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Remodeling of the heart

Physiologic
Remodeling

Normal Exercise,
Heart Pregnancy

Pathologic Heart Failure
Remodeling

Hypertension, Ml Stress

and Neurohumoral ——
Activation

* Myocyte hypertrophy

» Apoptosis

* Fibrosis

« Metabolic shift

* Reduced cAMP generation

* Fetal gene activation (a — B - myosin switch)




MicroRNA biogenesis & conservation

Intergenic Intronic Polycistronic
miRNA |_l' |miRNA.H | miRNA miRNA
Pri-miRNA Pri-miRNA

Drosha Drosha J
-
Pre-miRNA
Nucleus
Exportin 5
\
Cytoplasm

Diceri

ered Yo miRNA:mIRNA* duplex
s

—_—

miRNA

‘Arget miRNN

RISC

B

Translational repression mRNA degradation
(\ & NG ( > AAA
Aé or (= AAA (—/f\\_; AAA
Ribosome

Translational repression

—éﬁ}%‘;—AAA ‘ee =

Ribosome

RISC
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miRNA
Arget miRNAs

mRNA degradation
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Ve = ey
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AAA

AAA

Seed

AAGUUUUGUACUUAACGACGAC 5 miRNA

3’ UTR target gene

Fish miR-214
Chimpanzee miR-214
Rhesus Macaque miR-214
Rat miR-214
Opossum miR-214
Wild boar miR-214
Zebrafish miR-214
Xenopus miR-214
Cow miR-214

Human miR-214
Mouse miR-214
Lizard miR-214

Carp miR-214

... GAAGUUACACA-GAAAUGCUGCUG . . .

ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAG.......
ACAGCAGGCACAGACAGGCAGU......
ACAGCAGGCACAGACAGGCAGU......
ACAGCAGGCACAGACAGGCAGU......
ACAGCAGGCACAGACAGGCAGU......
ACAGCAGGCACAGACAGGCAGU......

van Rooij & Olson JCI 2007
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A microRNA signature of heart disease

Thoracic aortic

Sham Banding (TAB) 10
i ) 9
%.‘E’ 8 Up-regulated Down-regulated
58 7
£
33
Q
) g' 2
Bo 1 - - -
X
u ol ] L ] L ] L ] L ] L 1 B ] B 2 B 1 B 1 L 1 L ] L 1 B 2 B 1 B ]
21 23a 23b 24 27a 27b 125b 195 199a 214 217 29¢ 93 133a 150 181b
Wild-type Calcineurin Tg
Up-regulated miRs Down-regulated miRs
miR: 21 23 24 125b 195 199a 214 29c 93 150 181b
WTCnA WTCnA WTCnA WTCnA WTCnA WTCnA WTCnA WT CnA WTCnA WTCnA WTCnA

- . -
U6 [ | (S | TS | S| S e — Ue [ [ |

Fold Normal Failing Fold

miR-195 transgenics

. : - Moderate
— miR-195 m ameeass 3.0 Wild-type expression High expression

MiR-125b | s

o 13 miR214)

van Rooij et al. PNAS 2006



MIR-15 family Is upregulated
In human heart failure

Seed

UAGCAGCACAGAAAUAUUGGC-
miR 195 UGS -  CAGCAGCACACUGUGGUUUGU
UAGCAGCACGUAAAUAUUGGCG
UAGCAGCACAUAAUGGUUUGUG

UAGCAGCACGUAAAUAUUGGCG
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mIR 16-1 MIR 15a

Normal Heart faillure
S — miR-15
- - - - '---u-----rmR46
- - - mMiR-195

“Ongoing loss of cardiac myocytes is responsible for the

development and worsening of heart failure .”
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Cardiac microRNA regulation during neonatal
cell cycle arrest

Up-regulated Down-regulated

hsa-let-7d* hsa-miR-103
hsa-miR-15a%* hsa-miR-1275
hsa-miR-100 hsa-miR-1277

hsa-miR-15b%*
hsa-miR-185
hsa-miR-152
hsa-miR-451

hsa-miR-125a-5p hsa-miR-1469% \ T
hsa-miR-486-3p hsa-miR-23a* 351 : e
hsa-let-7f mmu-miR-224 miR-497 °‘
hsa-let-7c mmu-miR-29b* 30 .
hsa-let-7g hsa-miR-1259 — )
hsa-miR-139-5p hsa-miR-20a oO® 25- . -
hza-let-Te hsa-miR-433 7} E . > 4.‘
hsa-let-7b hsa-miR-1268 8 o 90+ miR-195 °
hsa-miR-195% mmu-miR-290-5p £ a
hsa-miR-146a hsa-miR-940 < O
hsa-miR-30b hsa-miR-329 o2 15+ - @C
hsa-miR-148a mmu-miR-322* T © n/
hsa-miR-199a-3p hsa-miR-638 o0 104 _ b O‘
hsa-miR-23a mmu-miR-483 L = miR-16 o)
hsa-miR-23b mmu-miR-351 54 . ~ -
hsa-miR-16 * mmu-miR-68% 4‘_______———0WHR-158 : r.fS
hsa-miR-125b hsa-miR-107 0 4= : = : gg
hsa-miR-150 hsa-miR-371-5p Lo
hsa-miR-486-5p hsa-miR-208b E19P1 P3 P7 P14 ' ¢
hsa-miR-151-5p hsa-miR-220a Age (days) bl

hsa-miR-499-5p
hsa-miR-574-3p
hsa-miR-1979
hsa-miR-130a
hsa-miR-30c
hsa-let-7d
hsa-miR-30a

mmu-miR-329
hsa-miR-503
mmu-miR-667
hsa-miR-941

hsa-miR-498
mmu-miR-705
mmu-miR-762

Up-regulation of miR-15 family

-~

A WL )
S50 0
)

10,0 0
O
-”n’i" ~

Ofe ¥

.
a

e pl versus pl0 hearts o2
mmu-miR-505 SEES";}G
hsa-miR-24 A
hsa-miR-378 giﬁ. L
hsa-miR-27b B
hsa-miR-99a 5
mmu-miR-805 Ny

Y

Porrello et al. Circ Res 2011

AL

‘-"/-' ‘ '~:-V'~A » -. ., Ny
Tat OY: VY Trat PN

e A
—



MIR-15 controls cell cycle and survival

Cyclins: Cell cycle / survival:

-Cyclin E1 _CDCA4 -CDC37L1 -PDCDe6IP

-Cyclin D2 -CDC42 -CHEK1 -CDC23

-Cyclin T2 -BCL2L2 -CDC25A -G0S2 ]

-Cyclin M2 _CDC27 -CDC14B -CCNJL &

-Cyclin D3 -E2F7 -Smad3 -CDCA7L df
oo, Cocn AT 2
-PDCD4 - - (%
_PBBP6 -E2F3 -CDK6 1;,_

-Tcl-1 -BCL2 ok
sig famlly | Targets

Porrello et al. Circ Res 2011 [ _ e,
Hullinger et al. Circ Res 2012 # & @



MicroRNA expression In response to
Ischemic Iinjury

Regulated miRNAs in borderzone
of infarcted area

Aorta
Pulmonary

RCA arte ry

LCA
Ligation

Upregulated = Downregulated

B 3 days post-Ml
[] 14 days post-Ml
Sham 3 days post-MI 14 days post-MI

Border Remote
zone myocardium
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MIR-29 requlates ECM

R O |
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miR-29b-1
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miR-29b-2

miR-29c




Cardiac myosin switching

Stress
Hypothyroidism

Slow skeletal
muscle

|

.

.

Thyroid hormone

FaSt_ . Sarcomere S|0W_ .
Contractility s Contractility
AR . . - P
iy 00
aMHC - high ATPase activity BMHC - low ATPase activity

- downregulated during heart disease
- upregulated by thyroid hormone

- upregulated during heart disease
- upregulated by hypothyroidism
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MIR-208 Is cardiac specific and
co-expressed with aMHC

oMyosin heavy chain

miR-208

Skeletal Muscle

Brain

Heart
Kidney

Lung
Liver

pre-miR

miR-208 -

ISR SNSRI ——

WT +/- KO

miR-208

van Rooij et al. Science 2007 2 & o«
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Genetic deletion of miR-208 blocks stress-induced
remodeling and BMHC expression

TAB

WT KO
r 11 1 120 PMHC

TAB: — + — + S

I 11 11} 11 1 D 100
v

GMHC o -y oy < 80 -
-, - >

w 60 -
O

BMHC * 2 40-
> ©

© 20 -
('

GAPDH - ———— TAB: — + — +

WT KO




MIR-208 targets Thrapl / MED13

Arg Leucine
MED13 1 finger zipper 2172
(Thrapl) I I I-
NLS /" N\ Forkhead-N

Nuclear receptor Like domain
binding motifs

miR-208a/b miR-208a/b miR-208a/b

miR-499 miR-499 miR-499 miR-208a/b
e Y Y Y
 r— } {  } I —
431-439 531-533 757 4234
N S,
\/

MED13 3’ UTR

WT KO

r 1r 1
a-THRAP1 2 & - ‘




MIR-208 controls a network of transcriptional repressors

myosins M\/lm

Thyroid

Stress-responsive genes

cardiac fibrosis and hypertrophy

van Rooij et al. Dev Cell 2009
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Basics of microRNA biology

MIRNAS are conserved across species

MIRNASs are regulated during disease

MIRNASs are more important under stress conditions, i.e. during
disease

The genome can contain multiple copies of a microRNA and they
often target multiple genes involved in a similar cellular process or
signaling pathway

Intronic MIRNASs often influence the function of the hostgene
Presence of multiple binding sites within an UTR can correlate to
the relevance of the mIRNA/MRNA interaction

The level of gene regulation is moderate, but the combined
Influence of these relatively small changes can have a profound
downstream effects > U
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MicroRNA function In cardiac disease

Normal ‘ miR-126 Stressed ‘

| miR-133a
miR-133b miR-208a
miR-208b
miR-499

van Rooij et al., PNAS, 2006, 2008; Science, 2007; JCI, 2007; Dev Cell, 2009; Wang et al., Dev Cell,
2008: Liu et al., Genes & Dev, 2008: Xin et al., Genes & Dev, 2009; Williams et al., Science, 2009




MicroRNA modulation

Pri-miRNA% Pri-miRNA

| Drosha % Drosha |

Pre-miRNA Nliclens

Exportin 5 Cytoplasm

|
+

lDicer
\ = Yer MIRNA:mMIRNA* duplex

RISC

Add miRNA
Mimics

Add miRNA
Inhibitors

acndodho |- / Target \ QR%%N =
H m

mANA | Translational repression ~ MANAS  iRNA degradation | 2)

Results in Decreased

s Results in Increased
Protein Expression 1 ST ARV == Protein Expression

Ribosome @
- AAA




Feb 2007, n=2
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Bringing MicroRNA Discoveries to the Clinic

Company Location Disease Focus Founded
Asuragen Austin, Texas Cancer diagnostics 2006
Ve Crogen Philadelphi Cancer 2004

ennsylvana

2007

Miragen Boulder, Cardiovascular and
Therapeutics  Colorado muscle diseases

Regulus CaTistrrde T ST STy, 2007
Therapeutics  California cancer
Rosetta Rehovot, Israel, Cancer 2000
Genomics and Jersey City,

New Jersey

Science, 28 March 2008

October 2011

SERVIER

Servier and Miragen Sign $352 Million Partnership Agreement for the Research, Development and
Commercialization of MicroRNA-targeting Drugs for Cardiovascular Disease
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AntimiR chemistries

\ 20
. - . . =P
B B B B 57
0 a O 0 ) a 00— a Q 5
r:ri r.:mi cH {::i Di ::1i Fi 00 G, Ok
I 3 I ~~~J,t[:}*,'EH:zu I I "
-O-Methyl 2"-0-Methoxyethyl 2'-Fluoro Locked Mucleic Acid RNMNA phosphorothioate
2'-0-Me) (2'-0-Moe) (2°-F) (LMA) (PS)

SEED
5 (UK A ARGHARCHGHMOBOODDDDEBO000 = nir208a

Cholesterol {UHAHUHUHC KUK GKCHUKCHGKUNUUXUXUKCHGHARAHCHA] 5 antagomiR
(UHAHUHUHcHUHGHCcHUHCHGHUHUHUHUHUHCHGHAHAHCHA]  2"-0-Moe
(U{AHUHUKCHUHGHCHUKCHGHUHUHUHUHUHCHGHAHAKCHA]  2'-F/Moe mixmer

Al GHCHTHCHGHTHTHTHTHTHC LNA/DNA mixmer

Tiny LNA

* phosphodiester N\ , )
¢ phosphorothicates L_.«E -0-Me OE'G'MDE OE -F CLNA ODNA .HN‘&‘

santaris =
pharma a/s E

ANA Medicines for the 2st Century

van Rooij and Olson. Nature Rev Drug Discovery



MiR-15 family upregulated in response to ischemic injury

e over control

@)

Fold chan

miR-15a
0

1.5
1.2+
0.8+
0.4+

*

S | BZ

N

pigs

miR-15b

S | BZ

miR-16
6

miR-195 miR-497
0 3.0

S | BZ

20"
2.0
1.5-
1.0+
0.5+

S | BZ

A
B G
' -

_ , b )
Hullinger et al. Circ Res 2011 B



MIR-15 family inhibition using antimiRs

seed
hsa-miR-15b 5’ UAGCAGCACAUCAUGGUUUACA 3’
hsa-miR-15a UAGCAGCACAUAAUGGUUUGUG
hsa-miR-16 UAGCAGCACGUAAAUAUUGGCG
hsa-miR-195 UAGCAGCACAGAAAUAUUGGC
hsa-miR-497 CAGCAGCACACUGUGGUUUGU
antagomir Chol ATCGTCGTGTAGTACCAAATGT 5°
L/D 15b TCGTCGTGTAGTACCA 57
tiny 15b TCGTCGTG 5°
0 miR-15b

Experimental set-up:

-IV injection C57BI6

-Doses ranging from 0.033 mg/kg to 33 mg/kg
-Collected tissues 7 days after injection
-Determined knockdown by realtime PCR
analysis

antagomir §g -

tiny 15b

__ . LNA/DNA
30 35 mg/kg

% cardiac miR-15b of control
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MIR-15 inhibition reduces remodeling and improves cardiac

function In response to iIschemic damage

control

antimiR-15

saline
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AntimiR-208a

SEED

5" QR UxARAKCHAKCH e DEODRDDROO0000 » miR-208a
(THTHCHTHeHCHTHCHGHTHTHTHTHTHC) LNA/DNA mixmer

* phosphodiester TLNA DNA RNA
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Dahl Salt-Sensitive rat model

Dahl Salt-Sensitive Model is a high-quality
rodent model for diastolic heart failure

“‘,

%
,‘5{&~ High salt diet causes continuous increase in
blood pressure which leads to remodeling
Lowsaltdiet High salt diet of the heart

* hypertrophy

= fibrosis

* Increase hypertrophic markers
= switch from aMHC to fMHC

Stiffening of the ventricle diminishes elasticity,
relaxation of the LV

8 9 11 13 15 17 wks
HS antimiR echo & echo & echo & echo

echo antimiR antimiR antimiR

B

®
i

o oe




Therapeutic Inhibition of miR-208a Improves Cardiac
Function and Survival During Heart Failure

Rusty L. Montgomery, PhD; Thomas G. Hullinger, PhD: Hillary M. Semus, MS;
Brent A. Dickinson, BS; Anita G. Seto, PhD; Joshua M. Lynch, BS; Christianna Stack, MS;

Paul A. Latimer, BS; Eric N. Olson, PhD; Eva van Rooij, PhD

Cardiac Myosin Expression Expression
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N
T 9
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1
o

Fold Change
N
f
J

=
n
1

i
o

BMHC aMHC

Montgomery et al. Circ 2012



AntimiR-208 improves survival during heart failure

Survival
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MicroRNA modulation

Pri-miRNA% Pri-miRNA

| Drosha % Drosha |

Pre-miRNA Nliclens

Exportin 5 Cytoplasm

|
+

lDicer
\ = Yer MIRNA:mMIRNA* duplex

RISC

Add miRNA
Mimics

Add miRNA
Inhibitors

acndodho |- / Target \ QR%%N =
H m

mANA | Translational repression ~ MANAS  iRNA degradation | 2)

Results in Decreased

s Results in Increased
Protein Expression 1 ST ARV == Protein Expression

Ribosome @
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Chol sense

'2'-O-Me 2'-F l RNA |:] mismatch () monophosphate

O phosphodiester @ phosphorothioates

Saline 10mpk 50mpk 100mpk 125mpk

Kidney
miR-29b
50- Saline T
Spleen 401 M 10mpk
301 M 50mpk
204 W 100mpk
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The stablility of a microRNA mimic is tissue dependent o
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MIR-29 mimicry blocks pulmonary fibrosis
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MIR-29 mimicry reverses signs of pulmonary fibrosis
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pPH sensitive Upy hydrogel for cardiac delivery of
novel therapeutics

Dankers, TU/e



In vivo delivery of Upy hydrogel in porcine myocardial

Infarction model

HGF/IGF-1

UPy-gel + HGF/IGF-1
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Towards other drugs
and possibly other formulations

TU/e and UMC Utrecht
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MicroRNA therapeutics

AntimiRs can induce longlasting, potent and specific inhibition of a
microRNA

AntimiRs can be used to target cardiac microRNAs, but
preferentially deliver to the kidney and liver — what are the
iImplications for chronic indications?

AntimiRs can be delivered subcutaneously (but do not cross the Gl
tract) — will an injectable be attractive enough?

MicroRNA mimic can increase a microRNA in vivo
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Efficacy studies using antimiRs In rodents
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MicroRNA-92a Controls
Angiogenesis and Functional Recovery
of Ischemic Tissues in Mice
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MIR-92a inhibition reduces infarct size and enhances
cardiac function in a porcine IR model

LNA-92a LNA-92a LNA-92a

LNA-92a

LNA-Co

ante retro iV,

high ante

Infarct [% AAR]
8 8 8 8 8

TUNEL + /100 cells
o - N w & O, (o] ~ o2} O

8

~
(=]

-
o

o

* %

* %

IIIT

Control LNA Co LNA 923 LNA-92a LNA-92a LNA 92a
retro ante high ante

* %

I

Control LNACo LNA 92a LNA-92a LNA-92a LNA-92a
retro ante high ante

EQ"\T';_:
Circ 2013 ¢ 2 &8¢

Hinkel et al. &
SO O



The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Treatment of HCV Infection by Targeting
MicroRNA
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Figure 2. Change from Baseline in HCV RNA Levels.

Shown are the mean changes in HCV RNA levels from baseline for patients
receiving 3 mg, 5 mg, or 7 mg of miravirsen per kilogram of body weight,
as compared with placebo. Miravirsen was administered in five weekly sub-
cutaneous injections during the first 29 days of the study (gray shading).
The dashed line indicates no change from baseline. The HCV RNA levels
during the use of pegylated interferon and ribavirin in some patients were
not included in this analysis.
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