprised of a Morpholino oligo with
a unique covalently linked delivery moiety that is comprised of an octa-guanidine dendrimer.
[0055] Without wishing to be bound by theory, when an antisense oligonuciectide blocks
binding of Let-7 microRNA to its corresponding binding sequence in the 3°-UTR of a utrophin
mRNA, it is capable of enhancing utrophin production, and thereby treating Duchenne

25 Muscular Dystrophy (DMD),

[0036] Antisense oligomucleotides may be made by any suitable method known in the art. For
example, an antisense oligonucleotide is produced by a chemical process, for example by the
chemical phosphoamidite method comprising sulfuration with fetraethylthivram disulfide
acetonitrile (Tetrahedron Lett,, 1991, 32, 3005-3008).

30 0057} In one embodiment, provided herein is a method for treating or reducing the signs and
sympioms associated with muscular dystrophy in a subject, the method comprising
administering to the subject a composition that inhibits binding of a utrophin microRNA 1o the
uwirophin mRNA 37-UTR.

[0038] Muscular dystrophy may refer to any tvpe of muscular dystrophy. In one embodiment,

14
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the muscular dystrophy is Duchenne Muscular Dystrophy (DMD3). In one embodiment, the
muscular dystrophy is Becker Muscular Dystrophy (BMD).

[0059] In one embodiment, provided herein 15 a method for treating a muscle disease m a

ubiect, comprising administering to the subject a composition that inhibits binding of a

5  utrophin microRNA to the uirophin mRNA 3'-UTR, thereby treating the discase in the subject.

[0060] The term “treatment” or “ireating,” as used heremn, refers to any treatment of a disease

in a mammal and ncludes: (1) preventing the discase from occurring in a subject which may

be predisposed to the disease but does not yet experience or display symptoms of the disease;

2.g., preventing the outbreak of clinical symptoms; (2) inhibiting the disease, e.g., arresting is

fan)
-

development; or (3) relieving the disease, e.g., causing regression of symptoms of the discase.

)

[0061} An effective dosage to treat a discase means an amount which, when administered to a
subject in need thereof, is sufficient to effect treatment, as defined above, of the discase.
Treatraent mucthods described herein can be used to treat a suitable mamunal, preferably a

human.

(@3

[0062] The term “subiject,” as used herein, includes any human or non-human animal. The torm

bt

“non-human animal” includes all vertebrates, e.g., mammals and non-mammals, such as non-
human primates, sheep, dog, cow, chickens, amphibians, reptiles, etc.
[0063] In one embodiment, provided herein are methods of treating Duchene nmscular
dystrophy (BMD} in a subject, comprising: administering to the subject a composition that
20 mhibits binding of a utrophin microRNA to the utrophin mRNA 37-UTR, thercby treating
DM in the subject. In one embodiment, provided herein are methods of reducing signs and
symptoms associated with Duchenne muscular dystrophy (DMD) in a subject, comprising:
administering to the subject a composition that inhibits binding of a utrophin microRNA to the
uirophin mRNA 3°-UTR, thereby reducing the symptoms assoctated with DMD n a subject.
25 [0064} In one embodiment, provided herein are methods of freating Becker muscular
dystrophy (BMD) in a subject, comprising: administering to the subject a composition that
inhibits binding of a utrophin microRNA to the utrophin mRNA 3°-UTR, thercby treating
BMID i the subject. In one embodiment, provided hercin are methods of reducing signs and
symptoms associated with Becker muscular dystrophy (BMD) in a subject, comprising:
20 administering to the subject a composition that inhibits binding of a utrophin microRNA to the
uirophin mRNA 3°-UTR, thereby reducing symptoras associated with BMD n the subject.
[0065] In one cmbodiment, provided herein are composition comprising an effective amount
of an agent that inhibits binding of a utrophin microRNA to the utrophin mRNA 3°-UTR. In

one embodiment, the agent comprises a Let-7¢ antisense molecule (e.g., a sequence set forth
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in SEQ I NOs: 1-5),

[0066] In one embodiment, a composition that inhibits utrophin microRNA binding induces
uirophin protein production. In one embodiment, a utrophin microRNA molecule is a
microRNA molecule that binds the 5°- or 3"-UTR of utrophin mRNA and inhibits utrophin

5  protein production.

[0067] In one embodiment, administering a composition that inhibits utrophin microRNA
binding comprises contacting a utrophin microBRNA molecule with a utrophin microRNA
antisense specific molecule. In one embodiment, a composition that inhibits utrophin

microRNA binding comprises a utrophin microRMNA antisense molecule. In one embodiment,

fan)
-

a coraposition that inhibits utrophin microRNA binding comprises a utrophin microRNA

)

antisense specific molecule. In one embodiment, a composition that inhibits a muscle cell
specific microRNA molecule comprises a utrophin microRNA antisense specific molecule.
[0068] In one embodiment, a composition that inhibits utrophin microRNA binding is

administered to a muscle cell in a subject. In one embodiment, a composition that inhibits

(@3

utrophin microRNA binding is administered to a subject and is targeted to a muscle cell.

bt

[0069] In one embodiment, methods described herein reduce signs and symptoms associated
with Duchenne rauscular dystrophy (DMD) or Becker muscular dystrophy (BMD). In one
embodiment, methods described herein improve walking of a DMD or BMD patient. In one
embodiment, methods described herein reduce or inhibit calves swelling with fibrous tissue. In
20 one embodiment, methods described herein induce muscle growth. In one embodiment,
methods described herein induce muscle regeneration. In one embodiment, methods described
herein reduce or inhibit contractures. In one embodiment, methods deseribed herein reduce or
inhibit scoliosis. In one embodiment, methods described herein reduce or inhibit diaphragm
weakening. In one embodiment, methods described herein reduce or inhibit a cardiac disease
25 caused by or associated with lack of dystrophin,
[0G70] The inhibitors and pharmaceutical compositions described herein can be administered
to a subject by any suitable method known in the art, such as parenterally, paracancerally,
transrucosally, transdermally, intranwuscularly, intravenously, intra-dermally, subcutancously,
intra-peritonealy, intra-ventricularly, intra-cranially, intra-vaginally or intra-tumorally. In one
20 embodiment, administration is systemic. In one embodiment, adninistration is inframuscular.
[0071] In one embodiment of methods and corapositions described herein, the pharmaceutical
compositions are administered orally, and arc thus formulated in a form suitable for oral
administration, t.e. as a solid or liquid preparation. Suitable solid oral formulations include

tablets, capsules, pills, granules, pellets and the hike. Suitable liquid oral formulations inchade
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solutions, suspensions, dispersions, emulsions, oils and the like. In one embodiment, the active
imgredient is formulated in a capsule.
[0072] In one embodiment, the pharmaceutical compositions are administered by intravenous,
mntrg-arterial, or intra-muscular injection of a liquid preparation. Suitable Hquid formulations
5  include solutions, suspensions, dispersions, emulsions, oiis and the like. In one embodiment,
pharmaceutical compositions are administered intravenously and are thus formulated in a form
suitable for intravenous administration. In one embodiment, pharmaceutical compositions are
administered intra-arterially and are thus formulated in a form suitable for intra-arterial

administration. In one embodiment, pharmaceutical compositions are administered intra-

fan)
-

muscularly and are thus formulated in a form suitable for intra-muscular adnunistration.

)

[0073} In one embodiment, pharmaceutical compositions are administered topically o body
surfaces and are thus formulated in a form suitable for topical administration. Topical
formulations include, in one embodiment, gels, ointments, creams, lotions, drops and the like,

[0074] In one embodiment, the pharmaceutical composition is administered as a suppository,

(@3

for example a rectal suppository or a urethral suppository. In one embodiment, the

bt

pharmaceutical composition s administered by subcutaneous implauntation of a pellet. In one
embodiment, the pellet provides for controlled release of active agent over a period of time.
[0075} In one embodiment, the active compound is delivered in a vesicle, ¢.g. a liposome,
(00761 In some embodiments, carriers or diluents used in the compositions described herein
20 clude, but are not imited to, a gum, a starch {e.g. corn starch, pregeletanized starch), a sugar
{e.g. lactose, mannitol, sucrose, dextrose), a cellulosic material (e.g. microcrystalline
cellulose}, an acrylate {(e.g. polymethylacryvlate}, calcium carbonate, magnesiuom oxide, tale, or
mixtures thereof.
[0077] In other embodiments, pharmaceutically acceptable carriers for hquid formuulations are
25 aqueous or non-agquecus solutions, suspensions, emulsions or oils. Examples of non-aqueous
solvents are propylene glycol, polyethylene glycol, and injectable organic esters such as ethyl
olcate, Agqueous carriers include water, alcobolic/agueous solutions, emulsions or suspensions,
mcluding saline and buffered media. Examples of oils are those of animal, vegetable, or
synthetic origin, for example, peanut oil, sovbean otl, olive oil, suntlower odl, fish-liver oil,
30 another marine oil, or a lipid from milk or eggs.
[0078] In one embodiment, parenteral vehicles (for subcutancous, intravenous, intra-arterial,
or intramuscular injection} include sodium chloride solution, Ringer’s dextrose, dextrose and
sodium chioride, lactated Ringer’s and fixed oils. Intravenous vehicles include fluid and

nutrient replenishers, electrolyte replenishers such as those based on Ringer’s dextrose, and the
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like. Examples are sterile hiquids such as water and oils, with or withowt the addition of a
surfactant and other pharmaceutically acceptable adjuvants. In general, water, saline, aqueous
dextrose and related sugar solutions, and glycols such as propylene glycols or polyethylene
glyveol are preferred liquid carriers, particularly for injectable solutions. Examples of oils are
5  these of animal, vegetable, or synthetic origin, for example, peanut oil, saybean otl, olive oil,
sunflower oil, fish-liver o1l, another marine otl, or a lipid from milk or eggs.
[0079] In other ombodiments, the compositions further comprise binders (e.g. acacia,
cornstarch, gelatin, carbomer, ethyl cellulose, guar gum, hydroxypropyl cellulose,

hydroxypropyl methyl cellulose, povidone), disinlegrating agenis {e.g. comsiarch, potato
Y Y b Y } £ g 4 g

fan)
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starch, alginic acid, stlicon dioxide, croscarmelose sodium, crospovidone, guar gum, sodium

)

starch glycolate), buffers {e.g., Tris-HCL, acetate, phosphate} of various pH and ionic strength,
additives such as albumin or gelatin to prevent absorption to surfaces, detergents {e.g., Tween
20, Tween 80, Pluromice F6§, bile acid salts), protease mhibitors, surfactants {¢.g. sodwm lauryl

sulfafe), permeation enhancers, solubilizing agents (e.g., glycerol, polyethylene glycerol}, anti-

(@3

oxidants {e.g., ascorbic acid, sodium metabisulfite, butylated hydroxyanisole}, stabilizers (e.g.

bt

hydroxypropyl celhilose, hyroxypropvimethy] cellulose), viscosity inereasing agents{e.g.
carbomer, colloidal siticon dioxide, ethyl cellulose, guar gum), sweeteners {¢.g. aspariame,
citric acid), preservatives (e.g., Thimerosal, benzy! alcohol, parabens), lubricants (e.g. stearic

acid, magnesium stearate, polyethylene glveol, sodium lauryl sulfate}, flow-aids (e.g. colloidal

N

20 silicon dioxide), plasticizers {e.g. diethyl phthalate, triethyl citrate), emulsitiers {e.g. carbomer,
hydroxypropyl cellulose, sodivm lauryl sulfate}, polymer coatings {e.g., poloxamers or
poloxamines), coating and film forming agenis {(e.g. ethyl cellulose, acrylates,
polymethacrylates) and/or adjuvants.

[0080] In one embodiment, pharmaccutical compositions provided herein are controlled-

25  release compositions, 1.¢. compositions in which the active compound is released over a period
of time after administration. Controlled- or sustained-release compositions include formulation
mn hipophilic depots {e.g. fatty acids, waxes, oils). Tn one embodiment, the coraposition is an
mrnediate-release composition, 1.¢. a composition in which of the active compound is released
immediately after administration.

30 [0081] In one embodiment, the pharmaceutical composition is delivered in a controlled release
systern., For example, the agent may be administered using infravenous infusion, an implantable
osmotic punp, a transdermal patch, liposomes, or other modes of administration. In one
embodiment, a pump may be used {see Langer, infiw; Sefton, CRC Crii. Ref. Biomed. Fng.

14:201 (1987y; Buchwald et al., Surgery 8R:507 (1980); Sauvdek et al, V. Engl J Med 321:57
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{1989}, In one embodiment, polymeric materials are used; e.g. in microspheres in or an implant.
In yet one embodiment, a controlled release system is placed in proximity o the target cell,
thus requiring only a fraction of the systemic dose (see, e.g., Goodson, i1 Medical Applications
of Controlled Release, vol. 2, pp. 115-138 (1984); and Langer, Science 249:1527-33 {(1990}).
5  [(082] The compositions also include incorporation of the active material inio or onto
particulate preparations of polymeric compounds such as polylactic acid, polglveolic acid,
hydrogels, ete, or onio liposomes, microemulsions, micelies, unilamellar or mulitlamellar
vesicles, eryvthrocyvte ghosts, or spheroplasts.} Such compositions will influence the physical

state, solubility, stability, rate of in vivo release, and rate of in vive clearance.

fan)
-

[0083] Also included herein are particulate compositions coated with polymers (e.g

)

poloxamers or poloxamines) and the compound coupled to antibodies directed against tissue-
specific receptors, ligands or antigens or coupled to ligands of tissue-specific receptors.
[0084] Also comprehended herein are compounds modified by covalent attachment of water-

soluble polymers such as polyethylene glycol, copolymers of polyethylene glycol and

(@3

polvpropyiene  glycol,  carboxymethyl cellulose, dextran, polyvinyl  aleohol,

bt

polyvinylpyrrolidone or polyproline. The modified compounds are known (o exhibit
substantially longer halt-lives m blood following intravenous injection than do the
corresponding unmodified compounds (Abuchowski et al,, 1981; Newmark et al., 1982; and
Katre et al., 1987). Such modifications may also increase the compound’s solubility in aqueous
20 solution, ehiminate aggregation, enhance the physical and chemical stability of the compound,
and greatly reduce the immmnogenicity and reactivity of the compound. As a result, the desired
in vivo biological activity may be achieved by the administration of such polymer-compound
abduets less frequently or in lower doses than with the unmodified compound.
[008S] In one embodiment, the methods described herein coraprise administering an active
25  compound as the sole active ingredient. However, also encompassed within the scope of the
methods of treating diseases and disorders described herein comprise administering the active
compound in corabination with one or more other therapeutic agents. In one embodiment, these
agents are appropriate for the disease or disorder that 1s being treated, as is known i the art.
[0086] In one embodiment, provided herein are methods of treating Duchenne Muscular
20 Dystrophy (BMD) in 2 haman subject, comprising: administering {0 the subject an effective
amount of an ohigonucleotide that (1) specifically hybridizes to a Let-7¢ microRNA binding
sequence in a ufrophin mRNA 3" -untransiated region (UTR) and (i1} inhibits binding of a Let-
7¢ microRNA to the utrophin mRNA 3-UTR. In one embodiment, the oligonucleotide

comprises a nucleic acid sequence of one of SEQ ID NOs: 1-5. In one embodiment, the
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oligonucieotide has a scquence comprising SEQ 1B NO: 5. In one embodiment, the
ohigonucieotide is a morpholine or phosphorodianmidate morpholine (PMO) ohigonucieotide.
In one embodiment, the oligonucleotide is between 24 and 29 nucleotides long. In one
embodiment, the oligonucleotide is administered systemically. In one embodiment, the
oligonucieotide ts adminmistered intramuscularly.

[OO87T In one embodiment, the above method further comprises administering to the subject
an effective amount of a second oligonucleotide that (i) specifically hybridizes to a second
microRNA binding sequence in the utrophin mRNA 3°-UTR and (i1} inhibits binding of the
second mictoRNA to the utrophin mRNA 3°-UTR. In one embodiment, the second microRNA
can be miR-133b, muR-150, miR-196b, miR-206, or nuR-296-5p,

[008E] In one embodiment, provided hercin are pharmaceutical compositions comprising at
feast onme pharmaceutically acceptable excipient and an oligonucieotide that specifically
hybridizes to a Let-7¢ microRNA binding sequence in a utrophin raRNA 3 -untranslated rogion
(UTR), wherein the oligonucleotide s present in an amount etfective in a human subject to
inhibit Let-7 microRNA binding to its utrophin mRNA 3°-UTR. In one embodiment, the
ohigonucieotide comprises a nucleic acid sequence of one of SEQ 1Dy NOs: 1-5. In one
embodiment, the ohigonucleotide sequence comprises SEQ 1D NO: 3. In one embodiment, the
oligonucieotide is a morpholino or phosphoradiamidate morpholine (PMO) oligonucleotide.
In one embodiment, the oligonucleotide is between 24 and 29 nucleotides fong. In one
embodiment, the composition s formulated for systemic admimstration to a subject. In one
embodiment, the composition s formulated for intramuscular administration to a subject.
[0089} In one embodiment, the above composition further comprises at least one additional
ohgonucleotide that specifically hybridizes to at least one additional microRNA biuding
sequence in the utrophin mRNA 3°-UTR, wherein the additional microRNA can be miR-133b,
miR-150, miR-196b, miR-206, or miR-296-5p, and wherein the additional oligomacleotide is
present it an amount effective in a human subject to inhibit binding of the additional
microRNA to its corresponding utrophin mRNA 3’-UTR binding sequence.

[0090] In one embodiment, provided herein are methods to enhance utrophin production in a
subject, comprising: administering to the subject an oligonucleotide that (i) specifically
hybridizes to a Let-7¢ microRNA binding sequence in a airophin mRNA 3 -untranslated region
(UTR) and (11} inhibits binding of a Let-7¢ microRNA fo the utrophin mRNA 3-UTR. In one
embodiment, the oligonucleotide comprises a mucleic acid sequence of one ot SEQ D NOs: -
5. In one embodiment, the oligonucleotide is a morpholino or phosphorodiamidate morpholing

{(PMO) oligonucieotide.
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[0091] Other features and advantages of this invention will become apparent from the detailed
description, examples, and figures. It should be undersiood, however, thai the detailed
description and specific exaroples while indicating preferred embodiments are given by way of
tilustration only, since various changes and modifications within the spirit and scope of the

mvention will become apparent to those skilled in the art from this detailed description.

EXAMPLE1
RESULTS
Les-Tc PMO 8BO Treaiment Showed Increased Utrophin Expression in C2CI2 Cells
[0092] To determine the most cfficient SBOs for achieving utrophin upregulation, five
different Let-7c PMO SBOs (S24, 828, S31, 532 and 536) spauning ditterent regions of the
Let-T¢ target site in the UTRN 3'UTR were designed (Fig. 24, Table 1), To evaluate the
efficacy of these PMOs, the C2CI2U7RNS fuc3” reporter cell line containing the luciferase
gene flanked by UTRN 5°- and 3°-UTRs was used for reporter assays. Four different
concentrations for cach PMQO were tested 1n the reporter cell line, 824 and S31 PMO-treated
cells showed ~1.5-fold higher uciferase activity compared to control PMO-treated cells at 0.5
pM and I pM concentrations, respectively (Fig. 2B). The higher activity of 824 and S31 PMO
was nofed in a narrow range of concentrations. However, 856 PMQ, which was designed based
on the human UTRN Let-7¢ sequence, showed ~1.3-fold increase in luciferase activity from
0.5 uM to 3 uM conceniration, implying effectivencss over a wider range of active
concentrations. The S32 PMQO also showed ~1.4-fold increase in luciferase activity from 0.5
pM o 3 pM concentration (Fig. 2B, Table 3).
[0093] Whether the five PMOs could upregulate endogenous utrophin protein levels in C2C12
cells was further tested using western blotting as an independent, orthogonal assay. Consistent
with the results obtained with the reporter cell ine, 856 PMO had the highest level of utrophin
expression (~2-fold upregulation) compared to cells treated with control PMOs. Whereas the
832 PMO showed ~1.9-fold higher uirophin expression at 3 gM but not at other concentrations
{Figs. 2C-2D, Table 4). Based on these findings, 856 PMO was chosen for an in vive prechnical
study mn the mdy mouse DMD model. Mdy mice have a premature stop codon mutation in exon
23 of the DAMD gene, and are widely used for preclinical animal studies for DMD.
Systemic Administration of §56 PMO Upregulates Utrophin in Mdx Mice
[0094] PK/pharmacodynamic (PD) studies of PMOs have shown highest bioavailability upon
mtravenous {iv) administration. Therefore, five weeks old midy mice were treated with five

weekly retro-orbital injections of S56 PMO or control PMO at a dosage of 80 mg/'ke. Two
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weeks after treabment ended, the mice were sacrificed, and their skeletal muscles were
examined (Fig. 3A). Western blots showed significant inereases in utrophin protein expression
in gastrocnemius {~1.6-fold) and soleus (~2.5-fold) muscles treated with 856 PMO compared
to control PMO-treated mice (Figs. 3B-3C). Surveyed nuscles from S56 and control PMO-
treated mice showed higher utrophin protein and mRNA expression levels, consistent with the
mtervention (Figs. 6-7).

[0095] B-dystroglycan (B-DG) expression, which is a hallmark for restoration of dystrophin-
glvcoprotein complex (DGC), was tested. Western blots showed partial restoration of §-DG in

S56 PMO-treated TA and EDL muscles (Fig. 8).

856 PMO Treatment fncreased Savcolerunal Utrophin Expression in Mdx Mice

[0096] As western blots showed higher utrophin protein expression in 856 PMO-treated mdx
mice, utrophin protein expression in the sarcolemma of control and S56 PMO-treated mdy mice
was examined by imnumohistochemistry. Control PMO-treated TA sections showed utrophin
expression primarily restricted to neuromuscular junctions, as indicated by colocalization with
the synaptic marker a-Bungarotoxin (BTX). On the other hand, muscles from mice treated with
856 PMO showed increased expression of utrophin across both synaptic and extrasynaptic
regions (Fig. 4A). Quantification of utrophin level normalized to wheat germ agglutinin
{(WGA) levels in sarcolemma showed ~2-fold higher expression of utrophin in TA muscles of

S56 PMO-treated mdx mice (Fig. 4B).

856 PMO Treated Mdx Mice Showed Decreased Muscle Degeneration and Morpholegical
fmprovement

[0097] Whether the dystrophic histopathology was improved by S56 PMO treatment compared
to control PMO treatment was further examined in mdye mice. H&E stamning of EDL and
diaphragm sections of conirol PMO-treated mdx mice showed regenerating centrally nucleated
fibers {(CNFs) and immune cell filiration as proviously reported. However, Let-7¢ PMO
treatment of age-maiched midy mice showed improvement in the pathophysiclogy, with
reduced CNFs, necrosis and cellular infiltration observable in EDL and diaphragm (Figs. SA-
8. A higher percentage of CINFs is one of the well-recognized, characterized and objectively
scored morphological characteristics of dystrophic muscles, attributed to continuous muscle
regeneration. Two weeks after treatment ended, EDL and diaphragm muscles of mdx mice
showed significantly lower percentage of CNFs in 856 PMO-treated mice (¢.a. 13% reduction)
compared to control PMO-ireated mice, providing morphological evidence of improvement of

the dystrophic phenotype (Figs, 8B-8E). The morphological improvements noted in terms of
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reduction in the percentage of UNFs and muscle degeneration were not accompanied by
changes in fiber size or contractile properties {Table 2).

856 PMO Treatment Decreases Servum CK Levels in Mdx Mice

[0098] The therapeutic effects of Let-7¢ PMO treatment was further studied in mdy mice by
examining serum CK levels. Elevated CK level is one of the hallmarks of dystrophic
pathophysiology in mice and humans. Two weeks after treatroent ended, serum CK was
significantly lower {c.a. 38% reduction} in S56 PMO-treated compared to control PMO-treated
mdy mice (Fig. 5F). The decrease in serum CK provides biochemical evidence of utrophin

mediated improvement in dystrophic pathology.

TABLE 1
PMO Sequences

PMO Oligo | Sequences 57-37 SEQID NO:

824 CTGAGGTAGAAAGGTGATCATGGCTC i

528 CTGAGGTAGAAAGGTGATCATGGUTCTCC 2

831 GTTCTGAGGTAGAAAGGTGATCATGGCTC 3

832 TCTGAGGTAGAAAGGTGATCATGGCTCT 4

S56 AAGATGGATCTGAGGTAGAAAGGT 5

Control GTGAGCACTTCTTTICCTTICTITITT )

TABLE 2
Comparison of Morpholegical And Physiclogical Preperties of EDL Musele (N=18}
80 mg'kg/wk Fvalue
Control PMQG | S56 PMO

Weight (mg) 13.3+0.4% 12.1+0.37 0.06
Cross sectional area (CSA) {mm”) 2.3620.07 2.17+0.06 0.03"
Absolute Tetanic force (mN) 37972177 | 362.15+15.6 .38
Specific Tetanic foree (N/em?) 16.10+0.62 16.740.57 0.86
ECC force decrease (1-4) (%0) 77.26+1.92 72.93+1.86 .06
ECC force drop (4% (%) 22.74+51.92 2707186 (.06
Avg. of Minimal Feret’s diameter {um) 3158207 36.37+2.29 0.4
Variance coefficient of Min. Feret's diameter | 305.27+14.5 | 321+16.33 0.7

[0099] Results are presented as meantSEM; 856 PMO-treated group was compared with

control PMQO-treated group and statistical significance were analyzed by Mann-Whitney test.
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TABLE 3
Statistical Significance Data of Luciferase Expressien in C2C128 UTRENY Cells Treated
with Contrel and Let-7Tc PMO

Tukey’s Multiple comparisons test | significance | Adiusted P value
0. 1uM
Conirol vs. 531 Ns 0.6332
Canirol vs. 856 Ns 0.8349
Canirol vs. 824 Ns 0.5218
Caonirol vs. 528 Ns 0.0697
Conirol vs. 832 Ns 0.3654
0.5 uM
Conirol vs. 531 * 0.0495
Conirol vs. 856 . 0.0088
Control vs. 524 <.0001
Control vs. 528 0.0006
Control vs. 832 <.0001
1 uM
Control vs. 531 <0.00601
Control vs. 556 0.0021
Control vs. 524 * 0.0103
Control vs. 528 0.0009
Control vs. 832 0.0002
3 uM
Control vs. 531 0.0018
Control vs. 356 0.0013
Control vs. 524 0.0072
Control vs. 328 <0.0001
Control vs. 832 0.0004
TABLE 4

Statistical Significance Data of Utrophin Expression in C2C12 Cells Treated with

Conirel and Let-7¢ PMO

Tukey's Multiple comparisons test | significance | Adjusted P valus
0.5 uM

Control vs. 531 ns 0.9980
Control vs. 556 ns (.5506
Control vs. 524 ns 0.0884
Control vs. 528 ns 0.0928
Control vs. 5372 ns 0.9847
1 uM

Control vs. 531 ns 0.0997
Control vs. 556 ns (.8141
Control vs. 524 ns >{(3.8990
Control vs. 528 ns >{(3.8990
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Control vs. 5372 ns 0.8814
3 uM

Control vs. 531 ns 0.0722
Control vs. 556 ns 0.6111
Control vs. 524 ns 0.40486
Control vs. 528 ns 0.0947
Control vs. 532 b 0.0073
5 uM

Control vs. 531 * 0.0229
Control vs. 556 b 0.0002
Control vs. 524 ns 0.9389
Control vs. 528 ns 0.9853
Control vs. 532 ns >{(3.8990

BISCUSSION

(0100} In this study, PMO-based Let-7¢ SBOs were developed and used to alleviate miRNA
mediated repression of utrophin expression and achieved improved mdy pathophysiology in
vivo. Utrophin aRNA transtation is knowr to be inhibited by a set of six miRNAs. It had boen
shown that AAYV mediated expression of a miR-206 sponge decoy in mdy mice, resuited in
strophin  upregulation and mmprovement in the dystrophic phenotype, independently
demonstrating the importance of miRNA mediated regulation of utrophin expression. The
present disclosure shows higher utrophin expression and improvement of dysirophic phenotype
by blocking the Let-7c target site in U7RN 3'UTR as compared to 20MePS-based Let-7¢ SBO
ir vivo. Additionally, sPIF-mediated let-7 downregulation has also been shown to result in
utrophin upregulation and improvement in the dystrophic phenotype, underscoring the
significance of let-7 mediated regulation of utrophin expresston. However, clinical application
of 20MePS-based Let-7T¢ SBOs for utrophin upregulation or 20MePS-based DMD exon
skipping AONSs 1s somewhat compromised by their suboptimal PKs and therapeutic officacy.
This disclosure tested the efficacy of five different Let-7¢ PMO-based SBOs for utrophin
upregutiation in vitvo and studied the most efficient PMO (856 PMO)} in mdr mice o
demounstrate improvement n dystrophic pathophysiclogy.

[0101] AAV mediated p-utrophin dehivery and artificial transeriptional factor mediated
transcriptional upregulation of full length utrophin respectively, have been shown to improve
dystrophic pathophysiology m the mdx model. Notably, p-utrophin expression does not induce
significant immune responses compared to p-dystrophin expression in deletional animal DMD
models. In this study, weekly 856 PMO administration for 5 weeks resulted in ~2.5-fold and

~1.6-fold higher utrophin levels in soleus and gastrocnemius muscle respectively, biochemical
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and morphological improvement as demonstrated by a 38% reduction in serum CK levels and
~13% reduction in percentage of CNFs compared to control PMO-treated mdx mice (Figs. 3~
5). Previous studies using two different doses (10 mg/kg and 100 mg/kg) of 20MePS Let-7¢
SBO showed dose-dependent utrophin protein upregulation in skeletal and diaphragm muscle
and improvement in mechanical properties only at the higher dose. However, even at the higher
dose of 20MePS Let-7¢ SBO, serum CK level showed no improvement. Here, with a relatively
fow dose of &0 mg/ke, 36 PMO treatment for five weeks in mdx mice showed increased
utrophin expression, morphological improvement and a decrease in serum CK level Higher
doses of the lead PMO-based Let-7¢ SBO was not tested due to volume constraints of
retrobulbar delivery, coupled with the high GC content of the target site, which imited 856
PMO SBO solubility. It is believed that designing and testing of additional SBOs and/or use of
alternate chemistries (e.g., Pep-PMO, FANA) would help overcome this limitation.

[0102] It is believed that the functional improvement reported heremn can be further improved
with an earlier onset of treatment, a longer period of treatment and/or adnumistration of higher
PMO dosages. Given that PMOs have shown sufficient safety and efficacy in vivo at higher
doses {100-300 mg/kg/wk), the 80mg/kg/wk used here should not be limiting. Additional
sequences based on S56 could be tested fo quantify dose-dependent improvements.
Additionally, although one specific miRNA:utrophin interaction was targeted here, this
approach can easily be extended to additional miRNAs that have been identitied, cither alone
ot in combination, to extend the potential benefits. Based on the findings reported here, it 1s
proposed that PMO-based uirophin miRNA SBOs are a promising approach for achieving

utrophin mediated therapeutics for BMD.

MATERIALS AND METHODS

Cell Cultyre

[0103} C2C12 mouse mynblast cell lines (both from ATCC) and the C2CI12UTRNS fuck’
stable cell lines were maintained in standard growth condition in DMEM high glucose (Gibeo,
MD} supplemented with 10% fetal bovine serum {Sigma-Aldrich, MO) and 19 Pen/Strep
{Gibeo, MD).

PMO-Based SBO Pesign
[3104] PMO backbone Let-7Tc SBOs were designed to specifically target and block the Let-7¢

miRNA target site in UTRN 3'UTR. Five PMOs were designed to target the same Let-Te site
but with different flanking regions counsidering binding efficiency. A control PMO was

designed with a scramble sequence. PMOs were synthesized by Gene Tools (OR) (Table 1)
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Luciferase Assay

[010S] The C2CI2UTRNS Tuc3’ cell line was sceded at 54,000 cells/well in 24 well plates and

allowed to attach /N, Next day, cells were treated for 24 brs. with control or Let-T¢ PMOs of
desired concentrations {0.1 uM, 0.5 uM, 1 uM, 3 uM) along with 6 pM transfection reagent
endoporter (Gene Tools, LLC, OR). The next day, treated cells were lysed using the passive
tysis buffer (Promega, WI) supplemented with complete protease inhibitor {Roche,
Switzerland) and total protein contents were measured with the Pierce BCA protein assay kit
{Thermo Fisher Scientific, MA). Luciferase assays were done using the luciferase assay system
{Promega, WI) in a 96 well plate and quantified using a Cytation5 plate reader (BioTek, VT).

Luciferase activity was normalized to the total protem loaded.

Animal Studies

[(106] All animal procedures were reviewed and approved by the Institutional Animal Care
and Use Committee at the University of Pennsylvania (UPenn). The CSTBL/I0ScSn-mdy/§
mouse model of DMD (mdx) was utilized for all experiments. Breeding pairs were obtained
from the Jackson Laboratory {(Bar Harbor, ME). Mice were housed and bred at the UPenn

animal facility, provided food, water ad libitum, and maintained under 12 hrs. light/dark cyciles.

Preclinical Studies in Mdx Mice with PMOs

[0107] PMOs were solubihized in saline and warmed at 50°C for 15 nuns and cooled down to
roory temperature before injections. Five-week-old male mdy mice were anesthetized with 4%
isoflurane and control or 856 PMO was administered systemically via the retro-orbital sinus as
a single 80 mg/kg dose (<250 pL volume} using a 28-gauge/0.5 mi msulin syringe, weekly for
5 weeks. Two weeks after the last injection, mice were anesthetized by 4% isofturane and
sacrificed. £x vivo contractility analyses were done as previously described. Following the

procedure, muscles were flash-frozen in liguid nitrogen-cooled isopentane and stored at -80°C,

Tissue Harvesting and Crvosectioning

[0108] Muscle samples were surgically removed after euthanasia, embedded in OCT, flash
frozen m hquid nitrogen-chilled isopentane and stored at -80°C. For immunohistochemistry
and H&E staining, tissues were sectioned at S um thickness on a Letca CM1950 cryostat and

stored at -80°C.

Immunohistochemistry

[3109] Cryvosections were blocked for 1 hour with 4% BSA in PBS, followed by staining with

custom made rabbit anti-utrophin A antibody raised with the N-terminal wirophin A peptide
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{CMAKYGDLEARPDDGONE, SEQ ID NO: 12) as described betore (1:500, ProSci Inc, CA)
overnight at 4°C in a hunudified chamber. Sections were then washed and incubated with a
goat anti-rabbit Alexa Fluor 48¥ conjugated secondary antibody {(Life Technologies, MA)ata
dihution of 1:400 for 1 hour at room temperature. ¢-Bungarotoxin and Wheat germ agglutinin
{(WGA) conjugated fo Alexa Fluor 594 or 647 (Life Technologies, MA) were used at a dilution
of 1:400 for 30 mins at room temperature. Sections were mounted with Prolong Gold Antifade

Mounting Media with DAPT (Thermo Fisher Scientific, MA) for nuclear staining.

Western Blots

[0110] Frozen tissue samples were cut with pre-cooled scissors and minced in tubes pre-cooled

o
7o
Py

150 mM NaCl, 1% Triton X100, I mM EDTA, 10 mM MgCl, 156 SDS, 0.5 mM DTT, 16%

in dry ice. Samples were then suspended in muscle denaturing buffer (50 mM Tris-HCl pH

glycerol) with complete protease inhibitor cocktail {Roche, Basel, Switzerland). Equilibrated
tissue samples were homogenized using a TissueLyser H ((Jiagen, Hilden, Germany) with 5
mm stainless steel beads (Thermo Fisher Scientific, MA) at a 20 Hz frequency for 2 mins.
C2C12 cells were lysed with RIPA buffer (Thermo Fisher Scientific, MA)} with protease
inhibitor cocktail. Total protein was measured by Pierce BCA Protein assay kit {Thermo Fisher
Scientific, MA). Ten pg of total protein was resolved in 3-8 % Tris-Acctate protein gel
(NuPAGE, Thermo Fisher Scientific, MA) and transterred to a nitrocellulose membrane using
Trans-Blot Turbo Transfer System (Bio-Rad, CA). For western blotting, membranes were first
blocked with 5% non-fat dry nulk in TBS with 1% Tween 20 for | hr. at room temperature.
After blocking, blots were incubated with the following primary antibodies; mouse monoclonal
anti-utrophin (1:100, Mancho3(8A4), developed by Prof. Glenn E. Morris; DSHB, lowa) and
mouse anti-o-Tubulin (1:53000, T6199, Sigma-Aldrich, M) overnight at 47C. Next day, blots
were washed; incubated with mouse IgGx binding protein (m-IgGx BP) conjugated to
horseradish peroxidase (HRP) (1:2500, sc-516102, Santa Cruz Biotechnology, TX); washed
and developed using Immobilon Western Chemiltuminescent HRP Substrate (MilliporeSigma,

MA} and imaged in LI-COR C-Digit Blot Scanner {LI-COR Biosciences, NE),

Serum CK Assay

[6111] Blood samples were collected via cardiac puncture under deep terminal ancsthesia,
centrifuged at 2000 g for 5 mins and serum stored at -80°C until analysis. CK levels were
determined by the Clinical Pathology Laboratory at the Matthew J. Ryan Veterinary Hospital

of the University of Pennsylvania,
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Total RNA Isclation, Reverse Transcription And Quantitative Real Time PCR (gPCR) From

Mdx Mice Tissue Samples

[0112] Frozen tissue samples were cut with pre-cooled scissors and minced in tubes pre-cooled
in dry ice. Samples were then suspended with 500 pul of TRIzol reagent (Invitrogen} and
homogenized using a TissueLyser 1T {Qiagen, Hilden, Germany) with 5 mm stainless steel
beads (Thermo Fisher Scientific, MA) at a frequency of 20 Hz for 2 mins. Total RNA was
harvested following manufacturer’s protocol. 1 ug of RNA from each sample was reverse
transeribed with SuperScript™ III Reverse Transcriptase (Thermo Fisher Scientific, MA)
using random hexamer following manufacturer’s protocol. Quantitative PCR was performed
in QuantStudio3 Real-Time PCR System (Applied Bilosystems) using Power SYBR Green

Master Mix {Applied Biosystem) as described before.

Statistical analysis

[(113] Data were analyzed using the GraphPad Prism v8 statistical software package. Values
are presented as mean = standard error of the mean (SEM). Statistical analysis was performed
using Mann-Whitney test or Two-Way ANOVA multiple comparisons with statistical

significance level set at a<0.05.
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WHAT IS CLAIMED IS:

(as

=3

A method of treating Duchenne Muscular Dystrophy (DBMD) in a human subject, the
method comprising admindstering to said subject an effective amount of an
oligonucicotide that (i} specifically hybridizes to a Let-7¢ microRNA binding sequence
in a utrophin mRNA 3 -untranslated region (UTR) and (i1) inhibits binding ot a Let-7¢

microRNA to the uirophin mRNA 37-UTR.

The method of claim |, wherein the oligonucleotide comprises a nucleic acid sequence

selected from the group consisting of SEQ 1D NOs: 1-5.

The method of claim 1, wherein the oligonucieotide has a sequence comprising SEQ

D NG S

The method of any one of claims 1-3, wherein the oligonucleotide is a morpholino or

phosphorodiamidate morpholino (PMO) ohigonucleotide.

The method of any one of claims -4, wherein the oligomicleotide is between 24 and

29 macleotides long.

The method any one of claims 1-5, wherein the oligomucleotide is admunistered

systemically.

The method any one of claims 1-5, wherein the oligonucleotide is administered

mtramuscularly,

The method of claim 1, further comprising the step of administering to said subject an
effective amount of a second oligonucieotide that (1) specifically hybridizes to a second
microRNA binding sequence in the utrophin mRNA 37-UTR and (it} inhibits binding
of the second microRNA to the utrophin mRNA 3°-UTR, wherein said second
mictoRNA is selected from the group consisting of miR-133b, 0uR-150, miR-196b,

miR-206, and miR-296-5p.

A pharmaceutical composition comprising at least one pharmaccutically acceptable
excipient and an oligonucleotide that specifically hybridizes to a Let-7¢ microRNA
binding sequence in a virophin mRNA 3 -untranslated region {(UTR), wherein the
oligonucieotide 15 prosent in an amount effective in a hursan subject to mhibit binding

of Let-7 microRNA to its utrophin mRNA 37-UTR.

30



WO 2022/109432 PCT/US2021/060411

0.

il

i4.

<

i6.

)

N
<
[,
~¥

i8.

25

ESRS

i9.

The composition of claim 9, wherein the oligonucleotide comprises a nucleic acid

sequence selected from the group consisting of SEQ ID NOs: 1-5.

The composition of claim 9, wherein the oligonucleotide has a sequence comprising

SEQ ID NO: 5,

The composition of any one of claims 9-11, wherein the oligonucieotide is a

morpholino or phosphorodiamidate morpholine (PMO) oligonucieotide.

The composition of any one of claims 9-12, wherein the oligonucleotide is between 24

and 29 nucleotides long,

The composition of any one of claims 9-13, wherein the composition is formulated for

systernic admimustration to a subject.

The composition of any one of claims 9-13, wherein the composition is formulated for

inframuscular administration to a subject.

The composition of claim 9, further comprising at least one additional oligonucleotide
that specifically hybridizes to at least one additional microRNA binding sequence in
the utrophin mRNA 3°-UTR, wherein the additional microRNA s selected from the
group consisting of miR-133b, miR-150, miR-196b, miR-206, and miR-296-5p, and
wherein the additional oligonucleotide is present in an amount effective in a human
subject to inhibit binding of the additional microRNA to its corresponding utrophin

mENA 3°-UTR binding sequence,

A method for enhancing utrophin production in a subject, the method comprising
administering to said subject an oligomucleotide that (i) specifically hybridizes to a Let-
7o microRNA binding sequence in a utrophin mRNA 3 -untranslated region (UTR) and

{11} inhibits binding of a Let-7¢ microRNA to the utrophin mRNA 3°-UTR.

The method of claim 17, wherein the olhigonucleotide comprises a nucleic acid sequence

selected from the group consisting of SEQ 1D NOs: 1-5.

The method of claim 17 or claim 18, wherein the oligonucleotide is a morpholino or

phosphorodiamidate morpholine (PMO) oligonucleotide.
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Figure 5
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Figure 6
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