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ABSTRACT

MicroRNAs -- small non-coding RNA molecules of 18-25 nucleotides that post-transcriptionally regulate gene expression
by binding to complementary sequences in the 3'-untranslated region of target mRNAS, inducing translational repression
or mMRNA degradation -- have emerged as a new class of cardiovascular drug targets and circulating biomarkers with
transformative potential for precision cardiovascular medicine. Individual microRNAs regulate the expression of multiple
target genes simultaneously, enabling single microRNA inhibition or mimicry to modulate entire pathological gene
networks -- a pharmacological efficiency not achievable with conventional single-target small molecules. The
cardiovascular system is particularly dependent on miRNA-mediated gene regulation: miR-208a controls the cardiac
myosin heavy chain isoform switch that occurs in pathological cardiac hypertrophy; miR-21 mediates cardiac fibrosis
through PTEN-Akt and Spryl pathway regulation; and the miR-17-92 cluster governs cardiac progenitor cell proliferation
and coronary angiogenesis. This comprehensive review systematically evaluates 247 miRNA-cardiovascular target
relationships from 84 published studies, classifying them across six cardiovascular pathological domains -- cardiac
hypertrophy, heart failure, myocardial infarction/ischaemia-reperfusion, cardiac fibrosis, arrhythmia, and atherosclerosis
-- and assessing their pharmacological tractability as drug targets. A miRNA Cardiovascular Target Score (mCTS)
integrating target validation strength, therapeutic window, delivery feasibility, and clinical biomarker utility is developed
and validated. miR-208a inhibition (cardiac hypertrophy; mCTS 0.87) and miR-21 inhibition (cardiac fibrosis; mCTS 0.84)
are identified as the highest-priority therapeutic targets, with miravirsen (anti-miR-122; hepatitis C) establishing the
clinical precedent for anti-miR therapy as a validated pharmacological modality.
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1. Introduction

1.1 MicroRNAs: From Discovery to Drug
Targets

MicroRNAs were discovered in 1993 (Lee et al.; C.
elegans lin-4) and recognised as a conserved gene
regulatory mechanism in 2000 (let-7; Reinhart et
alc)J. The human Fg\elnome encodes approximately
2,600 mature miRNAs (miRBase v22; 2019) that
collectively regulate an estimated 60% of all
protein-coding genes. The therapeutic exploitation
of miRNAs takes two forms: (i) anti-miR
oligonucleotides (antagomirs; locked nucleic acid
anti-miRs; AMOs) that sequester the miRNA and
de-repress its target genes -- appropriate for
miRNAs whose overexpression drives pathology;
and (ii) miR mimics -- synthetic double-stranded
RNA oligonucleotides that restore the function of

downregulated tumour-suppressive or
cardioprotective miRNAs. The first clinical
anti-miR: miravirsen (anti-miR-122; Santaris

Pharma; now Roche) inhibiting the liver-specific
miR-122 that supports hepatitis C viral RNA
replication -- Phase II showing dose-dependent
HCV RNA reduction without resistance
emergence.

1.2 Cardiovascular miRNA Biology

The heart is one of the most extensively
characterised miRNA-regulated organs:
cardiac-specific miRNAs (miR-208a; miR-208b;
miR-499 -- encoded within introns of MYHG;
MYH7; MYH7B myosin heavy chain genes)
regulate the myosin heavy chain isoform switch
that determines cardiac contractility in health and
disease; endothelial miRNAs (miR-126; miR-92a;
miR-17-92) control angiogenesis and vascular
homeostasis; and circulating miRNAs released into
plasma from damaged cardiomyocytes (miR-208a;
miR-1; miR-133) serve as sensitive and
cardiac—slpecific biomarkers of myocardial injury --
potentially more cardiac-specific than troponin for
distinguishing cardiac from skeletal muscle injury.

1.3 Objectives

This review addresses four objectives: (i)
systematically evaluate 247 miRNA-cardiovascular
target relationships using the mCTS framework;
(ii) rank the highest-priority therapeutic miRNA
targets by cardiovascular domain; (iii) assess
miRNA delivery platforms for cardiovascular
application; and (iv) evaluate circulating miRNAs
as cardiovascular biomarkers.

2. Literature Review

2.1 miR-208a: The Cardiac Stress Master
Regulator

miR-208a (encoded within intron 27 of MYHG6;
alpha-myosin heavy chain) is the most validated
cardiac-specific therapeutic miRNA target: it is
expressed exclusively in cardiac myocytes; is
upregulated 10-100-fold in pathological cardiac
hypertrophy and heart faillure; and directly
controls the alpha-MHC to beta-MHC isoform
switch by repressing THRAP1 (thyroid hormone
receptor associated protein 1) -- the isoform switch
that reduces cardiac contractility in HF (beta-MHC
has lower ATPase activity than alpha-MHC).
Montgomery et al. (2011; Nature Medicine)
demonstrated that anti-miR-208a treatment in rats
with pressure overload cardiac hypertrophy
preserved cardiac function (EF maintained);
prevented pathological beta-MHC upregulation;
and improved survival vs. untreated controls --
establishing the therapeutic proof-of-concept for
miR-208a inhibition as a HF strategy.

2.2 miR-21: Fibrosis Master Regulator

miR-21 is one of the most abundantly e)g)ressed
and  most  disease-relevant = miRNAs in
cardiovascular pathology: upregulated in cardiac
fibrosis (PTEN su{)pression -> Akt activation ->
fibroblast survival and proliferation); vascular
smooth muscle h pertro;l)hg (PTEN/PDCD4
suppression); and endothelial dysfunction. Thum

et al. (2008; Nature) showed that anti-miR-21
(antagomir-21) reduced cardiac fibrosis and
improved cardiac function in mouse HF models --
the first demonstration that a miRNA antagomir
could reverse established cardiac fibrosis.
miR-21's multiple targets (PTEN; PDCD4; Spryl;
Fasl) explain its multifaceted fibrotic role: it
simultaneously promotes fibroblast survival
(PTEN); reduces apoptosis (PDCD4); activates the
ERK/MAP kinase pathway (SpI('iyl suppression);
and reduces immune-mediated cardiomyocyte
apoptosis (Fasl).

2.3 Delivery Platforms for Cardiovascular
miRNA Therapeutics

The primary challenge for miRNA therapeutics in
cardiovascular disease is delivery: systemically
administered naked RNA oligonucleotides are
rapidly degraded by serum RNases; cleared
renally; and distributed to liver preferentially
rather than heart. Three delivery platforms have
cardiac  application: (i) GalNAc-conjugated
anti-miRs (for liver-targetin%é appropriate for
hepatocardiac miRNAs like miR-33 for
atherosclerosis); (ii) lipid nanogarticles (LNP; as
reviewed in BPLA paper 297; ionisable lipid
systems) - rimarily  liver-targeting ut
cardiac-targeted LNP variants under development;
and (iii) cardiac-targeted delivgky: AAV9 vectors
for cardiac miRNA delivery (AAV9 has natural
cardiac tropism; achieves 70-80% cardiac
transduction “after IV injection in rodents and
pigs); and ultrasound-targeted microbubble
destruction (UTMD) for site-specific cardiac
delivery.

Table 1. miRNA Cardiovascular Target Score
(mCTS): five-dimension framework
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mCTS = miRNA Cardiovascular Target Score. TV
receives the highest weight (0.30) because causal target
validation is =~ the most critical _filter -- many
miRNA-disease associations are correlative rather than
causal, and distinguishing true therapeutic targets from
eﬁlphenomenal_ expression changes is the  primary
challenge in miRNA tagget selection. TW (0.25) is second
h

because miRNA-based therapeutics have pleiotropic
effects (each miRNA has hundreds of target genes);
broad off-target effects from blockmg1 or enhancmg a
miRNA can f)roduce unintended pathway modulation
across multiple organ systems -- the therapeutic window
must be assessed in INHP before clinical translation.
Delivery feasibility (0.20) r%ﬂepts the %enume challenge
of cardiac-targeted miRNA delivery -- the heart is one of
the hardest solid organs to reach with systemically
administered oligonucleotide therapeutics, and only
AAV9 (approve 7[or neuromuscular gene therapy;
Zolgensma) and UTMD have demonstrated meaningful
cardiac delivery elfﬁczency. Biomarker _utility (0.15)
recognises the dual role of cardiovascular miRNAs as
therﬁ}peutlc targets AND diagnostic biomarkers -- a
miRNA that serves both functions has higher overall
clinical value. Inter-rater reliability: 18 cardiovascular
pharmacologists; kappa = 0.79

3. Materials and Methods

3.1 Literature Assembly and mCTS
Application

Systematic review: PubMed + miRBase +
miRTarBase anualg 2010-December 2021).
Search: (‘'microRNA' OR 'miRNA' OR 'miR-') AND
(‘cardiovascular' OR 'cardiac' OR 'heart failure' OR
'myocardial infarction' OR ‘'arrhythmia' OR
'atherosclerosis' OR 'fibrosis'). 5,847 records; 247
miRNA-cardiovascular target pairs from 84 studies
included. Inclusion: experimentally validated
miRNA-target relationship (luciferase reporter
assay OR AGO2 CLIP-seq); in vivo cardiac
phenotype in mouse or larger model; and human
expression data in cardiovascular disease. mCTS:
18 cardiovascular pharmacologists; kappa = 0.79.

3.2 Biomarker Performance Analysis

For circulating miRNA biomarkers: systematic
extraction of AUC-ROC values from published
case-control studies (n >= 50 subjects; serum or
lasma miRNA by RT-gqPCR or small RNA-seq).
rimarX diagnoses: acute MI (n = 18 studies); HF
(n = 14 studies); atrial fibrillation (n = 8 studies);
stable CAD (n = 7 studies). Meta-analysis:
DerSimonian-Laird pooled AUC (pooled.sen;
pooled.spec; SROC; mada R). Comparison:
Circulating miRNA AUC vs. hs-troponin AUC for
acute MI detection.

3.3 Delivery Platform Assessment

Delivery platform evaluation: AAV9 (cardiac
tropism from literature; % cardiac transduction by
IVIS imaging; n >= 5 published AAV9 cardiac
delivery studies); LNP (ionisable lipid; mRNA;
miRNA delivery; cardiac tropism from
organ-specific LNP studies); UTMD

(ultrasound-targeted microbubble

destruction;

site-specific cardiac delivery; GFP or siRNA

delivery efficien
Delivery score
liver

off-target

distribution;

re-dosing feasibility.

%

cy in rodent and porcine models).
86-10):

cardiac transduction;
immunogenicity;

3.4 Target Interaction Network Analysis

For top-10
experimentally validated targets

mCTS

miRNAs:

identify
(miRTarBase

all

v9.0; strong evidence: luciferase + western blot +

gPCR required). Map targets onto KEGG
cardiovascular disease pathways (hsa05410;
hsa05412; hsa05414). Network centrality

(betweenness; degree; eigenvector; igraph R) to

hub

targets

mediating

most

identi&y

miRNA-disease network effect. Overrepresentation
analysis (ORA; ClusterProfiler R; GO Biological
Process; FDR < 0.05).

Table 2. mCTS scores: top-20 miRNA
cardiovascular targets by domain

Dir Key Val I(I:l Therape

mi Car
RN diov
A asc
ular
Do,
mai
n

mi | Card

R-2 iach

08a %/per
rop
hy;'h
eart
failu
re

mi | Card

R-2 iacfi

1 bros
1S; Vv
ascu
lar s
moo
thm
uscl

mi | Live
R-1 r-car
22 | diac
axis;
H&JV
;. dys
1ip¥d.
aemi

mi | Card
R-1 iach
33a  yper
/b hrop
M1 p
rote
ction

ect idated

ion Target

in S

Dis

eas

e

UP THRAP

10- | 1, MYO

1?8 STATIN

X .

ise  MEDI13

ase (MHC

) switch
control)

UP | PTEN;

8-1( EDC]%4;

X ;

dis FR@IL

eas RECK

e)

UP. CYCLIN

3x1 GI;

ive | ALDOA;

r (d ANKRD

ise | (HCV

ase | life
cycle re
plicatio
n)

DO | RhoA;

WN  CDC42;

2-5 | NFATS3;

x (d | HERG

ise | (K+ cha

)ase nnel)

T
S

kK

utic
Strategy

Anti-miR-
208a (LN
A-antimi

R; s.c. or.
i.v.; cardi
ac-specifi

C
delive

via AAV9
vector or
cardiac-t

argeted
Ll\?P)

Antj-miR-
21 (anta
gomir-21
or LNA;
IVori.c.
delivery;
cardiac
fibrosis p
revention

Anti-miR-
122 (mir
avirsen;
GalNAc-a
nti-miR; 1
iver-targ
eted;
miR-33.
also lipid
target

miR-133
mimic
(restore
downreg
ulated ca
rdioprote
ctive
function;
AAV9
delivery
for sustai
ned

cardiac e
xs)ressm
n

Clinic
al Pro
ximity

Phase
I plann
ed (Re

ulus
Ix; ant
i-miR-2
08a; ca
rdiac
HF pro
gramm
e;NHP
toxicol
ogy co
mplete
d)

%’hase

safety.
establi
shedin
onc(ol()

y_(ml

-21 is
also on
comiR)
; cardi

ac
Phase
I prepa
ration

Phase
II com
leted
miravi
rsen;
HC\/;
Roche)
; ESTA
BLISH
ED
clinical
preced
ent for
anti-mi
R class

NHP m
iR-133
AAV9
deliver

feasi

ility;
Phase
I pre
for

51



Biomedical and Pharmacological Literature Archives https://stanfordgroup.org/index.php/BPLA/issue/archive
ISSN: 3117-7328 Vol: 2022, Issues: Issue3, 2022

mi Car Dir KeyVal m Therape Clinic mi Car Dir KeyVal m Therape Clinic
RN diov ect idated C utic al Pro RN diov ect idated C utic al Pro
A asc ion Target T Strategy ximity A asc ion Target T Strategy ximity
ular in s S ular in s S
Do, Dis Do, Dis
mai eas mai eas
n e n e
mi | Athe UP | PTEN; 0. Anti-miR- | Preclin mi | Athe UP | ABCAl; 0. Anti-mjR- Phase
R-2 | roscl 5x( PDCD4; 78 |21 (EV-e ical R-3 | roscl | 2x (| ABCG1; 74 | 33 (GalN I anti-
1-5 | erosi pla | SMAD7 ** | ncapsula (NHP. 3 erosi SR HDLAB; **  Ac-conju  miR-33
D s; en que | (TGF-be *  tedor Ga dyslipi s; H EB | HADHB *  gated;liv (NHP
doth foa | ta path INAc-con daemi DL/V P-1 | (FA er-target | athero
elial mc | way) Jfl)l ated; | a mod LDL /2 c | beta-ox) ed; scleros
infla | ells SK9/L. | el); co met or ABCAld |is
mm. ) DLR axis nverge aboli  egu e-repress model:
modulati | nt with sm late ion -> plaque
on for miR-21 d) HDL regres
LDL redu | cardia efflux sion;
ction) C prog increase; HDL +
ramme RtCT ()alev 410%); )
ation clinica
mi | Angi UP | ITGA5; 0. Anti-miR- MRG-1 transla
R-9 ogen 3x (| KLE2; 78 1 92a (MR | 10 tion
2a | esis; ant KLF4;S * | G-110; Phase clear
MIi i-an | ERTAD |* miRagen; o : R
scha gio 3 intracoro | clinjcal mi | Card UP | SHIP1; 0. Anti-miR- NHP p
emia Ini nary trial (i R-1 idaci 3-1 | SOCSI; 71 155 (nan harma
-re sch delivery | ntraco 55 | nfla | Ox( BNIP3; ** | gparticle cologY
erfu ae for MI-is | rona mm. infa TABI1 *  delivery; comple
sion mia chaemia) ; CH g R/(I)s rct | (NF-kB macroph | te; car
3 patient t-MI ma  signalli age-targ @ diac an
promates | s; T mac cro ng eted; ti-miR-
re-endot | 02881 roph pha reduce p | 155
helialisat | 047) age | ge) ro-inflam Phase
on P olar | bit o
r | Dbility i
mi Card DO mTOR; 0. miR-199 Phase fsation in | nitiate
R-1 'iach | WN HIF-lal 74  a mimic ( INHP MI) d
99a yper | (pr ha; DY | **  protectiv | safety. : -
rop ec.) | NAMIN * e establi mi | Card | UP | PTEN; 0. miR-17-9  Neona
hy; p  UP R%st-MI; shed; c R-1 iacp 2x( RBI; cC 71 2 cluster tal
rote  (hy V9 ardiac 7-9 Toge pro DKN1A; ** | mimic mouse
ctive per vector progen 2 nifor gen THBS1 | * | (AAV9; heartr
inis tro delivery;  1toract roli  itor  (angio promote | egener
chae phy re-progra  ivation ferat | s; d ene51s§J cardiomy | afion
mia ;J mme car | potenti ion; | ow ocyte pro model;
diomyocy  al Ml h nin liferation | large
te metab ealin HF post-MI; | mamm
olism to_ g ) mononuc  al card
glycolysi lear CM | iac pro
S) cyc%mct;) llfera(tll
mi  Arrh UP KCNJ2; 0. AntimiR- Strong restart) - Detion
R-1 yth |25 GJA 74 | 1 (arrhyt | preclin target
mia  x( %_I x43); **  hmiared 1ical . o )
((%/"IFI) ost- HAND2; * | uctionin | (rat mi | Card UP | BCL2; 0. Anti-miR- Aged
2] MI) | IRXL1 ischaemi I); bi R-3 iomy 3x (| SIRTI; 67 34a mouse
biom (cardiac a-reperfu omark 4a | ocy agﬁe RAP1; P  ** grestore cardia
arke dev.) sion bﬁ’ er eag d MA1; IRT1 c funct
r KCNJ2 d | Phase eing ear | ALDH lon%ewty ion im
e-repress I (plas ;tel 4t Al pathway; prove
ion; ma ome elo reserve @ ment (.
UTMD miR-1 re-d me elomere  anti-mi
delivery) @ for MI epen res -associat | R-34a:
diagno dent  hor ed cardio EF +1
sis; su HF t) myocyte 40{:_31)'
perior. survival) NHP a
specifi e-rela
city) eddHlF
mi  Vasc DO SPRED 0. miR-126  Endoth Dlonse
R-1 | ular | WN 1; 74 | mimic (E | elial E d
26 hom 3x( PIK3R2; ** V-mediat V-miR- : T X
eost ath VCAM-1 *  ed 126 tr mi Card | UP RODI1; | 0. Anti-miR- Combi
asis; ero | ; delivery; | ansfer R-4 iach 5-1 PPARA; |67 499 (com ned an
athe scl CXCL12 restore (parac 99 per Ox (| RIPK1; |** plementa | ti-miR-
roscl | ero vascular | rine m rop | hyp | SOX6 ry to anti 208a+
erosi | sis) homeost @ echani lﬁr ertr -mjR-208 499 str
S pr asis; sm con H oph a; both ategy .
otec reduce firmed Ciso }if encoded | underi
tion VCAM-1 | ); EVd form F in MYH7 | nvestig
driven m | elivery cont ) family; ¢ | ation;
onocyte | Phase rol ombihed #NHP1t
adhesion | [ feasi cardiac- | oxicolo
) bility MHC pro | gy
studies gramme)

52



Biomedical and Pharmacological Literature Archives
ISSN: 3117-7328 Vol: 2022, Issues: Issue3, 2022

https://stanfordgroup.org/index.php/BPLA/issue/archive

mi Car
RN  diov
asc

ular

Do,

mai

mi | Card

iac fi

9 bros
is (E
CM
rem
odell
ing)

mi | Hyp

oxia-

10 |isch,
aemi
ares
pons
e; cy
topr
otec
tion

mi | Hea.
rt fai
23 | lure
biom
arke

mi | Card
By i
46a nfla

mi | Card
23 nfla

UP
2-5
x (i
sc(h
ae

mic

hea
rt)

®S

'TL’T“T"g w
e

uUp
5x (
neu
tro
phil

MI)

Key Val m
idated C
Target T

S S

COL1A1 0.
;1COL3A

FBN1;
LAMC1
(ECM
genes)

ISCU1/ 0.
2 (Fe-S 64
cluster); **
GP ;

EFNA3

SERP1; | 0.
TMEM1 61
FBXL9
(cardiac

remodel
ling)

TRAF6; .
IRAK1; 61
SIRP-al | **

Pi}rll?late

immune
TLR)

Strategy

miR-29
mimic
restore
CMre
modellin

galance ;
collagen
overprod
uction re
duction;
anti-fibro
tic)

miR-210
mimic
(hypoxia
yre-condi
ioning
mimic;
ISCU sup
pression
-> mitoc
hondrial

ROS red
uction in
ischaemi
a)

Biomark
er focus
(plasma
miR-42
AUC
0.91 for
HF diagn
osis; com
plementa
gf to
3NP);
limited t
herapeut
ic use

Anti-miR-
146a
{\z/alclzute
prevent
excessive
NF-kB-dr
iven infla
mmation;
nanopart
icle

delivery
to macro

phages)

miR-223
mimic (s
uppress
NLRBS i
nflamma
some in c
ardiomyo
cytes
post-MI;
converge
nt with
NLRP3 ¢
ombinati

on
target)

Clinic
al Pro
ximity

UTMD
deliver
y of
miR-29
mimic
inrat c
ardiac
fibrosi
s; 30%
collage
n redu
ction;
NHP p
ending

Transi
ent isc
haemi
a pre-c
onditio
mng

model;
811R-2 1

mimic

pre-tre
atment
reduce

S
infarct
size
28%

Phase

I biom
arker v
alidati
on (mi
R-423

lIzllasma

F;

several
Europe
an coh

In vivo
MI
model
(anti-m
iR-146
a nano
particl
e:

infarct

size

-22%);
human
expres
sion va
lidated

Conver

miR-2
3 axis;
colchic
ine co
mparis

on
study
(BPLA
aper
508
CPAF)

mi Car Dir KeyVal m Therape Clinic
RN diov ect idated C utic al Pro
asc ion Target T Strategy ximity
ular in s S
Do, Dis
mai eas
n e
mi | Panc UP @ PDKI1; Anti-miR- | miR-37
R-3 reati 3x( MTPN; 54 375
75 c-ca T2 | ERAB; restore lasma
rdia DM | IGF1R eta-cell iomar
c . ; be | (insulin function; | ker for
axis; ta-c  signalli improve | T2DM
diab ellf ng insulin se  (AUC
etes- ailu cretion; ¢  0.84; c
HF re) onvergen @ onverg
twith'an | ent
tidiabetic | with

therapy) BPLA

®k p < 0.001; ¥ p < 0.01; * p < 0.05 (mMCTS vs. 0.40
poor-target threshold; one-sample t-test). LNA = locked
nucleic = acid. GalNAc = N-acetylgalactosamme
(hepatocyte-targeting ligand). TMD =
ultrasound-targeted =~ microbubble destruction. EV =
extracellular “vesicle. RCT = reverse cholesterol
transport. MHC = myosin heavy chain. SROC = summary
ROC curve. IRI = ischaemia-reperfusion injury. miR-208a
mCTS 0.87) leads cardiovascular miRNA targets
ecause it satisfies all five mCTS dimensions at
near-maximum: it is cardiac-exclusive (TV score 1.0 -- the
only miRNA in the list encoded within a cardiac-specific
structural gene); the anti-miR-208a therapeutic window
is wide in NHP studies; AAV9 delivery achieves 70-80%
cardiomyocyte transduction; plasma_miR-208a is a
cardiac "biomarker; and a Phase I clinical programme
(R%’qulus Therapeutics) has completed NHP toxicology.
miR-92a (mCTS 0.78; MRG-110) is the only entry with an
o&l%omg Phase I clinical trial in cardiac ~ patients
il T02881047 for intracoronary deliverIy in chronic
eart failure) ~ -- the most™ clinically advanced
cardiovascular —anti-miR programme at time of
publication.

4. Results

4.1 miR-208a and miR-21: The Two
Highest-Priority Cardiac Targets

miR-208a achieved the highest mCTS (0.87) across
all six cardiovascular domains -- reflecting its
unique cardiac-exclusivity (the only miRNA in the
dataset encoded within the MYHG6 intron and
expressed exclusively in _cardiomyocytes), the
causal validation of its role in the alpha-to-beta
MHC switch in multiple models, and the advanced
NHP toxicology Erosqramme (Regulus
Therapeutics). miR-21 (mCTS 0.84) ranks second --
its PTEN/Akt/Spryl target network covering
fibroblast survival; ERK activation; and immune
cell signalling makes it the broadest-acting and
most therapeutically versatile anti-fibrotic cardiac
miRNA target. The established oncology Phase I
safety precedent for anti-miR-21 provides a
regulatory pathway for cardiac anti-miR-21
development.

4.2 Circulating miRNA Biomarkers:
Complementing Troponin

Meta-analysis of circulating miRNA biomarkers for
cardiovascular diagnosis confirmed: miR-208a for
acute MI -- pooled AUC 0.91 +- 0.04 (n = 8
studies; 1,247 patients) -- non-significantly
different from hs-troponin I AUC (0.94 +-0.03; p =
0.21) but with substantially higher cardiac
specificity (miR-208a is absent from skeletal
muscle; troponin I is present in skeletal muscle;
though at very low levels). miR-423-5p for heart
failure -- pooled AUC 0.91 +- 0.04 (n = 6 studies;
847 patients) -- equivalent to BNP AUC (0.90 +-
0.04; F = 0.89) in the same populations. The
clinical value of miRNA biomarkers lies in
complementarity rather than replacement: miR-1
+ miR-208a panel for acute MI achieves AUC 0.97
-- significantly above troponin alone (p = 0.008
DeLong) in pooled analysis.
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DelLong test) and Brov:des additional cardiac specificity
advantage -- miR-208a's absence from skeletal muscle
means that in_ trauma; rhabdomyolysis; or non-cardiac
chest pain with muscle injury, the miRNA panel is less
likely to generate false-positive MI diagnoses_ than
troponin alone. The practical implementation challenge:
RT-qPCR measurement of plasma miRNA requires 2-4
hour turnaround in most clinical laboratories (vs. < 1
hour for point-of-care trqg)onm) -- a bottleneck bein

addressed by_ rapid digital PCR and CRISPR-Casl

diagnostic })Iatforms (10-20 min turnaround in
development).
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kK p < 0.001; * p < 0.01; * p < 0.05 (cardiac

transduction vs. 5% baseline level in uninjected animals).

b = neutralising antibody. SORT = selective organ
target.m% (lipid ~ composition-driven = LNP_  organ
selectivity; Cheng et al. 2020 Nature Nanotechnology).
UTMD cardiac transduction (37.4%) is zone-specific --
achieved only in the ultrasound beam focal zone; off-zone
cardiac tissue receives < 5% transduction.” This
site-specificity is an advantage for focal arrhythmia
ablation or localised post-MI zone treatment but limits
cardiac  diseases = (dilated
cardiomyopathy; global fibrosis) where whole-heart
delzver(y is needed. The AAV9 immunogenicity challenge
(40-60% of adult humans have pre-existing anti-AAV9
NAb from natural infection; potentially  preventin
therapeutic AAV9 administration) is the most critica
barrier to cardiac AAV9 gene therapy at scale --
pre-screening for anti-AAV9 NAb will be required for
clinical programmes, with patients showing NAb titre >
1:50 excluded from V9 miRNA t er?&/ until
alternative serogroups (AAV6.2; AAVrh10; LK03) with
lower pre-existing immunity rates are validated for
cardiac delivery.

application to global
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Figure 1. mCTS composite scores for top-20
cardiovascular miRNA targets. miR-208a (0.87) leads
-- cardiac-exclusive expression and advanced NHP
programme. miR-21 (0.84) and miR-122 (0.84; clinical
miravirsen precedent) follow. miR-133a/b (0.81) and
miR-92a (0.78; Phase I clinical trial ongoing)
complete the top-5. All 20 exceed the 0.40 minimum
viable target threshold (dashed). Cardiac hypertrophy
and fibrosis domains dominate the top-10.
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Figure 2. Circulating miRNA biomarker AUC vs.
clinical standard (hs-troponin for MI; BNP for HF).
miR-208a for acute MI (AUC 0.91) is not significantly
different from hs-Tnl (0.94; p=0.21) but adds cardiac
specificity. The miR-208a+miR-1 panel (0.97)
significantly outperforms hs-Tnl alone (p=0.008). For
HF, miR-423 (0.91) is equivalent to BNP (0.90;
p=0.89). miRNA panels consistently exceed individual
miRNA or troponin/BNP performance.
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Figure 3. Cardiac delivery platform comparison: %
cardiomyocyte transduction achieved. AAV9 (IV;
rodent) achieves the highest cardiac transduction
(74.7%) -- far above LNP standard (4.7%). UTMD

(site-specific; 37.4%) and organ-tropism-engineered

LNP (18.4%) are intermediate. GalNAc-anti-miR is
liver-only (< 1% cardiac). EV (8.4%) is low but
represents natural paracrine delivery (miR-126 EV
therapy). AAV9 porcine model (47.4%) confirms
large-animal cardiac feasibility.

L s wmagasmsce | T o000y

—e— miR-21 (mCTYWENWroad fibrosis target; oncology data)
634 GaINAc liver delivery; atheroscler.)

ical
Translation
(CT)

Figure 4. mCTS dimension radar for five leading
cardiovascular miRNA targets (1-10; higher = better).
miR-208a (blue) is the most balanced
high-performance target -- leading on target
validation (cardiac-exclusive) and biomarker utility.
miR-92a (orange) leads on clinical translation (Phase
I trial ongoing). miR-21 (green) leads on therapeutic
window (broad but manageable; oncology safety
data). miR-33 (red) leads on delivery feasibility
(GalNAc liver targeting; simple). miR-423 (purple)
leads on biomarker utility but has limited therapeutic
tractability.

5. Discussion

5.1 Anti-miR-208a: The Path to Clinical
Development

The anti-miR-208a programme (Regulus
Therapeutics; RG-012 predecessor programme)
represents the most advanced cardiovascular
anti-miR clinical 8rogramme. The NHP toxicology
data -- anti-miR-208a administered subcutaneously
at 30 mg/kg biweekly for 13 weeks; no
haematological; hepatic; renal; or cardiac toxicity;
and (})reserved cardiac function
echocardiography -- establishes the safety profile
needed for Phase I IND filing. The clinical
development challenge: patient selection (which
HF patients are most likely to respond -- those
with highest miR-208a upregulation; detectable b
plasma miR-208a measurement; and wit
preserved capacity for reverse MHC isoform
switching) and endpoint selection (EF; exercise
capacity; 6-minute walk; or biomarker endpoints in
Phase II). KCCQ score (Kansas City
Cardiomyopath Questionnaire) as a
patient-reported outcome is the most clinically
meaningful Phase II endpoint recommendation.

5.2 The AAV9 Re-dosing Problem:
Engineering Solutions

The anti-AAV9 neutralising ~antibody ~(NAb)
Fre-emstmg immunity (40-60% adult prevalence;
rom natural AAV9-like parvovirus infection) and
the immune response to first-dose AAV9
(preventing re-dosing) are the most clinically
significant  limitation for AAV9-based cardiac
miRNA therapy. Three engineering solutions
under development: (i) Capsid switching: use

AAVTrh10 or AAV6.2 for re-dosing in patients who

received AAVY first (different capsid = different
antibody epitopes = no cross-neutralisation); (ii)
Immunosuppression: rituximab (B-cell depletion) +
rapamycin (Treg induction) co-administration to
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enable AAV re-dosing in NAb+ patients (clinical

recedent from SMA gene therapy); and (iii)
apsid engineerﬁg: rationally designed AAV
capsid variants (AAVPHP.eB; V2-PHP.B) with
reduced NADb cross-reactivity against natural
parvovirus antibodies.

5.3 miRNA Panels as the Clinical Biomarker
Future

The miR-208a + miR-1 panel AUC of 0.97 for acute
MI -- significantly above hs-troponin alone (p =
0.008) -- %rovides the strongest evidence for
clinical miRNA panel implementation in acute
cardiovascular diagnosis. The remaining barrier is
turnaround time: current clinical RT-gPCR for
plasma miRNA requires 2-4 hours (vs. < 60 min for
point-of-care = troponin  immunoassay). Two
emerging platforms address this: CRISPR-Casl3
nucleic acid detection (Sherlock Biosciences; < 30
min for miRNA from plasma) and digital PCR
(single-molecule counting; 45 min; Bio-Rad QX200
or Stilla Naica system) -- both compatible with
emergency department point-of-care
implementation. A multimarker cardiovascular
panel (hs-Tnl + miR-208a + BNP 4+ miR-423)
measured simultaneously at < 30 minutes
turnaround is the clinical target for 2025-2030
implementation.

5.4 Limitations: miRNA Target Specificity and
Off-Target Biology

The most significant limitation of miRNA
therapeutics is pharmacological pleiotropy: each
miRNA has hundreds of validated target genes;
inhibiting or enhancing a miRNA modulates a
complex gene network -- not a single target -- with
potentially  unpredictable off-target ~ pathwa

effects. miR-21 inhibition for cardiac fibrosis will
simultaneously de-repress PTEN in multiple
tissues (liver; lung; immune cells) where miR-21
also regulates PTEN-Akt signalling -- potentially
altering immune function and tumour suppressor
activity in non-cardiac tissues. The oncology
observation that miR-21 is the most commonly
upregulated 'oncomiR' in human cancers means
anti-miR-21 therapy for cardiac fibrosis might
otentialhl/ enhance tumour suppressor activity
Pbeneficia) or alter cancer risk (net effect
uncertain; long-term carcinogenicity studies in
anti-miR-21 cardiac programmes are mandatory).

6. Conclusion

6.1 Summary

Evaluation of 247 miRNA-cardiovascular target
relationships confirms: miR-208a (mCTS 0.87) and
miR-21 (0.84) are the highest- riorit}l therapeutic
targets. miR-92a (MRG-I110; Phase I ongoing) is
the most clinically advanced cardiovascular
anti-miR. miR-208a+miR-1 panel for acute MI:
AUC 0.97 (vs. hs-Tnl 0.94; p=0.008). miR-423 for
HF: AUC 0.91 (eq7uivalent to BNP). AAV9 leads
cardiac delivery (74.7% transduction in rodent;
47.4% porcine). PTEN is the highest-centrality hub

target (betweenness 0.84). NAb re-dosing
challenge is the primary AAV9 barrier.

6.2 Recommendations

Three recommendations: (1) advance

anti-miR-208a to Phase I clinical trial in HFrEF
patients with elevated plasma miR-208a (> 3-fold
above normal range at baseline) -- the
cardiac-exclusive expression; NHP toxicology
completion; and strong preclinical functional
evidence (EF preservation; anti-hypertrophic;
anti-fibrotic) from Montgomery et al. provide
sufficient preclinical justification; patient selection

plasma miR-208a measurement at baseline will
enrich the trial for the patients most likely to
respond (highest miR-208a target engagement
upon anti-miR administration); (2) validate the
miR-208a + miR-1 circulating panel for acute MI
diagnosis in a prospective multicentre study (n >=
2,000; high-sensitivity troponin as co-comparator)
using a CRISPR-Casl3 or digital PCR rapid

detection platform -- the retrospective AUC 0.97
finding from meta-analysis needs prospective
real-world validation at clinical turnaround time <
60 min before FDA/EMA IVD (in vitro diagnostic)
approval can be sought; the clinical unmet need is
early rule-out of MI in chest pain patients at 0-1
hours, where even hs-troponin has limited
sensitivity; and prioritise
organ-tropism-engineered LNP (SORT; selective
organ targeting) development for cardiac miRNA
delivery as the re-dosable alternative to AAV9 --
the AAV9 immunogenicity barrier is likely to limit
cardiac AAV9 miRNA therapy to a once-in-lifetime
treatment; for chronic progressive conditions
(dilated cardiom¥opathy; cardiac fibrosis) where
re-dosing would be  clinicall desirable,
cardiac-targeted ionisable LNP (achieving 18.4%
cardiac transduction currently vs. 74.7% for AAV9;
a 4-fold gap addressable by continued lipid
engineering) is the preferred re-dosable delivery
modality for cardiovascular anti-miR or mimic
therapy. All mCTS data deposited openly.
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Appendix A

mCTS Scoring Protocol and
Cardiovascular miRNA Biomarker Panel
Implementation Guide

The mCTS scoring protocol for cardiovascular miRNA
target evaluation and the clinical implementation
guide for the miR-208a + miR-1 acute MI biomarker
panel are provided below.

mCTS SCORING PROTOCOL AND miRNA
BIOMARKER PANEL GUIDE

mCTS Dimension 1 -- Target Validation (TV; weight
0.30): Assess against three evidence levels: Level A
(human genetic + in vivo functional): SNP or rare
variant in miRNA gene associated with cardiovascular
disease in GWAS (p < 5x10-8) OR patient tissue
expression change confirmed in >= 3 independent
cardiovascular disease cohorts (n >= 100 patients
each) PLUS in vivo causal evidence (cardiac-specific
knockout or transgenic overexpression phenotype in
mouse or larger model; at least 2 independent
laboratories). Level A = TV score 1.0. Level B (in vivo
functional only): in vivo cardiac phenotype from
miRNA manipulation (AAV-mediated overexpression
or anti-miR treatment) with luciferase-validated
target in disease-relevant cell type; no human GWAS
validation. Level B = TV score 0.6. Level C (in vitro
association only): differential expression in
patient-derived cell lines or tissue RNA; no in vivo
functional validation. Level C = TV score 0.2. Note:
the distinction between Level A and B is the presence
of human genetic/expression data -- the most critical
filter for distinguishing true therapeutic targets from
mouse-specific biology.

mCTS Dimension 2 -- Therapeutic Window (TW;
weight 0.25): Assess from published anti-miR or
mimic pharmacology data: (a) NHP toxicology
(highest evidence): anti-miR at >= 3x the expected
therapeutic dose; 13-week repeat dosing; no
dose-limiting toxicity in liver; kidney; haematology;
cardiac function. TW = wide = score 1.0. (b) Rodent
chronic toxicology: 4-week anti-miR at >= 5x
therapeutic dose; no off-target phenotype. Score 0.6.
(c) In vitro selectivity only (no in vivo TW data): Score
0.2. Critical TW concern: miRNAs regulating PTEN;
p53; or Myc pathways may have cancer risk
implications from chronic modulation -- long-term
carcinogenicity assessment required. Any evidence of
cancer-related off—tarthet effect: apply TW score cap of
0.5 regardless of level, pending carcinogenicity study.

mCTS Dimension 3 -- Delivery Feasibility (DF; weight
0.20): Score based on highest cardiac transduction
demonstrated in published delivery studies: >= 70%
cardiomyocyte transduction in large animal (porcine)
model = DF score 1.0 (only AAV9 at present; NHP
validation required for cardiac programme). 40-70%
in large animal OR >= 70% in rodent only = score 0.7
(AAV9 rodent; UTMD site-specific in pig). 15-40%
cardiac transduction in any model = score 0.5
(organ-tropism LNP; UTMD rodent). < 15% cardiac
(liver-dominant) = score 0.3 (standard LNP; EV). No
cardiac delivery data = score 0.1. Delivery score must
include a re-dosing feasibility sub-score: re-dosing
feasible (LNP; GalNAc; UTMD) = score as above.
1P){e-(<):1%sing:y not feasible (AAV9 NAb) = reduce DF score
y 0.2.

miR-208a + miR-1 Acute MI Biomarker Panel
Implementation Protocol: Sample requirements: 5 mL
EDTA blood collected within 4 hours of chest pain
onset (optimal 0-2 hours; miR-208a is released from
damaged cardiomyocytes within 1-2 hours of onset).
Serum preparation: centrifuge 2,000 x g x 10 min;
transfer serum; add cel-miR-39-3p spike-in control
(synthetic Caenorhabditis elegans miRNA; 25 fmol;
for normalisation). RNA extraction: miRNeasy Mini
Kit (Qiagen) or equivalent; elute in 30 pL.
nuclease-free water. Detection platform options: (A)
Standard RT-qPCR (2-4 hour turnaround): TaqgMan
Advanced miRNA assay (Applied Biosystems; Assay
ID 478389 mir for miR-208a; Assay ID 477820 mir
for miR-1); hU6 or cel-miR-39 normalisation; results
expressed as delta-Ct vs. healthy volunteer reference.
(B) Digital PCR (45-60 min): QX200 Droplet Digital
PCR (Bio-Rad); absolute quantification (copies/uL); no

normalisation required; lower limit of detection 1
copy/pL. (C) CRISPR-Cas13 (< 30 min; POC):
SHERLOCK assay format for plasma miR-208a;
fluorescence readout; results < 30 minutes from
sample. Clinical interpretation thresholds (based on
meta-analysis): miR-208a plasma level >= 3-fold
above healthy reference range = positive for
cardiomyocyte injury (sensitivity 84.7%; specificity
91.4%). miR-1 >= 2-fold = positive for
cardiomyocyte/skeletal muscle injury. Panel
interpretation: miR-208a + miR-1 BOTH positive =
AUC 0.97; high confidence acute MI. miR-208a
positive + miR-1 negative = cardiac-specific pattern
(strongly favours MI over rhabdomyolysis).
Sensitivity/specificity targets for POC clinical use: >=
95% sensitivity (rule-out); >= 90% specificity
(rule-in).
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