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Abstract
Impact Statement

Allele-specific silencing represents a promising thera-
peutic strategy for human cardiomyopathies. A major
critical step is siRNA design and validation to obtain
highest silencing effect with best allele discrimination.
We report here on the identification and validation of
siRNA sequences to knockdown mutant alleles coding
for the R92Q and the R173W missense mutations in
human cardiac troponin T (TNNT2) gene. siRNAs were
validated by a two-step protocol consisting in the use
of a luciferase reporter assay followed by transfection
in HEK293T cells and the western blot analysis. The
results obtained showed that insertion of a single-base
mismatch downstream the targeted mutations conferred
the highest allele-specific discrimination, with minor

Autosomal dominant mutations in sarcomere proteins such as the cardiac
troponin T (TNNT2) are the main genetic causes of human hypertrophic
cardiomyopathy and dilated cardiomyopathy. Allele-specific silencing by
RNA interference (ASP-RNAI) holds promise as a therapeutic strategy
for downregulating a single mutant allele with minimal suppression of the
corresponding wild-type allele. Here, we propose ASP-RNAi as a possible
strategy to specifically knockdown mutant alleles coding for R92Q and R173W
mutant TNNT2 proteins, identified in hypertrophic and dilated cardiomyopathy,
respectively. Different siRNAs were designed and validated by luciferase
reporter assay and following analysis in HEK293T cells expressing either the
wild-type or mutant TNNT2 alleles. This study is the first exploration of ASP-
RNAi on TNNT2-R173W and TNNT2-R92Q mutations in vitro and gives a base
for further application of allele silencing as a therapeutic treatment for TNNT2-
mutation-associated cardiomyopathies.

effects on expression of the wild-type allele, suggest-
ing that this approach can potentially be considered for
further validation in cardiac muscle cells.
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Introduction

Cardiomyopathies (CMPs) are myocardial disorders char-
acterized by structural and functional abnormalities in the
cardiac muscle.! Many familial forms of hypertrophic car-
diomyopathy (HCM) and dilated cardiomyopathy (DCM)
are linked to autosomal dominant mutations in genes that
encode thick and thin contractile myofilament proteins of
the cardiac sarcomere, and both represent a significant risk of
heart failure and sudden death for the affected individuals.??
HCM affects 1:500 in the population and is characterized by
a left ventricular hypertrophy with diastolic dysfunction,
whereas DCM, with the prevalence of 1:2500, is character-
ized by a dilated left ventricular or biventricular cavity and
manifests as systolic dysfunction.*® HCM is associated with
sudden cardiac death only in a small percentage of subjects,
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especially in young men, while most of the patients have
mild symptoms. However, recent studies show that heart
failure, left ventricle fibrosis, and atrial dilatation in HCM
patients can be an important cause of morbidity and mortal-
ity in the long term. On the contrary, DCM represents one of
the main causes of heart transplantation and is associated
with an increased risk of heart failure, with significant mor-
bidity and mortality as well as arrthythmia-related death.®
The human TNNT2 gene codes for TNNT2, the largest
troponin subunit involved in the regulation of cardiac con-
traction in response to calcium concentration.”® Pathogenic
mutations in TNNT2 account for approximately 15% of
HCM?® and 2.9% of DCM cases.!011 Of note, mutations in
genes coding for proteins of the troponin complex appear
to be particularly severe and penetrant in both types of
CMPs.® Among them, the R92Q missense mutation (c.275
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G>A; p.R92Q) has been identified as causative for HCM
and it is associated with a particularly poor clinical progno-
sis,'>13 whereas the R173W mutation (c.517, C > T, p.R173W)
is linked to DCM.!* Both are involved in alteration of the
Ca?* sensitivity of the troponin complex and of the binding
affinity of TNNT?2 for tropomyosin.!>1¢ Current cardiomyo-
pathy treatments focus on symptoms relief by pharmaco-
logical intervention and prevention of sudden cardiac death.
Several therapeutic approaches, including the allele-specific
silencing (ASP-RNAI), have been proposed to prevent CMP
development, correcting the mutation before the beginning
of symptoms.'” Recently, ASP-RNAIi of the mutant allele
with specific siRNAs has been reported in some autosomal
dominant diseases.!®-2! The potential of ASP-RNAi is largely
dependent on its highly sequence-specific knockdown abil-
ity; to this purpose, it is necessary to design siRNAs that
confer a strong allele discrimination. An important issue
in designing efficient siRNAs is the position of the mutant
nucleotide in the siRNA sequence; indeed, different studies
demonstrated that siRNAs that carry the mutant nucleotide
in a central position show an enhanced allele discrimination
and display a better performance in cleavage of the target
transcript.?>?® In addition, introduction of additional modifi-
cation can further improve allele-specific silencing.?> Among
these, the most effective modification appears to be the intro-
duction of nucleotide mismatches into siRNA duplexes,?6?”
although the nucleotide position and the choice of the base
are critical aspects to be evaluated. Accordingly, mismatches
can be introduced in the 3'-end of sense siRNA sequence,
containing the seed region, resulting in an increase in allele
specificity thanks to a significant decrease in base-pairing
efficiency between siRNA and the wild-type allele.?®

In this study, we set up the basis for development of an
ASP-RNAi approach to specifically knockdown mutant
alleles coding for the R92Q and the R173W missense muta-
tions in TNNT2 gene. Since siRNA design is one of the most
critical steps in ASP-RNAi, we designed and tested sets of
siRNAs fully complementary to the target sequence of the
mutant alleles or containing single-base mismatches down-
stream the targeted mutations. Competent siRNAs conferring
allele-specific silencing against the R92Q and R173W mutant
alleles were selected and validated using a luciferase assay.
The efficiency of allele-specific knockdown was confirmed in
cells expressing full-length wild-type or mutant TNNT?2.

Materials and methods

Design of siRNAs and construction of reporter and
expression plasmids

Lyophilized silencing RNA oligonucleotides (siRNAs) were
purchased from Merck (Kenilworth, NJ, USA) and resus-
pended in the provided buffer at a final concentration of
20uM. In each experiment, they were used at a final concen-
tration of 200nM. Non-silencing siRNA duplex (Ambion,
Austin, TX, USA) was used as a negative control. Sequences
of the siRNAs used are indicated in Figures 1(a) and 2(a).
To construct the luciferase reporter plasmids, the phRL-
TK (Promega, Madison, WI, USA) and pGL3-TK (kindly
provided by Professor H. Hohjoh, Tokyo, Japan?) plasmids
containing the coding sequences of Renilla reniformis and

Photinus pyralis luciferases, respectively, both under the con-
trol of the herpes simplex virus thymidine kinase (TK) pro-
moter, were used. Oligonucleotide sequences corresponding
to selected regions of human wild-type and mutant TNNT2
(NM_001001430.3) were designed and chemically synthe-
sized (Merck); the Sphl restriction site for selection of posi-
tive clones and the Xbal and Notl restriction sites for cloning
steps were included. Oligonucleotides were annealed in
annealing buffer composed by 100 mM Tris-HCI (pH 8),
10mM EDTA, 1M NaCl to the final concentration of 100 uM,
and cloned in the 3'-untranslated region (UTRs) of the
luciferase genes. In detail, mutant TNNT2 sequences were
inserted in the pRL-TK plasmid and WT TNNT2 sequences
were cloned in the pGL3-TK.

Cell line

293T human embryonic kidney cells (HEK293T) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) (Merck)
supplemented with 10% heat inactivated fetal bovine serum
(Merck), 100U/mL penicillin, 100 pg/mL streptomycin,
2mM Il-glutamine, and 1mM sodium pyruvate at 37°C in a
5% CO, humidified chamber.

Transfection and luminescent assays

The day before the transfection HEK293T cells were detached
by trypsin-EDTA (0.05% trypsin, 0.53mmol /L EDTA-4Na) at
70-90% confluency, resuspended in fresh medium and seeded
into 24-well culture plates at a density of 0.5 X 10° cells/well
to perform luciferase reporter assay or into 60 mm plates
at the density of 1X10° cells/well to perform the western
blot analysis. Transfections with synthetic siRNA duplexes
and reporter plasmids were carried out using Lipofectamine
Transfection Reagent (Thermo Fisher, Waltham, MA, USA)
and Oligofectamine Reagent (Thermo Fisher) according
to the manufacturer’s instructions. Before co-transfection,
the culture medium was replaced by antibiotics and serum
free DMEM. Cells were transfected with 0.2 pug of luciferase
reported plasmid, 0.1 ug of pSV-B-galactosidase control vec-
tor (Promega) and 200nM of siRNA duplexes. Cells were
incubated for 3h at 37°C and then fresh culture medium
supplemented with 20% of fetal bovine serum was added.
Cells were incubated at 37°C for 24 h. Cells were lysed using
passive lysis buffer (Promega) and the expression levels of
luciferase and B-galactosidase were analyzed by the Dual-
Luciferase Reporter Assay System (Promega) and Beta-Glo
Assay System (Promega). 20 L of cell lysate was transferred
into a luminometer tube containing the Luciferase Assay
Reagent II to generate a stabilized luminescent signal form
Photinus pyralis luciferase. The Renilla reniformis luciferase
reaction is simultaneously initiated by adding Stop & Glo
Reagent to the same tube. 20 uL of cell lysate was used to
measure the B-galactosidase activity by the addition of
the Beta-Glo Reagent. The luminescence intensity of both
luciferases and B-galactosidase was determined by a lumi-
nometer (TD20/20, Promega), and the levels of activity of
either mutant or wild-type luciferases were normalized to
the levels of B-galactosidase activity. The ratio of mutant
and wild-type luciferase activities in the presence of siRNAs
targeting the TNNT2 mutant alleles was normalized to the
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Figure 1. Assessment of ASP-RNAI on luciferase reporter plasmids. (a) siRNA duplexes targeting the R92Q mutation: 21-mer sense-strand siRNAs (10A-12A),
19-mer sense-strand 10A siRNA, and 19-mer sense-strand 10A siRNAs carrying a mismatch in the seed region. The A nucleotide substitution resulting in the
R92Q amino acid change is shown in red, whereas the additional mismatches are underlined. (b and c) Levels of luciferase activity obtained in HEK293T cells
co-transfected with the reporter plasmids for the R92Q or the wild-type TNNT2 alleles were normalized to the levels of B-galactosidase activity. 3-galactosidase-
normalized luciferase activity in the presence of siRNA duplexes was normalized to the activity measured in the presence of control siRNA. Data are presented as
mean value = SD of four independent experiments (*P < 0.05; **P < 0.005; ***** P < 0.000005). (A color version of this figure is available in the online journal.)

ratio obtained in the presence of control siRNA. Statistical
analysis was performed by Student’s ¢-test analysis.

Construction of wild-type and mutant TNNT2
expression plasmids

To construct full-length TNNT2 expression plasmids, the
TNNT2 ¢cDNA (NM_001001430.3) was retrotranscribed and

amplified by polymerase chain reaction (PCR) (forward
primer, 5'-CCCGCTGAGACTGAGCAGA-3" and reverse
primer, 5-AGGCCAGCTCCCCATTTCC-3) from total human
heart RNA and inserted in pGEM-T Easy vector (Promega).
The pGEM-T Easy-TNNT2 vector obtained was digested
with EcoRI (Promega) restriction enzyme and inserted
into pcDNAS3 vector (Invitrogen, Waltham, MA, USA). The
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resultant plasmid was designated “pcDNA3-WT-TNNT2.”
Starting from this plasmid, mutant plasmids carrying the
TNNT2 R92Q and R173W substitutions were constructed by
site directed mutagenesis and designated “pcDNA3-R92Q-
TNNT2” and “pcDNA3-R173W-TNNT2.”

Western blot analysis

HEK293T cells were collected 24 h after transfection, washed
twice with ice-cold PBS (Merck), harvested by centrifugation
at 16,000¢ for 15min at 4°C and lysed in lysis buffer (50 mM
Tris-Cl pH 7.4, 150mM NaCl, 1% NP-40, 1mM EDTA, and
0.25% sodium deoxycholate) supplemented with protease
inhibitors cocktail and 0.1 mM PMSF (phenylmethylsulpho-
nyl fluoride). Lysed cells were collected and incubated for 1h
at 4°C and subsequently sonicated (30 pulses, 30% power:
Bandelin Sonopuls). Protein concentration was measured
using Protein Assay Dye Reagent Concentrate kit (Bio-
Rad, Hercules, CA, USA) at Ultraspec 2100 pro UV-Visible
Spectrophotometer (Amersham Bioscience, UK). Equal
amounts of protein (100 ug) were mixed with 4X sample
buffer (250mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol,
20% beta-mercaptoethanol, and 0.016% bromophenol blue),
boiled for 5min at 95°C and then separated by SDS-PAGE on
10% polyacrylamide gel using TGS running buffer (25 mM
Tris, 190mM glycine, and 1% SDS) at 25mA for 90min at
room temperature. After electrophoresis, proteins were blot-
ted onto nitrocellulose blotting membrane (GE Healthcare,
Life science, Chicago, IL, USA) using a transfer buffer
(25mM Tris, 190 mM glycine, 15% methanol, and 0.1% SDS)
at 400mA for 2h in a cold room. The membrane was incu-
bated for 1h in blocking solution with 5% Bovine Serum
Albumin (BSA) (Merck) in TBS-T (150 mM NaCl, 10 mM Tris,
pH 7.4, 0.2% Tween-20) and then diluted with primary anti-
bodies (described below) at 4°C overnight; membranes were
washes in TBS-T buffer, and further incubated with 1:3000
diluted horseradish peroxidase-conjugated goat anti-mouse
secondary antibody (Amersham) for 1h at room tempera-
ture. Antigen-antibody complexes were visualized using
Immobilon Western Chemiluminescent HRP Substrate (Bio-
Rad) and the image was acquired with Chemidoc MP (Bio-
Rad). The intensity of the bands was quantified using Image
Lab™ Software (Bio-Rad). The primary antibodies used in
western blotting and their dilution ratios were as follows:
monoclonal anti-TNNT2 antibody (1:200) (Invitrogen) and
monoclonal anti-GFP (1:1000) (Merck) antibody.

Results

ASP-RNA.i of the ¢.275 G > A variant coding for the
R92Q mutant TNNT2 protein

To identify competent allele-specific siRNAs, the dual lucif-
erase reporter assay was used. To this aim, a 37-nucleotide
fragment from either human wild-type or R92Q mutant
TNNT2 sequence were cloned into the 3'-UTR of the genes
coding for Photinus pyralis and Renilla reniformis luciferases,
respectively (Supplemental Figure S1A). To test the ability
of different siRNA to specifically silence the wild-type or
the R92Q mutant alleles, HEK293T cells were co-transfected
with the two reporter plasmids and with each siRNA duplex

to be tested. An unrelated siRNA duplex was also used as
control.

A first screening was performed to analyze three 21-mer
siRNAs fully matching the sequence of the mutant TNNT2
and carrying the ¢.275 G > A substitution at positions +10,
+11, or +12 of their sequence (Figure 1(a)). All siRNA
duplexes analyzed inhibited the expression of both lucif-
erases indicating that they were not able to exert a statis-
tically significant allele-specific silencing. In detail, the
residual expression of mutant TNNT?2 allele ranged from
32 +8.5% to 20 + 3.6% and that of the wild-type TNNT2 allele
from 43 = 13% to 30 * 6.5% as compared to control siRNA
(Figure 1(b)). Since the tested siRNAs did not induce any
ASP-RNAi, we thought to improve the allele specificity by
introducing of a single-base mismatch.?” Among the three
siRNAs analyzed, the 21-mer 12A siRNA was shown to exert
the best allele-specific effect.

We thus designed three novel 19-mer siRNAs containing
the G> A substitution at position 10 and a single-base mis-
match in the seed region (A>U, G>C, and C>U at posi-
tions 13, 14, and 15, respectively) (Figure 1(a)). As control, a
19-mer siRNA containing only the G > A substitution was
also tested (19-mer 10A). siRNAs were tested by luciferase
assay and the effects on luciferase activity of the 19-mer siR-
NAs are shown in Figure 1(c).

The results obtained showed that the 19-mer 10A siRNA
induces a more significant silencing effect of the mutant
allele (92.4 +4%), compared to the 21-mer 12A siRNA
(79.7 = 3.6%), although it still shows only a partial allele dis-
crimination. Analysis of the 19-mer 10A siRNAs containing
single-base mismatches showed that the 19-mer 10A (13U)
siRNA induced the more efficient allele discrimination,
with a silencing of the mutant allele of 83.1 =2.7% and of
12.8 +5.2% of the wild-type allele. In contrast, 19-mer 10A
(14C) and 10A (15U) siRNAs although showing a significant
allele specificity, they also resulted in a strong reduction in
the expression of the wild-type allele.

ASP-RNA.i of the ¢.517 C >T variant coding for the
R173W mutant TNNT2 protein

To induce ASP-RNAi of mRNA containing the TNNT2
R173W mutation, four 19-mer siRNA duplexes complemen-
tary to the human TNNT2 sequence carrying the ¢.517 C>T
mutation at position +9, +10, +11, and +12 were designed
(Figure 2(a)). Silencing efficiency and allele discrimination
were evaluated by the dual luciferase reporter assay. As for
the R92Q mutation, a 37 nucleotides fragment from either
human wild-type or R173W mutant TNNT2 sequences were
cloned in the 3'-UTR of the genes coding for Photinus pyralis
and Renilla reniformis luciferases (Supplemental Figure S1B).

The luciferase assay showed that siRNA 9U, 11U, and
12U achieved a significant ASP-RNAi; in detail, siRNA 9U
and 12U induced the strongest silencing of the mutant allele
(Figure 2(b)), with an inhibition of 95.6 = 1.8% for the siRNA
9U and 93.2 +2.3% for the siRNA 12U. To improve siRNA
specificity for the mutant allele, we designed additional
siRNA including a mismatch in the seed region of siRNA
9U and siRNA 12U. We thus designed siRNA 9U (13U), 9U
(14C), and 9U (15U) carrying a base mismatch in the seed
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Figure 2. Assessment of ASP-RNAI on reporter alleles. (a) siRNA duplexes targeting the R173WQ mutation: 19-mer sense-strand siRNA and 19-mer sense-strand
siRNAs carrying a mismatch in the seed region. The C nucleotide substitution resulting in the R173W amino acid change is shown in red, whereas the additional
mismatches are underlined. (b and c) Levels of luciferase activity obtained in HEK293T cells co-transfected with the reporter plasmids for the R173W or the wild-
type TNNT2 alleles were normalized to the levels of -galactosidase activity. B-galactosidase-normalized luciferase activity in the presence of siRNA duplexes

was normalized to the activity measured in the presence of control siRNA. Data are presented as mean value = SD of four independent experiments (*P < 0.05;
**P < 0.005; ***** P < 0.000005). (A color version of this figure is available in the online journal.)

region (A>U, G>C, and A>U in positions 13, 14 and 15,
respectively). Similarly, siRNAs 12U (14C) and 12U (15U)
were designed based on siRNA 12U sequence and including
a single-base mismatch in the seed region (G>Cand A>U,
respectively) (Figure 2(a)). Results from luciferase assay
showed that the introduction of a single-base mismatch
resulted in a significant improvement of mutant allele silenc-
ing in comparison to the wild-type allele. In detail, among
the five siRNAs tested, the 12U (14C) induced a strong ASP-
RNAIi, with 87.4 +5.3% knockdown of the R173W allele

against a 39.9 = 7.1% decrease in expression of the wild-type
allele (Figure 2(c)).

Analysis of ASP-RNAI on full-length wild-type and
mutant TNNT2 protein expression

To analyze the silencing effect of selected siRNA duplexes
on expression of wild-type and mutant TNNT2 proteins, we
co-transfected HEK293T cells with siRNAs 19-mer 10A (13U)
and plasmids coding for either full-length wild-type or R92Q
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Figure 3. siRNA 10A (13U) silences the expression of R92Q TNNT2 protein. (a) Representative western blot analysis of whole lysates of HEK293T cells co-
transfected with expression plasmids coding for full-length wild-type or R92Q TNNT2 and control (CTRL) or 10A (13U) siRNAs. Protein extracts of cells transfected
only with TNNT2 expression plasmids were used as control (-). Transfection efficiency was evaluated by co-transfection with a GFP expression plasmid. (b) Ponceau-
red staining of nitrocellulose membrane following protein transfer, related to western blot in (a). (c) R92Q TNNT2 relative expression in control cells (—) and in cells
transfected with either siRNA 10A (13U) or control siRNA (CTRL). (d) Wild-type TNNT2 relative expression in control cells (—) and in cells transfected with either
siRNA 10A (13U) or control siRNA (CTRL). Data are presented as mean value + SD of three independent experiments (*****P < 0.0000005). (A color version of this

figure is available in the online journal.)

mutant TNNT2 proteins. Alternatively, HEK293T cells were
co-transfected with siRNAs 19-mer 12U (14C) and plasmids
coding for either full-length wild-type or R173W mutant
TNNT?2 proteins. The silencing effect of mutation-specific
siRNA was thus evaluated on total protein lysates expressing
either wild-type or mutant proteins.

Expression of siRNA 19-mer 10A (13U) resulted in a
decrease of 88.8 =4.9% of R92Q TNNT2 protein expres-
sion compared to cells co-transfected with control siRNA
or not transfected with any siRNA (Figure 3(a) and (c)).
siRNA 19-mer 10A (13U) also showed a significant allele-
specific silencing effect since no significant decrease in the
expression of the wild-type TNNT2 protein was observed
(Figure 3(d)). Similarly, the western blot analysis of whole
cell lysates from cells transfected with siRNA 12U (14C)
showed a strong (92.7 £4.2%) silencing of R173W TNNT2
protein expression (Figure 4(a) and (c)). However, in contrast
to 19-mer 12A (13U), the 12U (14C) siRNA also induced a

significant decrease of the wild-type TNNT2 protein expres-
sion (Figure 4(d)).

Discussion

We report here on the identification and validation of siRNA
sequences to knockdown mutant alleles coding for the R92Q
and the R173W missense mutations in human TNNT2 gene.
Heterozygous dominant mutations in sarcomere proteins
of the thick and thin filaments are the main genetic cause
of HCM and DCM. The troponin T sarcomere protein is the
largest component of the troponin complex. It is involved in
the regulation of cardiac muscle contraction and is respon-
sible for the association of the troponin complex with the
thin filament and for the positioning of the other troponin
subunits in the complex.” Most of DCM and HCM-causing
mutations in TNNT2 gene lead to the expression of mutant
proteins that are incorporated in the sarcomere and affect
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Figure 4. siRNA 12U (C14) silences the expression of R173W TNNT2 protein. (a) Representative western blot analysis of whole lysates of HEK293T cells co-
transfected with expression plasmids coding for full-length wild-type or R173W TNNT2 and control (CTRL) or 12U (14C) siRNA. Protein extracts of cells transfected
only with TNNT2 expression plasmids were used as control (-). Transfection efficiency was evaluated by co-transfection with a GFP expression plasmid. (b) Ponceau-
red staining of nitrocellulose membrane following protein transfer, related to western blot in (a). (¢) R173W TNNT2 relative expression in control cells (-) and in cells
transfected with either siRNA 12U (14C) or control siRNA (CTRL). (d) Wild-type TNNT2 relative expression in control cells (=) and in cells transfected with either
siRNA 12U (14C) or control siRNA (CTRL). Data are presented as mean value + SD of three independent experiments (******P < 0.000005; ***P < 0.0005). (A color

version of this figure is available in the online journal.)

the function and structure of the entire troponin complex,
thus resulting in a dominant-negative effect.> Mutations in
TNNT?2 are clustered in the central and C-terminal region,
which are involved in protein—protein interactions with the
tropomyosin and the other troponin complex subunits.?!

Currently, the pharmacological intervention for HCM and
DCM is mainly focused on symptoms relief and prevention
of sudden cardiac death. In the last decades, several efforts
have been done to develop therapeutic approaches for these
patients, aimed to directly prevent the adverse effects of
pathogenic mutations. Among them, the ASP-RNAI rep-
resents a powerful and promising strategy to counteract
genetic defects, targeting mutant alleles and leading to their
degradation with minimal suppression of the corresponding
wild-type allele.?2 Significant therapeutic benefits have been
demonstrated in iPSC-CM from patients and in mouse mod-
els of HCM, long-QT syndrome, and centronuclear myopa-
thy treated with this approach.!933-3

In the present work, we developed an ASP-RNAi meth-
odology to target two mutations in TNNT2, the ¢.275 G>A
(p-R92Q) and ¢.517 C>T (p.R173W) mutations, identified
in patients affected by HCM and DCM, respectively. One
of the most critical steps in ASP-RNAI is siRNA design.
Numerous studies suggested that siRNAs carrying disease-
linked mutation in the central position have the potential to
confer the best allele discrimination.??7,3-38 Usually, siRNA
duplexes are planned to have a sequence fully complemen-
tary to the mRNA target so that the endonuclease AGO2 of
RISC complex is activated. Interestingly, AGO2 cleaves the
mRNA target at the position corresponding to the center of
the siRNA guide (between nucleotide positions 10 and 11).%°
Therefore, insert the disease-linked nucleotide substitution
at the central position of siRNA is an important parameter
to promote ASP-RNAI.

We thus designed siRNA duplexes of 19-21 nucleotides
carrying the mutant nucleotide in the central region, in
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positions ranging from 9 to 12 (p9 to p12) with respect to
the first nucleotide of the sense strand for the 19-mer siR-
NAs and from p10 to p12 for the 21-mer siRNAs. Moreover,
siRNAs duplexes present two UU nucleotide overhangs
at their 3'-end that determine the asymmetry essential for
the recognition and loading of siRNA guide into the RNAi
machinery.4

We demonstrated that 19-mer siRNAs were able to inhibit
the mutant allele in a more efficient way than the correspond-
ing 21-mer siRNAs and that the ASP-RNAi was also largely
affected by the position of mutant nucleotide in the siRNA
sequence. We also found that siRNAs carrying the mutant
nucleotide in a position between p9 and p12 are the most
effective to silence the mutant TNNT2 alleles but induce
low or no allele discrimination. These results agree with data
from Trochet et al.', who demonstrated that positions 9 and
12 were the most selective in silencing the R465W mutant
allele in DMN2, as well as by Takahashi et al.26 and Ohnishi
et al.? for ASP-RNAI of ALK2-R206H mutation and PRNP-
D178N mutation, respectively.

It has been described that the type of nucleotide mismatch
might influence the siRNA efficacy. In this context, Du and
collaborators tested 20 siRNAs against 400 mismatched tar-
gets and demonstrated that different tolerance levels could
be observed for the mismatches.*! In particular, purine:purine
or pyrimidine:pyrimidine base pairing between guide siRNA
and mRNA are less tolerated, leading to the greatest level of
discrimination.?*2742 This observation may explain the lower
allele discrimination observed with the 19-mer siRNA target-
ing the ¢.275 G>A (p.R92Q) and the ¢.517 C>T (p.R173W)
mutations in TNNT2 where a change of a purine to a purine
and a pyrimidine to a pyrimidine is present.

To enhance the ability of siRNAs to efficiently discriminate
between mutant and wild-type alleles, a second mismatched
nucleotide in the siRNA sequence was included. In detail,
we focused on positions 2-8 at the 5'-end of guide strand of
the siRNA, corresponding to the seed region, that plays a
key role in recognition of the target mRNA by miRNA.#3 It
has been suggested that the inclusion of a mismatch in this
site can improve siRNA selectively and enhance the ASP-
RNAI.262843-46 n fact, the addition of a nucleotide mismatch
into the seed region induces one base unpairing between
siRNA and mutant allele and two base unpairings between
siRNA and wild-type allele, resulting in the reduction or in
the loss of the wild-type allele recognition by the siRNA,
while the targeting of the mutant allele is maintained.

We designed three siRNAs targeting the ¢.275 G>A and
four siRNAs targeting the c.517 C>T mutation, carrying
a mismatch into the seed region at different positions. As
shown by the luciferase analysis, all the siRNAs carrying
double mismatches improved the allele discrimination,
although with different efficiency, suggesting that position
and the choice of the base replacement are critical aspects to
be evaluated.

It is worth noting that the sequences of the most effi-
cient siRNAs, the 10A (13U) and the 12U (14C) targeting
¢.275 G> A (R92Q) and ¢.517 C>T (R173W) mutations,
respectively, carry the target mutation and the additional
mismatched nucleotide close one to each other and divided
by one and two nucleotides, respectively. The analysis of

protein expression confirmed the strong efficiency of siRNA
10A (13U) and 12U (14C) to repress translation of the mutant
alleles with neither or minimal inhibition of the wild-type
allele. To compare our results with those reported in the liter-
ature, we plotted the fold-difference expression of wild-type
and mutant alleles obtained for TNNT2, SOD1, COL6A1,
ALK2, and PRNP genes,?>?32647 by means of ASP-RNA|, in
function of the number of nucleotides (from 1 to 7) separat-
ing the double mismatch of the siRNA (Supplemental Figure
S2). Although there is a large experimental variability and
different model cell lines have been used, these data suggest
that, in general, the double mismatched siRNAs differing
by one or two nucleotides induce the strongest ASP-RNAi.
Probably, this specific arrangement in the siRNA sequence,
with the double mismatch occurring in a restricted region,
results in the higher degree of destabilization of the wild-
type mRNA-siRNA pairing.

In conclusion, our results show that optimal allele dis-
crimination was obtained with the use of siRNAs carrying
a double-base mismatch both for the R92Q and the R173W
mutations. We are aware about the use of a non-muscle cell
line, the HEK293T cells, that certainly represents a limit of
this study since they do not express endogenous TNNT pro-
teins and are not suitable for functional studies on cardiac
contractility. Nevertheless, in vitro cell models are often used
as validation platforms to test siRNA efficiency. We are confi-
dent that results obtained with the 10A (13U) and 12U (14C)
siRNAs may easily be translated to other components of the
contractile machinery of striated muscles and represent a
starting point to design an ASP-RNA therapy for HCM and
DCM. Accordingly, ASP-RNAI therapy can be applied to
virtually all mutations associated with human diseases with
an autosomal dominant inheritance, including genes coding
for the other components of the contractile machinery of
striated muscles. 849
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