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Reprogramming scar fibroblasts into cardiomyocytes has been
proposed to reverse the damage associated with myocardial
infarction. However, the limited improvement in cardiac func-
tion calls for enhanced strategies. We reported enhanced
efficacy of our miR reprogramming cocktail miR combo
(miR-1, miR-133a, miR-208a, and miR-499) via RNA-sensing
receptor stimulation. We hypothesized that we could combine
RNA-sensing receptor activation with fibroblast reprogram-
ming by chemically modifying miR combo. To test the hypoth-
esis, miR combo was modified to enhance interaction with the
RNA-sensing receptor Rig1 via the addition of a 50-triphosphate
(50ppp) group. Importantly, when compared with unmodified
miR combo, 50ppp-modifiedmiR combomarkedly improved re-
programming efficacy in vitro. Enhanced reprogramming effi-
cacy correlated with a type-I interferon immune response with
strong and selective secretion of interferon b (IFNb). Antibody
blocking studies and media replacement experiments indicated
that 50ppp-miR combo utilized IFNb to enhance fibroblast
reprogramming efficacy. In conclusion, miRs can acquire
powerful additional roles through chemical modification that
potentially increases their clinical applications.

INTRODUCTION
Myocardial infarction remains a significant global health concern,
contributing to high rates of morbidity and mortality world-
wide.1–3 The regenerative potential of adult human hearts is
limited and following cardiac injury there is an irreversible loss
of functional cardiomyocytes.4 The limited efficacy of current
treatment modalities in restoring myocardial function necessitates
the development of innovative approaches. One such innovative
approach is the direct reprogramming of scar fibroblasts into car-
diomyocytes.5 Fibroblast to cardiomyocyte reprogramming has
been achieved through several different methods.6–8 Irrespective
of the method employed, functional benefits are significant with
a 10%–20% increase in fractional shortening and ejection frac-
tion.6 However, the improvements in cardiac function are too
modest for clinical applications.9

We pioneered a fibroblast to cardiomyocyte reprogramming approach
based on miRs. Through a screening and reductive approach, we
identified miR combo (miR combo: miR-1, miR-133, miR-208, and
miR-499).9 Subsequent work in our laboratory found that miR combo
efficacy was significantly improved by activation of the RNA-sensing
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receptors Retinoic acid-inducible gene I (Rig1) and Toll-like receptor
3 (TLR3).10–12 In these studies, RNA-sensing receptors were activated
by standard pharmacological agents such as polyinosinic-polycytidylic
acid (PolyI:C), 50ppp-dsRNA, and 3p-hpRNA.10–12 While useful for
proof of principle experiments, there are potential issues with their
use in the clinic. Clinical trials have reported toxicities including coag-
ulation abnormalities, renal failure, and systemic cardiovascular fail-
ure.13,14 Consequently, we hypothesized that we could chemically
modify the miRs of our miR combo to not only preserve their inherent
miR characteristics (mRNA degradation/translation inhibition),
but also allow them to function as potent RNA-sensing receptor
agonists.

RNA modifications, such as nucleotide substitutions and chemical
modifications, are often used to enhance stability.15 Modifications
could also be employed to make an RNA recognizable by RNA-
sensing receptors as these receptors recognize specific motifs. For
Rig1 agonists, a 50triphosphate (50ppp) group must be present.16–18

The 50ppp modification is emerging as a notable tool, especially
with respect to RNA-based vaccines.19,20

In this study, we found that 50ppp-modified miR combo (50ppp-miR
combo) significantly improved the efficacy of fibroblast to cardio-
myocyte reprogramming. Improved efficacy was associated with
Rig1 activation and the release of IFNb.

RESULTS
Optimizing 50ppp-modified miR combo

To identify the optimal combination of 50ppp-modified miRs in
miR combo, we undertook a screening experiment. Various
50ppp-miR combo variants and unmodified controls were gener-
ated via T7 kinase reaction (Figure 1A). The variants tested in
this study are shown in (Figure 1B). These 50ppp-miR combo var-
iants and unmodified variant controls were transfected into car-
diac fibroblasts and reprogramming assessed by measuring the
expression of the cardiomyocyte markers Actn2, Myh6, and
Tnni3 (Figures 1C–1E). The screening process identified variant
6 as the most potent. In variant 6, miR-1 and miR-133 are
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Figure 1. Optimizing 50ppp modification of miR

combo

(A) Schematic describing the methodology to generate

50ppp-modified miRs. (B) A table listing the miR combo

variants used in (C)–(E). (C–E) Cardiac fibroblasts were

transfected with unmodified miR combo, miR combo vari-

ants 1–11 or the appropriate non-targeting control miRs.

After 7 days, expression of the indicated cardiomyocyte-

specific genes was determined by qPCR. Expression levels

were normalized to the housekeeping gene Gapdh and are

represented as a fold change to the unmodified non-tar-

geting control. N = 10. ANOVA (1-way) with post hoc tests

were used to determine significances: **p < 0.01, *p < 0.05

comparisons with unmodified miR combo.
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unmodified while miR-208 and miR-499 are 50ppp modified.
Variant 6 was used for all subsequent experiments.

50ppp-miR combo enhances fibroblast to cardiomyocyte

reprogramming efficacy

Additional experiments were performed to provide further evi-
dence that the 50ppp modification was enhancing reprogramming
efficacy. In addition to enhancing the expression of cardiomyocyte
sarcomere genes (Figure 2A), the 50ppp modification of miR
combo also increased the expression of cardiomyocyte-specific
ion channels Ryr2 and Scn5a (Figure 2A). In addition to
measuring changes in cardiomyocyte-specific gene expression,
cells were stained with antibodies targeting the cardiomyocyte-
specific protein Actn2. Actn2 immunostaining allowed for a quan-
tification of the number of cardiomyocyte-like cells that had
been generated as well as an assessment of sarcomere structure.
Actn2 immunostaining indicated that 50ppp-miR combo was
more efficacious in generating cardiomyocyte-like cells (Figure 2B
with sample images in Figure 2C). The cardiomyocyte-like cells
also displayed distinct sarcomeres (Figure 2D). Importantly,
50ppp-miR combo also substantially increased the number of
spontaneously beating cardiomyocytes generated through reprog-
ramming (Figure 2E, Video S1, and Video S2). Moreover,
cardiomyocytes generated by the 50ppp-miR combo displayed ac-
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tion potentials akin to freshly isolated neonatal
cardiomyocytes (Figure 2F).

Taken together, these results provide further
evidence that 50ppp modification of miR combo
enhances the efficacy of fibroblast to cardiomyo-
cyte reprogramming.

Mechanism of 50ppp-miR combo directed

enhancement of reprogramming

To elucidate the mechanism by which 50ppp-miR
combo enhanced the efficacy of fibroblast to car-
diomyocyte reprogramming, we measured global
changes in RNA expression via whole genome
RNA sequencing (RNA-seq). Cardiac fibroblasts
were transfected with unmodified miR combo, 50ppp-miR combo,
or their respective non-targeting controls. The 50ppp modification
was found to amplify the effect of miR combo with respect to both
genes activated and genes inhibited (Figure 3A).

To further understand the RNA-seq data, comparisons were made be-
tween 50ppp-miR combo and either the 50ppp-modified non-target-
ing control miR (50ppp-negmiR) or unmodified miR combo. As
shown in Figure 3B, 50ppp-miR combo influenced the expression of
a unique set of genes when compared with 50ppp-negmiR and un-
modified miR combo. Gene ontology (GO) analysis was used to
discern the function of genes that were significantly up-regulated in
the 50ppp-miR combo group vs. the 50ppp-negmiR and unmodified
miR combo groups. Two gene lists were produced. One gene list
comprised those genes whose expression was increased by unmodi-
fiedmiR combo by 3-fold or greater when compared with the unmod-
ified control negmiR. The second list was composed of genes
whose expression was increased by 50ppp-miR combo by 3-fold or
greater when compared with the 50ppp-modified control negmiR.
Comparing the two lists indicated that unmodified miR combo and
50ppp-miR combo shared 177 targets, while 150 and 633 targets
were unique to unmodified miR combo and 50ppp-miR combo,
respectively (Figure 3C). Analysis of the 177 shared targets identified
GO terms for myofibril assembly and ion transport (Figure 3D). Both



Figure 2. 50ppp-miR combo enhances fibroblast to

cardiomyocyte reprogramming efficacy

(A) Cardiac fibroblasts were transfected with unmodified or

50ppp-miR combo and appropriate non-targeting control

miRs. Fourteen days after transfection days, expression of

the indicated cardiomyocyte-specific genes was determined

by qPCR. Expression levels were normalized to the house-

keeping gene Gapdh and are represented as a fold change

to the unmodified non-targeting control. N = 3–12. ANOVA

(1-way) with post hoc tests were used to determine signifi-

cance: ***p < 0.001 comparisons with unmodified miR

combo. (B–D) Cardiac fibroblasts were transfected with un-

modified or 50ppp-miR combo and appropriate non-target-

ing control miRs. Fourteen days after transfection, the

number of cardiomyocyte-like cells was determined by

staining for the cardiomyocyte-specific protein Actn2. The

number of Actn2+ cells (cardiomyocyte-like cells) per field

was calculated from five independent fields (�20 magnifi-

cation) from four to six independent experiments. ANOVA

(1-way) with post hoc tests was used to determine signifi-

cances: *p < 0.05 comparisons with unmodifiedmiR combo.

Representative images of unmodified and 50ppp-modified

miR combo are shown in (C) (scale bar, 20 mm). An enlarged

image showing sarcomere structure in cardiomyocyte-like

cells generated via 50ppp-miR combo is shown in (D) (scale

bar, 20 mm). (E) Cardiac fibroblasts were transfected with

unmodified or 50ppp-miR combo or appropriate non-tar-

geting control miRs. Fourteen days after transfection, the

number of beating cells per field (�20 magnification) was

counted. N = 4. ANOVA (1-way) with post hoc tests were

used to determine significances: *p < 0.05 comparisons with

unmodified miR combo. (F) Cardiac fibroblasts were trans-

fected with 50ppp-miR combo. Fourteen days after transfection, spontaneous calcium oscillations were measured and compared with those derived from freshly isolated

neonatal cardiomyocytes. Representative traces are shown from 10 cells per group.
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are important for cardiomyocyte differentiation and function. GO
terms in the group of targets unique to 50ppp-miR combo were all
related to immunity (Figure 3E). Considering that the group of
50ppp-miR combo genes was defined in relation to 50ppp-negmiR,
this implies that miR sequence was influencing the immune response
elicited by the 50ppp group. Interestingly, GO analysis of the targets
unique to the unmodified miR combo group identified GO terms
related to neuron differentiation (Figure 3F).

RNA-seq indicated that the top five genes whose expression was
significantly up-regulated in the 50ppp-miR combo group vs. the un-
modified miR combo group and 50ppp-negmiR group were Gbp5,
Gbp7, Ifnb1, Ccl5, and Cxcl10 (Figure 3B). Post RNA-seq qPCR as-
says confirmed their significant up-regulation by 50ppp-miR combo
(Figure 3G). Again, 50ppp-miR combo was shown to have a stronger
effect than 50ppp-negmiR.

50ppp-miR combo improves fibroblast to cardiomyocyte

reprogramming efficacy via IFNb

We next initiated a study to determine the protein responsible for the
observed enhancement or reprogramming. Since the expression of
Gbp5, Gbp7, Ccl5, and Cxcl10 is positively regulated by IFNb, initial
studies focused on IFNb. IFNb functions as a paracrine factor.21,22
Consequently, IFNb blocking antibody andmedia replacement assays
were conducted. IFNb blocking antibodies present in the first 5 h of
transfection significantly blocked the effects of 50ppp-miR combo
(Figure 4A, top panels). However, no significant effects were observed
when antibodies were added 24–48 h after transfection (Figure 4A,
bottom panels). These data indicated that IFNb is needed in the early
stages of reprogramming.

To verify the blocking antibody experiments, conditioned media
studies were conducted. Media was collected from 50ppp-miR
combo transfected cells and placed onto cells transfected with
unmodified miR combo. The effects on unmodified miR combo
were dependent on when the media was collected from the
50ppp-miR combo transfected cells. Media collected in the first
24 h improved the efficacy of unmodified miR combo (Figure 4B,
top panels). However, media collected 72 h post-transfection had
no effect on unmodified miR combo efficacy (Figure 4B, bottom
panels).

Importantly, IFNb did not alter fibroblast plasticity with respect to re-
programming as the addition of IFNb blocking antibodies prior to
transfection did not affect the ability of 50ppp-miR combo to induce
cardiomyocyte-specific gene expression (Figure 4C).
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 3
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Figure 3. 50ppp-miR combo promotes expression of IFNb pathway components

Cardiac fibroblasts were transfected with unmodified or 50ppp-miR combo or appropriate non-targeting control miRs. After 4 days, RNA-seq was performed. N = 3. (A)

Heatmap showing genes whose expression was significantly affected by 50ppp-miR combo (>3-fold compared with the unmodified non-targeting control). (B) Volcano plots

showing comparisons between 50ppp-negmiR and 50ppp-miR combo and between unmodified miR combo and 50ppp-miR combo. Red indicates a significant increase/

decrease in expression (R3-fold). (C–F) Two gene lists were produced. One gene list comprised those genes whose expression was increased by unmodified miR

combo byR 3-fold when compared with the unmodified control negmiR. The second list was composed of genes whose expression was increased by 50ppp-miR combo by

R3-fold when compared with the 50ppp-modified control negmiR. The Venn diagram reports the number of genes that were common and unique in both gene lists (C).

Gene ontology (GO) was then performed on those common and unique genes. (D) The GO results on the common set of genes. (E) The GO results on the genes that were

(legend continued on next page)
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These time-dependent effects on gene transcription were dependent
on when IFNb was present in the media. ELISA indicated high levels
of IFNb present in the media for the first 24 h post 50ppp-miR combo
transfection and virtually absent by 72 h (Figure 5A).

50ppp-miR combo is a biased agonist

Having demonstrated that 50ppp-miR combo strongly induced IFNb,
we wanted to determine the effect on other RNA-sensing receptor
mediators. In contrast to IFNb, IFNg was virtually absent in the me-
dia (Figure 5A). Studying this apparent bias in more detail, while
IFNb transcripts were very abundant following 50ppp-miR combo
transfection, there were substantially fewer numbers of TNFa and
IL6 transcripts (Figure 5B). Interestingly, the miR combo miRs
were also found to down-regulate the expression of TNFa and IL6
(Figure 5B). Rig1 and TLR3 expression was only marginally affected
by 50ppp-miR combo (Figure 5B).

Subsequent experiments were conducted on RNA-sensing receptor
activated transcription factors NF-kB, IRF3, and IRF7. NF-kB is pre-
dominantly involved in the expression of pro-inflammatory cyto-
kines, while IRF3/7 regulates IFN expression.23,24 In agreement
with our previous data,12 unmodified miR combo weakly activated
NF-kB (Figure 5C). The 50ppp modification of miR combo appeared
to weakly inhibit NF-kB (Figure 5C). In contrast, 50ppp-miR combo
predominantly activated IRF3 and IRF7 (Figure 5C). Activation of
IRF3 was affected by the miR combo miRs, as IRF3 activation by
50ppp-miR combo was weaker than that found with the 50ppp-non-
targeting miR (Figure 5C).

50ppp-miR combo mediates its effects on IFNb and

reprogramming via Rig1

With respect to the receptor mediating the effects of 50ppp-miR
combo, we focused on Rig1 and TLR3. We have implicated
both receptors in cellular reprogramming.10,11 The 50ppp modifi-
cation of miRs was expected to enhance miR interactions
with Rig1.

To investigate the role of Rig1 and TLR3 in mediating the effects of
50ppp-miR combo, knockdown experiments were performed. Knock-
down of both receptors was robust (Figure 6A). While TLR3 knock-
down had no effect on Rig1 expression, knockdown of Rig1 reduced
TLR3 expression by�60% (Figure 6A). TLR3 knockdown had no ef-
fect on the ability of 50ppp-miR combo to induce expression of the
RNA-sensing receptor mediators IFNb, TNFa, and IL6 (Figure 6A).
In contrast, 50ppp-miR combo lost the ability to induce these genes in
the absence of Rig1 (Figure 6A).

Further evidence for the role of Rig1 came from an analysis of fibro-
blast to cardiomyocyte reprogramming. Knockdown of TLR3 was
unique to 50ppp-miR combo. (F) The GO results on the genes that were unique to unm

fibroblasts were transfected with unmodified or 50ppp-modified miR combo or appropri

determined by qPCR. Expression levels were normalized to the housekeeping gene Ga

ANOVA (1-way) with post hoc tests were used to determine significances: ***p < 0.001
ineffective in inhibiting the ability of 50ppp-miR combo to induce
the expression of cardiomyocyte genes (Figure 6B). In contrast,
induced cardiomyocyte gene expression was ablated by Rig1 knock-
down (Figure 6B). Taken together, the data indicate that Rig1 is the
receptor of 50ppp-miR combo.

DISCUSSION
In this study, we optimized fibroblast to cardiomyocyte reprogram-
ming by modifying miR combo with a 50ppp group. Furthermore,
we showed that the increased reprogramming efficacy was due to a
Rig1-IFNb signaling pathway.

Bypassing the induced pluripotent stem cell (iPSC) stage and
directly reprogramming fibroblasts to cardiomyocytes has
garnered considerable interest in the field of cardiac regenera-
tion.5,25,26 Although numerous studies in recent years have
substantiated the efficacy of the approach, the improvements
observed in cardiac function remain relatively modest.27,28 As a
result, there has been a focus on improving efficacy.6,29–32 In
this regard, we discovered a role for the innate immune response
and specifically RNA-sensing receptors.10–12 We initially identified
a role for TLR312 and later work identified a role for Rig1.10,11

These two RNA-sensing receptors also appear to be impor-
tant for transcription factor-based fibroblast to cardiomyocyte
reprogramming.33,34

In this study, we tested the hypothesis that the efficacy of fibroblast to
cardiomyocyte reprogramming could be enhanced by modifying our
miR combo to function additionally as an RNA-sensing receptor
agonist. Results obtained were consistent with our hypothesis.
When compared with unmodified miR combo, the inclusion of a
50ppp group significantly increased the efficacy of fibroblast to cardi-
omyocyte reprogramming. This increased efficacy was evident not
only in the expression of cardiomyocyte-specific factors, but also in
sarcomere maturation and in the number of beating cardiomyocytes
generated.

RNA-sensing receptors are believed to act independent of
sequence.35,36 Rig1 binds specifically to RNA molecules with a
50ppp group. Thus, we expected that 50ppp modification of all four
miRs of miR combo would have the greatest effect on reprogramming
efficacy. Unexpectedly, this was not observed. Indeed, the greatest ef-
fect on miR combo efficacy was observed when only of the two of the
constituent miRs of miR combo, miR-208 and miR-499, were modi-
fied. Moreover, we also observed that 50ppp-miR combo differed from
50ppp-negmiR in its ability to induce immunity-related responses
such as key transcription factors, pro-inflammatory proteins, and in-
terferons. Taken together, these data imply that sequence is an impor-
tant determinant of RNA-sensing receptor binding. Despite what is
odified miR combo. For (D)–(F), only the top 10 GO terms are shown. (G) Cardiac

ate non-targeting control miRs. After 4 days, expression of the indicated genes was

pdh and are represented as a fold change to the unmodified non-targeting control.

comparisons between 50ppp-miR combo and unmodified miR combo.
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Figure 5. 50ppp-miR combo is selective for the IFNb

pathway

(A) Cardiac fibroblasts were transfected with unmodified or

50ppp-miR combo or the appropriate non-targeting control

miRs. One and 4 days after transfection, the media was

collected. IFNb and IFNg amounts were measured by

ELISA. N = 7. ANOVA (1-way) with post hoc tests were used

to determine significances: **p < 0.01, *p < 0.05

comparisons to the unmodified non-targeting miR group.

(B) Cardiac fibroblasts were transfected with unmodified

or 50ppp-miR combo or the appropriate non-targeting

control miRs. One day after transfection, expression of the

indicated RNA-sensing receptor pathway components

was determined by qPCR. Expression levels were

normalized to the housekeeping gene Gapdh and are

represented as a fold change to the unmodified non-

targeting control. N = 3–7. ANOVA (1-way) with post hoc

tests were used to determine significances: *p < 0.05, ns,

not significant, comparisons to the unmodified non-

targeting miR group. (C) Cardiac fibroblasts were

transfected with unmodified or 50ppp-modified miR

combo and appropriate non-targeting control miRs. After

6 h, NF-kB, IRF3, and IRF-7 activity was determined by

dual-luciferase assay. N = 5–6. ANOVA (1-way) with post

hoc tests was used to determine significances:

***p < 0.001; **p < 0.01, *p < 0.05, ns, not significant,

comparisons with unmodified non-targeting miR group.
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often believed, RNAmolecules are highly structured.37 For each RNA
sequence there are a unique set of thermodynamically likely struc-
tures; those that correspond to the lowest energy state. As such, it
Figure 4. 50ppp-miR combo improves fibroblast to cardiomyocyte reprogramming efficacy via IFNb

(A) Cardiac fibroblasts were transfected with 50ppp-miR combo, unmodified miR combo, or their respective no

hours after transfection an isotype control or IFNb blocking antibody was added to the media. Cardiomyocyte-

transfection by qPCR. Expression levels were normalized to the housekeeping gene Gapdh and are shown as

N = 5–6 per group. ANOVA (1-way) with post hoc tests were used to determine significances: ***p < 0.001,

unmodified miR combo + isotype control group. (B) Cardiac fibroblasts were transfected with 50ppp-miR comb

cells 24 (top panels) or 72 (bottom panels) hours after transfection and placed onto cells 24 hours after transfec

used as a control. Cardiomyocyte-specific gene expression measured by qPCR 14 days after transfection. Ex

Gapdh and are represented as a fold change to non-targeting control miR. N = 4. ANOVA (1-way) with post ho

**p < 0.01, *p < 0.05, ns, not significant, comparisons to the unmodifiedmiR combo group. (C) Six hours prior to t

isotype control or IFNb blocking antibody. After the 6 h incubation with antibodies, the cells were transfected

modified non-targeting control. Cardiomyocyte-specific gene expression was then measured 14 days after tran

housekeeping gene Gapdh and are shown as a fold change to the unmodified non-targeting control miR. N = 6

determine significances: ***p < 0.001, ns, not significant, comparisons to unmodified miR combo + isotype co

Molecu
can be envisaged that certain RNA structures
enclose the 50ppp group and essentially hide it
from Rig1 recognition. The implications of
sequence and RNA structure dictating ligand
recognition by RNA-sensing receptors could be
important in clinical applications. There are a
number of clinical trials under way to manipulate
RNA-sensing receptors, most notably as a cancer
treatment. The focus has been on the moiety that
is recognized by the receptor; for example, the
50ppp group needed for Rig1 binding. However, our data suggest
that sequence may also need to be taken into account, as this may
either aid or inhibit recognition.
n-targeting controls. Five (top panels) or 24 (bottom panels)

specific gene expression was then measured 14 days after

a fold change to the unmodified non-targeting control miR.

**p < 0.01, *p < 0.05, ns, not significant, comparisons to

o. Media was collected from 50ppp-miR combo transfected

tion with unmodified miR combo. Non-targeting miRs were

pression levels were normalized to the housekeeping gene

c tests were used to determine significances: ***p < 0.001,

ransfection, cardiac fibroblasts were incubated with either an

with 50ppp-miR combo, unmodified miR combo, or the un-

sfection by qPCR. Expression levels were normalized to the

per group. ANOVA (1-way) with post hoc tests were used to

ntrol group.

lar Therapy: Nucleic Acids Vol. 35 June 2024 7

http://www.moleculartherapy.org


Figure 6. Rig1 mediates the effects of 50ppp-miR

combo on the IFNb pathway and reprogramming

(A) Cardiac fibroblasts were transfected with 50ppp-miR

combo and siRNAs (Rig1, TLR3 targeting, or non-targeting

control siRNA). One day after transfection, expression of

Rig1, Tlr3 and other RNA-sensing receptor pathway com-

ponents was determined by qPCR. Expression levels were

normalized to the housekeeping gene Gapdh and are rep-

resented as a fold change to the non-targeting control

siRNA group. N = 4. ANOVA (1-way) with post hoc tests

were used to determine significances: ***p < 0.001,

**p < 0.01, *p < 0.05; ns, not significant, comparisons to the

50ppp-miR combo + non-targeting siRNA group. (B) Car-

diac fibroblasts were transfected with 50ppp-miR combo

and siRNAs (Rig1, TLR3 targeting, or non-targeting control

siRNA). Transfection with unmodified non-targeting miRs

served as an additional control. After 14 days, expression of

the indicated cardiomyocyte-specific genes was deter-

mined by qPCR. Expression levels were normalized to the

housekeeping gene Gapdh and are represented as a fold

change to the unmodified non-targeting control miR. N = 4.

ANOVA (1-way) with post hoc tests was used to determine

significances: ***p < 0.001, **p < 0.01, *p < 0.05; ns, not

significant, comparisons to the 50ppp-miR combo + non-

targeting siRNA group.
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We identified a crucial role for IFNb. What is currently unclear is
the mechanism by which IFNb regulates cardiomyocyte gene
expression. We are currently undertaking studies in this area.
They are complex studies because IFNb does not directly influence
gene expression, instead influencing biological responses through
binding to the IFN receptor IFNAR. As might be expected,
published IFNAR pathways are focused on immune responses
such as parasite encapsulation. The links to cell fate determination
are not immediately apparent. Similarly, we also noted that
50ppp-miR combo was acting as a biased Rig1 agonist, significantly
inducing IFNb to the exclusion of other IFNs and other
cytokines. Further studies are being undertaken to understand
the source of bias. It is interesting, however, as biased RNA-
sensing receptor agonists have not been reported. Such biased
agonists could be very useful clinically. RNA-sensing receptor ag-
onists are attracting much interest for the treatment of cancer. The
problem has been their propensity to induce inflammation
through induction of TNFa and IL6. Our data suggest that this
could be avoided through biased agonists such as 50ppp-miR
combo.
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
Further studies will be needed to determine if
our findings translate into human cardiac fibro-
blasts. Previous work in the laboratory demon-
strated that miR combo reprogrammed cardiac
fibroblasts derived from mice, dogs, pigs, and
humans.38 Considering that the effects of miR
combo appear to be conserved, the implication
is that the mechanisms by which miR combo
reprograms fibroblasts are similarly conserved.
Thus, it would seem likely that 50ppp modification of miR combo
would similarly improve reprogramming efficacy in human cardiac
fibroblasts. The Chiono group has also successfully reprogrammed
human cardiac fibroblasts with miR combo.39 Work from the
group also suggests methods for delivery and testing of 50ppp-
miR combo. The 50ppp-miR combo could be delivered systemically
with modifications to the RNA to prevent nuclease degradation.
The other option would be a carrier and the aforementioned group
has shown that certain lipoprotein complexes improve miR combo
efficacy.40 Thus, there is a possibility by combining a modified miR
combo with an optimized carrier that reprogramming efficacy
could be improved still further. With respect to moving 50ppp-
miR combo forward clinically, future testing could be carried out
in cardiac tissue mimics,41 which represent a different approach
to testing and screening drugs prior to pre-clinical models such
as the pig.

In summary, this study highlights the potential of modifying miRs for
clinical applications. In addition, by modulating the innate immune
response, and understanding the role of subsequent signaling
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pathways, the study sheds light on potential targets, such as IFNb, to
further improve cardiac regeneration strategies.

MATERIALS AND METHODS
In vitro synthesis of 50ppp-miR

MiRs with a 50 triphosphate end were produced via a HiScribe T7
High Yield RNA Synthesis Kit (New England Biolabs, E2040S/
E2050S). We initially created a DNA template by annealing matching
oligonucleotides. The annealing solution was incubated at 90�C–95�C
for 1 min and gradually cooled to room temperature over a minimum
of 30 min using a Thermocycler. Each oligonucleotide template
featured a T7 RNA polymerase promoter, followed by the miR
sequence. The miR combo miRs miR-1, miR-133, miR-208a, and
miR-408 each have two forms labeled 3p and 5p. Both 3p and 5p
forms were tested in this study.

miR-1-3p Sense (S): ata 50cat act tct tta cat tcc act ata gtg agt cgt att a30,
miR 1-3p antisense (AS): 50taa tac gac tca cta tag tgg aat gta aag aag tat
gta t30

miR-1-5p (S): 50tgg gca tat aaa gaa gta tgt ttc tat agt gag tcg tat ta30,
(AS):50taa tac gac tca cta tag aaa cat act tct tta tat gcc ca30, miR-
208a-3p sense (S): 50taa tac gac tca cta tag ata aga cga gca aaa agc
ttg t3’; (AS): 50 aca agc ttt ttg ctc gtc tta tct ata gtg agt cgt att a30.

miR-208a-5p (S): 50taa tac gac tca cta tag gag ctt ttg gcc cgg gtt ata c30,
(AS): 50gta taa ccc ggg cca aaa gct cct ata gtg agt cgt att a30.

miR-133a-3p (S): 50taa tac gac tca cta tag ttt ggt ccc ctt caa cca gct g30,
(AS): 50cag ctg gtt gaa ggg gac caa act ata gtg agt cgt att a30.

miR-133a-5p (S): 50taa tac gac tca cta tag gct ggt aaa atg gaa cca aat30,
(AS): 50att tgg ttc cat ttt acc agc cta tag tga gtc gta tta30.

miR-499a-3p (S): 50taa tac gac tca cta tag gaa cat cac agc aag tct gtg
ct30, (AS): 50agc aca gac ttg ctg tga tgt tcc tat agt gag tcg tat ta30.

miR-499a-5p (S): 50taa tac gac tca cta tag tta aga ctt gca gtg atg ttt30,
(AS): 50aaa cat cac tgc aag tct taa cta tag tga gtc gta tta30.

miR non-targeting negative control (S):50 taa tac gac tca cta tag ggt tcg
tac gta cac tgt tca30, (AS): 50tga aca gtg tac gta cga acc cta tag tga
gtc gta30.

Transcription was performed according to the manufacturer’s in-
structions using 1 mg of DNA template and 2 mL of T7 RNA polymer-
ase (NEB). The resultant RNA was isolated using Monarch RNA
Cleanup Kit (New England Biolabs, T2040L). Size and integrity of
the miR was confirmed by gel electrophoresis. An outline of the pro-
cedure is shown in Figure 1A.

Cell isolation and culture

Neonatal cardiac fibroblasts were isolated from 2-day-old mice
(C57BL/6) according to the protocol established in Jayawardena
et al.6 After extraction, fibroblasts were cultivated in growth medium
consisting of DMEM (ATCC, 30–2002) augmented with 15% v/v fetal
bovine serum (Genessee), and 1% v/v penicillin/streptomycin
(GIBCO, 15140-122). Fibroblasts were passaged at 70%–80% conflu-
ence using 0.05% w/v trypsin solution (GIBCO, Waltham, MA; cata-
log number 25300-054). All research was sanctioned by the Division
of Laboratory Animals (DLAR) at Duke University, as well as the
Duke Institutional Animal Care and Use Committee (IACUC). The
approved protocol number is A035-22-02.

miR and siRNA transfection

Freshly isolated fibroblasts were designated as passage zero, with
all subsequent experimental procedures conducted on cells at pas-
sage two. For all investigations, cells were plated at a density of
5,000 cells/cm2 in growth medium. After a 24-h interval, the cells
were transfected with transfection reagent (Dharmafect-I, Horizon
Discovery, T-2001-03) with 5 nmol miR (consisting of unmodified
and 50ppp-modified non-targeting control and miR combo miRs).
Where appropriate, 5nmol siRNA from Horizon Discovery Bio
(non-targeting, D-001810-03-05; siIFNb L-043699-00-0005; siGbp7,
L-061204-01-0005; siGbp5, L-054703-00-0005; siCcl5, L-047423-00-
0005; siCxcl10, L-042605-01-0005; siRig1, L-065328-00-0005; and
siTLR3, L-059850-00-0005) was transfected alongside the miRs. Trans-
fections were performed according to the guidelines provided by the
manufacturer. Transfection complexes were subsequently removed af-
ter 24 h and the cells were cultured in growth media for the remainder
of the experiment.42

Treatment with neutralizing antibodies

At defined time points after transfection (5 or 24 h), 5 mg/mL IFNb
neutralizing antibody (BioLegend, 508108)43 or 5 mg/mL IgG Isotype
Control (BioLegend, 400940) was added directly to the culture me-
dia.44 After a 3-day incubation period, themedia was collected. Debris
was removed by centrifugation (12,000 � g, 5 min, 4�C).

qPCR

Total RNAwas extracted using Quick-RNAMiniPrep Kit according to
the manufacturer’s instructions (Zymo Research, Irvine, CA, USA).
Total RNA was converted to cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Waltham, MA, USA)
in a 40-mL reaction according to the manufacturer’s instructions. The
resulting cDNA (4 mL) was used in a standard qPCR reaction involving
FAM conjugated gene specific primers and TaqMan Gene Expression
Master Mix (Applied Biosystems, Waltham, MA, USA). The following
qPCR primers were acquired from Thermo Fisher (Waltham, MA,
USA) Gapdh(Mm99999915_m1),Tnni3(Mm00437164_m1), Actn2
(Mm00473657_m1),Myh6 (Mm00440359_m1),Tnfa (Mm00440359_
m1), Il6 (Mm00446190_m1), Ifnb1 (Mm00439552_s1), (Mm00523797_
m1), Tlr3 (Mm01207404_m1), Rig1 (Mm01216853_m1). Expression
values were calculated by normalizing to the housekeeping gene Gapdh.

Immunofluorescence

Cells were fixed with 2% v/v paraformaldehyde (EMS, Durham, NC,
USA) as described.45 The fixed cells were blocked with antibody
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buffer (5% w/v BSA and 0.1% v/v Tween 20 in PBS) for 1 h at room
temperature and then incubated with an Actn2 antibody (Sigma,
A7811, 1:100) in antibody buffer at 4�C overnight. Cells were then
rinsed three times with PBS and incubated for 1 h at room tempera-
ture with Alexa Fluor-conjugated secondary antibodies (Invitrogen,
goat anti-mouse 594 nm), at a 1:500 dilution in the antibody buffer.
Nuclear staining was achieved by a 30-min incubation at room
temperature with 40, 6-diamidino-2-phenylindole (DAPI) at a con-
centration of 1 mg/mL in antibody buffer. After washing with PBS
to remove any unbound complexes, the cells were visualized, and
their immunofluorescence was assessed using a Zeiss Axiovert 200 in-
verted microscope. A blinded investigator captured six random im-
ages per well.

Luciferase reporter assay

The NF-kB luciferase reporter plasmid was procured from Promega
(pGL4.32[luc2P/NF-kB-RE/Hygro], E8491). Luciferase reporter plas-
mids pGL4-IRF3-RE and pGL4-IRF7-RE incorporating five copies of
either the IRF3 or IRF7 response element, were generated by digesting
pGL4.32 plasmid with BmtI and HandIII and treating it with T4DNA
polymerase.

IRF7-RE S: 50 acc gct agc gaa aat gaa aat gaa aat gaa aat gaa aat gaaaat
gaa aat gaa aat gaa aat gaa aat aag ctt ggg 30

IRF7-RE AS: 50 ccc aag ctt att ttc att ttc att ttc att ttc att ttc att ttc att ttc
att ttc att ttc att ttc gct agc ggt 30

IRF3-RE S: 50acc gct agc gaa agg gaa agg gaa agg gaa agg gaa agg gaa
agg gaa agg gaa agg gaa agg gaa agg aag ctt ggg 30

IRF3-RE AS: 50 ccc aag ctt cct ttc cct ttc cct ttc cct ttc cct ttc cct ttc cct
ttc cct ttc cct ttc cct ttc gct agc ggt 30

In transient transfections, cells were co-transfected with the specified
plasmids and the pRL-SV40 plasmid that carries the Renilla luciferase
gene (5:1 ratio firefly luciferase plasmid to Renilla luciferase plasmid).
Cells underwent lysis 6 h or 24 h post-transfection by application of
the passive lysis buffer, a component of the dual-luciferase assay kit.
(Promega, Dual-Luciferase Reporter Assay System, E1910). A lumin-
ometer was utilized to assess luciferase activity. The outcome of this
evaluation is represented as the ratio of the luciferase to Renilla values.

RNA-seq

Neonatal cardiac fibroblasts were transfected with unmodified or
50ppp-modified miRs, as described. Four days after transfection, total
RNA was extracted using the Quick-RNA MiniPrep Kit (Zymo
Research, 11–328). High-throughput sequencing was performed by
the Duke Genomic Core. Libraries were generated with a HiSeq
4000 kit (Illumina). Libraries were pooled and run in duplicate
(50 base pairs paired-end) with an Illumina HiSeq 4000. Sequencing
depth was >25� 106 individual reads per sample. Individual bioinfor-
matics programs within the Galaxy suite were used to analyze gene
expression as described.46
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ELISA

IFNb and IFNg were measured by ELISA Kits (R&D Systems, Mouse
IFN-beta DuoSet ELISA, DY8234-05; Mouse IFN-gamma DuoSet
ELISA, DY485-05) according to the manufacturer’s protocol. Media
was assayed and the amount of IFNb and IFNg in pg/mL in the cul-
ture media was determined via a standard curve.

Statistics

Independent t tests were used for experiments with two groups. For
experiments with more than two groups, ANOVA was used with
Tukey’s correction to determine significance between groups.
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