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Reprogramming scar fibroblasts into new heart muscle cells has
the potential to restore function to the injured heart. However,
the effectiveness of reprogramming is notably low. We have
recently demonstrated that the effectiveness of reprogramming
fibroblasts into heart muscle cells (cardiomyocytes) is increased
by the addition of RNA-sensing receptor ligands. Clinical use
of these ligands is problematic due to their ability to induce
adverse inflammatory events. To overcome this issue, we
sought to determine whether synthetic analogs of natural
RNA-sensing receptor ligands, which avoid generating inflam-
matory insults and are nuclease resistant, would similarly
enhance fibroblast reprogramming into cardiomyocytes.
Indeed, one such stabilized RNA, ICR2, increased the expres-
sion of cardiomyocyte-specificmRNAs in reprogrammed fibro-
blasts. Moreover, ICR2 enhanced the ability of reprogramming
factors to produce cardiomyocytes with mature sarcomeres.
Knockdown assays indicated that the effects of ICR2 were
mediated by the RNA-sensing receptors Rig-I and TLR3. In
addition, ICR2 reduced the effective dose and number of re-
programming factors needed for efficient reprogramming. In
summary, the synthetic RNA oligonucleotide ICR2 is a poten-
tial therapeutic agent to enhance cardiac reprogramming effi-
ciency.

INTRODUCTION
The human heart has limited regenerative capacity. Following cardiac
injury, cardiac muscle cells (cardiomyocytes) are lost and not re-
placed. In their place, fibroblasts invade the injury zone where they
rapidly divide and secrete extracellular matrix proteins.1 These extra-
cellular matrix proteins stiffen the wall of the heart and impair normal
cardiac function. Over time, impairments in cardiac function often
leads to heart failure.2 Considering that fibroblasts are a major
component of scar tissue, these cells are an attractive target for ther-
apeutic strategies that seek to regenerate heart tissue. Indeed, we and
others have demonstrated that combinations of transcription factors
or microRNAs (miRNAs) regenerate cardiac tissue by converting fi-
broblasts within the scar into functional cardiomyocytes.3–9 This
approach offers important therapeutic advantages over stem cell
transplantation, including ethical objections and potential tumorige-
nicity.10–12 However, converting fibroblasts into cardiomyocytes is
relatively inefficient. We recently demonstrated that the effectiveness
of conversion is enhanced by poly(I:C); a ligand of the RNA-sensing
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receptor TLR3.6 Poly(I:C) is structurally similar to double-stranded
viral RNA and is considered a “natural” TLR3 agonist. Unfortunately
for clinical applications, poly(I:C) is prone to inducing adverse in-
flammatory events and is very sensitive to nuclease degradation.13

Activation of RNA-sensing receptors is emerging as important mo-
dality for the treatment of cancer.14–17 As mentioned above, poly(I:C)
can induce adverse inflammatory events. Consequently, significant
efforts have been devoted to developing synthetic analogs of the nat-
ural RNA-sensing receptor ligands, which do not induce adverse in-
flammatory events while retaining the ability of the natural ligands to
induce tumor regression. One group of synthetic RNA-receptor li-
gands, termed ICRs, are particularly potent for tumor regression.18

Importantly, injection of these ICRs into mice did not lead to any
adverse effects and moreover many chemically modified therapeutic
oligonucleotides are making their way through clinical studies with
a few recently approved.18–20

In this study, we wanted to determine whether synthetic, chemically
stabilized analogs of natural RNA-sensing receptor ligands are
capable of enhancing the efficiency of fibroblast reprogramming
into cardiomyocytes. Indeed, we found that the synthetic RNA-
sensing receptor ligand ICR2 enhanced cardiomyocyte-specific gene
expression, as well as the maturation of the reprogrammed cells.
Moreover, we identified that ICR2 exerts its beneficial effects via
Rig-I, TLR3, and nuclear factor kB (NF-kB).
RESULTS
The objective of this study was to determine whether synthetic RNA-
sensing receptor ligands are able to enhance the effectiveness of fibro-
blast reprogramming into cardiomyocytes. In this study, fibroblasts
were directly reprogrammed into cardiomyocytes via introduction
of a combination of miRNAs called miR combo.3–9 Two synthetic
RNA-sensing receptor ligands were used in this study: ICR2 and
ICR420. ICR2 is a blunt-ended hairpin RNA 23 nucleotides in length,
whereas ICR4 is predicted to form a double stem-loop structure 55
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Figure 1. The synthetic RNA oligonucleotide ICR2 improves the

effectiveness of fibroblast reprogramming to cardiomyocytes

Fibroblasts were transfected with either the reprogramming cocktail miR combo or a

non-targeting controlmiR (negmiR). 1 day later, transfection complexeswere removed

and the cells cultured for 4 days with the ED100 dose of ICR2 or ICR4 (5 mg/mL).

14 days after transfection, RNA was analyzed for the expression of the indicated car-

diomyocyte-specific genes. Expression values were normalized to the housekeeping

gene GAPDH and are represented as a fold change compared to the non-targeting

control miR negmiR. N = 15. *Comparisons made to negmiR, ***p < 0.001.

yComparisonsmadebetweenmiRcombo+ ICRandmiRcombo+vehicle,yyp<0.01.
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nucleotides in length.18 ICR2 strongly activates IRF3 and NF-kB. In
contrast, ICR4 only activates IRF3.18

In the first instance, we incubated miR combo transfected fibroblasts
with increasing doses of ICR2 or ICR4 and determined the effects on
cardiomyocyte-specific gene expression. The ED100 dose for both
ICR2 and ICR4 was 5 mg/mL. To identify the optimal dose for ICR2
and ICR4, we first carried out a set of pilot experiments increasing
the dose of ICR (0, 0.1, 0.5, 1, 2, 5, and 10 mg/mL) in the culture media
of miR combo transfected cells. The optimal ICR dose was defined as
the minimum concentration of ICR necessary for the maximum stim-
ulatory effect on miR combo with respect to cardiomyocyte-specific
gene expression. This ICR dose, defined as the ED100 dose, was
5 mg/mL for both ICR2 and ICR4 (data not shown). As the fibroblasts
used in this study were primary (i.e., non-tumor) cells, neither ICR2
nor ICR4 induced cell death. In control cells transfected with miR
combo, there was significant upregulation of cardiomyocyte-specific
gene expression (Figure 1). Interestingly, the addition of 5 mg/mL
ICR2 to the culture media of miR combo transfected fibroblasts
significantly enhanced cardiomyocyte-specific gene expression (Fig-
ure 1). In contrast, 5 mg/mL of ICR4 had no significant effect on car-
diomyocyte-specific gene expression (Figure 1).

We then wanted to determine whether the effects of ICR2 were also
seen with protein expression and cellular maturation. In accordance
with our previous reports, miR combo increased the number of cells
expressing the cardiomyocyte-specific protein Actn2 by 4-fold. As ex-
pected, incubating the miR combo transfected fibroblasts with
poly(I:C) increased the number of Actn2+ cells by 15-fold (Figure 2A).
Interestingly, equivalent numbers of Actn2+ cells were found with
addition of ICR2 treatment following miR combo administration
(Figure 2A). During cardiomyocyte maturation, proteins such as
Actn2 self-assemble into striated structures known as sarcomeres.
In miR combo transfected fibroblasts, sarcomeres were evident. How-
ever, as we have reported previously, the sarcomeres were relatively
immature with limited striated patterning being evident (Fig-
ure 2B).3,6 In line with our previous report, poly(I:C) significantly
enhanced cardiomyocyte maturation.6 Sarcomeres were more evident
and even more importantly, they displayed the striated pattern
observed in a mature cardiomyocyte (Figure 2B, with quantification
provided in Figure 2C). This same striated sarcomere pattern charac-
teristic of a mature cardiomyocyte was also observed in miR combo
transfected fibroblasts that were incubated with the ICR2 oligonucle-
otide (Figure 2B, with quantification provided in Figure 2C).

We then sought to determine how ICR2 was enhancing reprogram-
ming effectiveness. ICR2 contains a 50 triphosphate; a moiety that is
recognized by several RNA-sensing receptors. Consequently, we
asked what effect the removal of the 50 triphosphate group would
have on the ability of ICR2 to enhance miR combo mediated fibro-
blast reprogramming. In control cells, miR combo induced reprog-
ramming in fibroblasts as evidenced by increased expression of cardi-
omyocyte-specific genes (Figure 3A). In accordance with data
presented in Figure 1, the ability of miR combo to reprogram



Figure 2. ICR2 enhances cardiomyocyte maturity

Fibroblasts were transfected with either the reprogramming cocktail miR combo or a

non-targeting control miR (negmiR). 1 day later, transfection complexes were

removed and the cells cultured for 4 days with ICR2 (5 mg/mL) or poly(I:C) (5 mg/mL).

After 14 days, cells were incubated with antibodies that recognize the car-

diomyocyte-specific protein Actn2. (A) The number of Actn2+ cells expressed as a

percentage of the total number of cells. N = 3. *Comparisons made to negmiR, *p <

0.05, **p < 0.01. yComparisonsmade betweenmiR combo + ICR andmiR combo +

vehicle, yp < 0.05, yy p < 0.01. (B) Micrographs demonstrating striated sarcomere

structure. Scale bar, 50 mm. N = 3. Representative images are shown. Nuclei

stained with DAPI. (C) Quantification of (B). The area of the cell occupied by sar-

comeres was expressed as a percentage of the total area of the cell. N = 3.

*Comparisons made to negmiR, ***p < 0.001. yComparisons made between miR

combo + ICR and miR combo + vehicle, yyy p < 0.001.
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fibroblasts was enhanced by the addition of ICR2 containing a 50

triphosphate group (Figure 3A). Interestingly, the ability of ICR2 to
enhance fibroblast reprogramming was reduced but not totally elim-
inated when the 50 triphosphate group was replaced with a hydroxyl
group (Figure 3A).

To further investigate the mechanism by which ICR2 enhances fibro-
blast reprogramming into cardiomyocytes, we conducted assays to
elucidate the signaling pathway. We have previously shown that
poly(I:C) enhances cardiomyocyte maturation via NF-kB activation.
Not surprisingly, ICR2 treatment also induces NF-kB expression
(Figure 3B). The level of NF-kB induction achieved was similar to
poly(I:C). To determine which NF-kB upstream RNA-sensing recep-
tors potentially recognize ICR2, we employed specific small inter-
fering RNAs (siRNAs) to knock down their expression. Knockdown
of TLR3 and Rig-I was robust (Figure 3C). Moreover, knockdown was
associated with a loss of functional activity. In TLR3 knockdown cells,
the TLR3 ligand poly(I:C) was unable to induce tumor necrosis factor
alpha (TNF-a) secretion (Figure 3D). Similarly, there was no TNF-a
secretion in Rig-I knockdown cells stimulated with the Rig-I ligand
3p-hpRNA (Figure 3D). We determined that the loss of either Rig-I
or TLR3 limited ICR2 from enhancing the expression of the cardio-
myocyte-specific gene Myh6 (Figure 3E). Similar effects were
observed with other cardiomyocyte-specific genes Actn2 and Tnni3;
however, the effects did not reach significance (data not shown).

Finally, we wanted to determine whether ICR2 reduced the dose of
miR combo needed for reprogramming and also reduced the number
of miRNAs necessary for reprogramming. To address the first ques-
tion, we transfected fibroblasts with 1/2 and 1/4 dose of miR combo
and stimulated the cells with ICR2. As shown in Figure 4A, transfec-
tion of fibroblasts with a 1/2 and 1/4 dose of miR combo showed
significantly lower reprogramming efficiency when compared to the
standard miR combo transfection. However, the addition of ICR2
to fibroblasts transfected with 1/2 dose of miR combo gave rise to
similar reprogramming efficiency as the standard miR combo trans-
fection (Figure 4A). To address the second question, we transfected
the fibroblasts with miR combo or the individual constituents of
miR combo (miR-1, miR-133, miR-208, miR-499). When compared
to miR combo, the individual constituents of miR combo were inef-
fective at inducing cardiomyocyte-specific gene expression (Fig-
ure 4B). The addition of ICR2 had no effect on the ability of miR-1,
miR-208, or miR-499 to induce cardiomyocyte-specific gene expres-
sion (Figure 4B). In contrast, the combination of ICR2 and miR-133
was equivalent to standard miR combo transfection (Figure 4B).

DISCUSSION
In this study we demonstrate that the synthetic RNA-sensing receptor
ligand ICR2 enhances fibroblast reprogramming into cardiomyocytes.

When compared to ICR4, cancer cells exposed to ICR2 produce
significantly higher levels of interferon-b (IFN-b) and pro-inflamma-
tory cytokines.18 This effect is due to differences in the signaling path-
ways that are activated by the two synthetic RNA oligonucleotides. In
cancer cells exposed to ICR2, NF-kB is strongly activated. In contrast,
ICR4 only weakly stimulates NF-kB18. Considering that we, and
others, have demonstrated the importance of NF-kB for cardiomyo-
cyte gene expression, it is interesting that the degree of NF-kB activa-
tion by synthetic RNAs determines their effectiveness with respect to
enhancing the efficiency of fibroblast reprogramming into cardio-
myocytes.6,21,22 Beyond pro-inflammatory cytokines, ICR2 also has
a greater effect on IFN-b levels when compared to ICR4. IFN-b in-
duces JAK activation;23 however, we have previously demonstrated
that reprogramming efficiency is increased by JAK inhibition.3 If
NF-kB activation and JAK inhibition were equally potent with re-
gards to reprogramming efficiency then ICR2 would be expected to
have no effect on fibroblast reprogramming to cardiomyocytes.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 57
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Figure 3. ICR2 enhances fibroblast reprogramming

via Rig-I and TLR3

(A) Fibroblasts were transfected with either the re-

programming cocktail miR combo or a non-targeting

control miR (negmiR). 1 day later, transfection complexes

were removed and the cells cultured for 4 days with either

5 mg/mL 50 triphosphate ICR2 (5-ppp-ICR2) or 5 mg/mL 50

hydroxyl ICR2 (5-OH-ICR2). 14 days after transfection,

RNA was analyzed for the expression of the indicated

cardiomyocyte-specific genes. Expression values were

normalized to the housekeeping gene GAPDH and are

represented as a fold change compared to negmiR. N =

4–5. *Comparisons made to negmiR *p < 0.05; **p <

0.01. (B) Fibroblasts were transfected with a NF-kB-

luciferase reporter plasmid. After 3 days, the cells were

incubated with 5 mg/mL ICR2 for 6 h or an equivalent

volume of vehicle as a control. Luciferase activity was

determined spectrophotometry and normalized for pro-

tein content. Luciferase activity is represented as a fold

change compared to control cells. N = 3. (C) Fibroblasts

were transfected with siRNAs targeting TLR3 or Rig-I.

Non-targeting siRNAs were used as a control. 3 days

later, RNA levels of TLR3 and Rig-I were determined by

qPCR. Expression values were normalized to the

housekeeping gene GAPDH and are represented as a

fold change compared to the control siRNA. N = 3.

Comparisons made to control siRNA, ***p < 0.05; **p <

0.01. (D) Fibroblasts were transfected with siRNAs tar-

geting TLR3 or Rig-I. Non-targeting siRNAs were used as

a control. 3 days later, the media were removed and the

cells stimulated with the TLR3 ligand poly(I:C) (5 mg/mL),

the Rig-I agonist 3p-hpRNA (5 mg/mL), or the equivalent

volume of vehicle. The doses of poly(I:C) and Rig-I ago-

nists used have been demonstrated to have the maximal

effect on enhancing miR combo reprogramming. 1 day

after stimulation, media was removed and TNF-a levels

determined by ELISA. N = 3. Comparisons made to

control siRNA plus vehicle, ***p < 0.05; **p < 0.01. (E)

Fibroblasts were transfected with siRNAs targeting TLR3

or Rig-I. Non-targeting siRNAs were used as a control.

3 days later, the cells were further transfected with miR

combo. Following the removal of miR combo one day

after transfection, the cells were incubated for a further

4 days with 5 mg/mL ICR2. 14 days after transfection,

RNA was analyzed for the expression of the car-

diomyocyte-specific gene Myh6. Expression values were

normalized to the housekeeping gene GAPDH and are

represented as a fold change compared to negmiR. N =

3. *p < 0.05; **p < 0.01.
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Thus, our data suggests that reprogramming efficiency is more sensi-
tive to NF-kB activation rather than to JAK inhibition. Moreover, our
data also suggests that ICR2 potency could be further enhanced by
blocking IFN-b or JAK.

In this study, we demonstrated that ICR2 enhanced fibroblast reprog-
ramming to cardiomyocytes via the RNA-sensing receptors RIG-I
and TLR3. The ability of ICR2 to influence biological events via
RIG-I may be cell-dependent. For example, ICR2 demonstrates
similar effectiveness in Huh7.0 and RIG-I-deficient Huh7.5 cell
58 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
lines.18 Furthermore, RIG-I knockdown in Huh7.0 cells did not
diminish the ability of ICR2 to induce IFN-b expression.18 Consid-
ering that knockdown of either RIG-I or TLR3 impaired ICR2 activity
in fibroblasts, it is likely that ICR2 binds to multiple receptors. In this
regard, it is interesting that the activity of ICR2 was substantially
reduced by removal of the 50 triphosphate group. While it is possible
that the effects of 50 triphosphate removal were due to changes in the
3D conformation of the ICR2 molecule, it is known that 50 triphos-
phorylation is necessary for RNA binding to Rig-I and IFIT1.24,25

Future studies will be focused on both 3D conformation changes



Figure 4. ICR2 reduces the reprogramming factor dose and

number

(A) Fibroblasts were transfected with the standard concentration of

miR combo, 1/2 the standard concentration and 1/4 the standard

concentration. Control cells were transfected with the non-targeting

miR, negmiR. 1 day later, transfection complexes were removed and

the cells cultured for 4 days with ICR2 (5 mg/mL). After 7 days, car-

diomyocyte-specific gene expression was measured by qPCR.

Expression values were normalized to the housekeeping gene

GAPDH. N = 3. Comparisons made to fibroblasts transfected with the

standard concentration of miR combo, *p < 0.05; **p < 0.01. (B) Fi-

broblasts were transfected with miR combo or the individual com-

ponents of miR combo (miR-1, miR-133, miR-208, miR-499). Control

cells were transfected with the non-targeting miR, negmiR. 1 day

later, transfection complexes were removed and the cells cultured for

4 days with ICR2 (5 mg/mL). After 7 days, cardiomyocyte-specific

gene expression was measured by qPCR. Expression values were

normalized to the housekeeping gene GAPDH and are expressed as

a fold change compared to negmiR. N = 3. Comparisons made to

fibroblasts transfected with negmiR, *p < 0.05; ***p < 0.001.
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and receptor binding. Similarly, another area of future study is the
role of PKR. Like Rig-I, PKR also binds to RNA molecules with a 50

triphosphate group.26 However the structural determinants for recog-
nition are different between the two receptors.While Rig-I binds pref-
erentially to 50-triphosphorylated short blunt-end dsRNA, PKR binds
predominantly to 50-triphosphorylated single-stranded RNA
(ssRNA) with short stem-loops.27,28 Considering the range of possible
configurations ICR2 could adopt in an aqueous solution, investigating
the role of PKR in mediating the effects of ICR2 is warranted.

Reprogramming fibroblasts to iPSCs and endothelial cells has also
been shown to be dependent upon RNA-sensing receptor path-
ways.29,30 Conversion of fibroblasts into induced pluripotent stem
cells (iPSCs) is efficient when the reprogramming factors Oct4,
Sox2, Klf4, and c-Myc are delivered into fibroblasts via viruses. In
contrast, expression of the reprogramming factors via cell permeable
peptides is very inefficient. The Cooke laboratory found that these
M

cell-permeable peptides demonstrated comparable effi-
ciency to virus delivery methods when the fibroblasts
were cultured in poly(I:C).29 Similar results were then ob-
tained with reprogramming to endothelial cells.30 It was
subsequently demonstrated that Rig-I, IRF3, and NF-kB
were necessary for the effects that the authors had
observed.31 Considering the role of IRF3 and NF-kB, it
is interesting to speculate that ICR2 may also enhance re-
programming based methods of iPSC and endothelial cell
generation.

The ability of ICR2 to enhance reprogramming efficiency
was found to also have further benefits such as reducing
the dosage of miR combo needed for reprogramming.
Intriguingly, ICR2 combined with miR-133 displayed
equivalent reprogramming efficiency as miR combo.
This may suggest that ICR2 affects the same targets as miR-1, miR-
208, and miR-499. It is also possible that ICR2 stimulation bypasses
the need for these miRNAs; potentially by stimulating transcription
factors that induce cardiomyocyte-specific genes. It will also be inter-
esting to determine whether these effects are also true in vivo.

MATERIALS AND METHODS
Chemicals

Poly(I:C) LMW (low molecular weight) was purchased from Invivo-
gen (Waltham, MA, USA). ICR2 and ICR4 were generated as
described previously.18

miRNA transfection

Mouse (C57BL/6) neonatal cardiac fibroblasts were isolated from 2-
day-old mouse neonates according to the method outlined in Jayawar-
dena et al.32 Following isolation fibroblasts were cultured in growth
media containing DMEM (ATCC, catalog number 30-2002)
olecular Therapy: Nucleic Acids Vol. 23 March 2021 59
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supplemented with 15% v/v fetal bovine serum (FBS; Thermo Scienti-
fic, Waltham, MA; Hyclone Fetal bovine serum, catalog number
SH30071.03, lot number AXK49952) and 1% v/v penicillin/strepto-
mycin (GIBCO, Waltham, MA, USA; catalog number 15140-122,
100 units penicillin, 100 mg/mL streptomycin). Fibroblasts were
passaged once the cells had reached 70%–80% confluence using
0.05% w/v trypsin (GIBCO, Waltham, MA; catalog number 25300-
054). Freshly isolated fibroblasts were labeled as passage 0. Experiments
were conducted with cells at passage 2. For all experiments, cells were
seeded at 5,000 cells/cm2 in growth media (DMEM, ATCC, Manassas,
VA, USA; 15% FBS, 1% P/S). After 24 h, the cells were transfected with
transfection reagent alone (Dharmafect-I, Thermo Scientific,Waltham,
MA, USA), with transfection reagent plus non-targeting microRNAs
(negmiR), or with transfection reagent plus our previously reported
combination of cardiac reprogramming miRNAs (miR combo, miR-
1, miR-133, miR-208, miR-499).32 In these studies, the final concentra-
tion of the non-targeting miRNA negmiR and miR combo was 50 nM.
In brief, 5 nmol of miRNA was diluted into 150 mL of DMEM serum-
free media. In a separate tube, 1.5 mL of Dharmafect-I (GE Healthcare,
Chicago, IL, USA; catalog number T-2001-02) was diluted into 150 mL
of DMEM serum free media. After 5 min at room temperature, the two
tubes were combined. After a 20 min incubation, the complexes were
added to one well of a 12-well plate. Growth media was added
(450 mL) and after 24 h the complexes were removed. Cells were
then cultured in growth media, media changes every 2 days, for the
duration of the experiment. All studies were approved by the Duke
University Division of Laboratory Animals (DLAR) and the Duke
Institutional Animal Care and Use Committee (IACUC). Protocol
number is A056-19-03.

ICR treatment

Sequences. ICR2: 50-GGAUGCGGUACCUGACAGCAUCC-30

ICR4: 50-GGAUGCGGUACCUGACAGCAUCCUAAACUCAUG-
GUCCAUGUUUGUCCAUGGACCA-30. 1 day after cells were
transfected with miR combo, transfection complexes were removed
and replaced with fibroblast growth media. ICR compounds were
added directly to the culture media. Fresh media, vehicle, poly(I:C)
or the ICR compounds were added daily for a total of 4 days after
which cells were cultured in fibroblast growth media for the
remainder of the experiment.

qPCR

500 ng of total RNA was extracted using Quick-RNA MiniPrep 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 20 mL reaction. cDNA (2 mL) was used in a standard qPCR
reaction involving FAM conjugated gene specific primers and Taq-
Man 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), and Myh6
(Mm00440359_m1). Sequence information is proprietary. Expres-
60 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
sion values were calculated by normalizing to the housekeeping
gene GAPDH. Ct values for GAPDH were not altered by any exper-
imental condition (data not shown).

Immunofluorescence

Cells were fixed with 2% v/v paraformaldehyde (EMS, Durham, NC,
USA) as described previously.9 Fixed cells were blocked in antibody
buffer (5% w/v BSA, 0.1% v/v Tween-20, in PBS) for 1 h at room tem-
perature. Following blocking, cells were incubated overnight at 4�C
with an Actn2 antibody (Sigma, A7811, 1:100) in antibody buffer. Af-
ter the overnight incubation, cells were washed three times in anti-
body buffer. Following washing, cells were incubated with Alexa Fluor
conjugated secondary antibodies (Invitrogen, Waltham, MA, USA,
goat anti-mouse 594 nm) at a 1:500 dilution in antibody buffer for
1 h at room temperature. Nuclei were stained by 40,6-diamidino-2-
phenylindole (DAPI) at 1 mg/mL for 30 min at room temperature
in antibody buffer. Following washing in PBS to remove unbound
complexes, immunofluorescence was measured using a Zeiss Axio-
vert 200 inverted microscope. Images (six per well) were taken at
random by a blinded investigator.

To calculate the area occupied by sarcomeres, we used CellProfiler to
calculate the total area of the cell and ImageJ was used to measure the
striated area.

NF-kB luciferase reporter transfection and determining NF-kB

activity

An NF-kB-luciferase reporter plasmid pGreenFire1-NFkB was ac-
quired from System Biosciences with Cat# TR012PA-1 and packaged
into lentivirus by co-transfection of HEK293 cells with helper plas-
mids pSPAx2 (Addgene, Watertown, MA, USA; #12260) and
pMD2G (Addgene #12259). After 3 days, lentivirus was collected
by centrifugation (3,000 � g, 60 min) of the media through a
100 kDa cut-off filter. Viral titer was determined by qPCR.

For analysis of NF-kB activity, P1 cardiac fibroblasts (500,000 cells in
a T150 flask) were infected with 100,000 viral particles per cell for 24
h. After removal of the viral particles, the cells were cultured for
another 24 h before being seeded onto 24-well plate (12,500 cells
per well) for further treatment. Luciferase activity wasmeasured using
Promega (Madison, WI, USA) Luciferase Assay System (Cat# E1500)
and read with a luminometer. For quantification, the raw values were
normalized to the protein content of the well. Protein content was
determined by first extracting the cells in 100 mL lysis buffer
(50 mM Tris-HCl pH7.5, 1% v/v SDS). Protein concentration was
then determined by Lowry using BSA as a standard.

siRNA knockdown

siRNA pools (four siRNAs targeting each gene) and a negative control
siRNA were purchased fromDharmacon (Chicago, IL, USA). siRNAs
were made to 20 mM in nuclease free water, aliquoted, and stored
�80�C until use. Fibroblasts were seeded into 12 well plates at
20,000 cells per well 1 day prior to transfection. On the day of trans-
fection, siRNAs were diluted to 5 mM in nuclease free water. For each
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well, 5 mL of the working siRNA solution was diluted with 95 mLOpti-
MEM-Serum Free media. In a separate tube 5 mL of Dharmafect-I
(Dharmacon, Chicago, IL, USA) was diluted with 95 mL Opti-
MEM-Serum Free media. After 5 min incubation, the two solutions
were combined. After 20 min, complete media lacking antibiotics
was added (800 mL) and the transfection complexes added to the cells.

TNF-a ELISA

One day before ELISA, media was replaced with fresh cytokine free
growth media (1 mL per well of a 12-well plate). On the day of the
ELISA, media was removed and the amount of TNF-a determined ac-
cording to the manufacturer’s instructions (R&D Systems, Minneap-
olis, MN, USA, catalog number DY410). Raw values were adjusted for
cell number by measuring the protein concentration as described for
the analysis of NF-kB activity.

Statistics

Independent t tests were used for experiments with two groups. For
experiments with more than two groups, ANOVA was used with
Bonferroni correction to determine significances between groups.

Groups lower than N = 5 are plotted the individual data points, as well
as the mean and SEM. Groups greater than N = 5 show only the mean
and SEM.
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