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Abstract

The process by which committed precursors mature into cardiomyocytes is poorly understood. We 

found that TLR3 inhibition blocked cardiomyocyte maturation; precursor cells committed to the 

cardiomyocyte lineage failed to express maturation genes and sarcomeres did not develop. Using 

various approaches we found that the effects of TLR3 upon cardiomyocyte maturation were 

dependent upon the RelA subunit of NFκB. Importantly, under conditions that promote the 

development of mature cardiomyocytes NFκB became significantly enriched at the promoters of 

cardiomyocyte maturation genes. Furthermore, activation of the TLR3-NFκB pathway enhanced 

cardiomyocyte maturation. This study therefore demonstrates that the TLR3-NFκB pathway is 

necessary for the maturation of committed precursors into mature cardiomyocytes.
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Introduction

Studying cardiomyocyte development presents unique challenges when compared to other 

cell types. Cardiomyocytes are an essential component of the heart. Genetic manipulation 

can cause abnormal cardiac morphogenesis; typically leading to embryonic lethality. This 

embryonic lethality is difficult to diagnose prenatally and limits our understanding of the 

process by which precursors commit to the cardiac lineage and mature into fully functional 

cardiomyocytes. Due to this hurdle, many researchers have taken to replicating 

cardiomyocyte development in the culture dish. Various methods have been employed 

including reprogramming strategies [1–8] [9–14].

In vitro modelling suggests that cardiomyocyte development has two phases; Initiation and 

Maturation [15–18]. In the Initiation phase of cardiomyocyte development, the precursor cell 

initially expresses a number of so-called pioneer transcription factors. These pioneer 

transcription factors induce significant epigenetic remodeling; the precursor phenotype is 

silenced and various genes that are necessary for commitment to the cardiomyocyte lineage 

are activated. The pioneer transcription factors have been identified: combined expression of 

Gata4, Tbx5, Mef2C and Hand1 is necessary for the initial commitment to the 

cardiomyocyte lineage [16]. Recently, we and others have shown that the key epigenetic 

mechanism in the Initiation phase of cardiomyocyte development is histone methylation. 

H3K4 becomes methylated [19] whereas H3K27 is de-methylated [14]. These epigenetic 

modifications work in concert to activate and repress numerous genes that are necessary to 

stabilize commitment to the cardiomyocyte lineage. Whereas the steps in the Initiation phase 

of cardiomyocyte development are well known, the process of cardiomyocyte maturation has 

not been studied in detail.

Hodgkinson et al. Page 2

Stem Cells. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two recent studies have shown that TLR3 is important for reprogramming fibroblasts to iPS 

[20] and endothelial cells [21]. Specifically, activation of TLR3 causes global changes in the 

expression and activity of epigenetic modifiers that favor DNA accessibility, and phenotypic 

fluidity. Interestingly, TLR3 plays a role in the inflammatory response and it is known that 

inflammation plays a major role in the cardiac response to injury [22, 23]. Consequently, we 

asked ourselves if TLR3 played a hitherto unknown role in cardiac reprogramming. In this 

study we show that cardiomyocyte maturation requires TLR3 activated NFκB. Precursor 

cells that had committed to the cardiomyocyte lineage were prevented from maturing into 

cardiomyocytes by TLR3 inhibitors or TLR3 knockdown. Further experiments demonstrated 

that TLR3 controlled cardiomyocyte maturation via NFκB. Pharmacological inhibition of 

NFκB, as well as knockdown of Ikbkb (Inhibitor of Nuclear Factor Kappa B Kinase) which 

activates NFκB, prevented cardiomyocyte maturation. Moreover, conditions that induce 

cardiomyocyte formation induced NFκB binding to the promoters of cardiomyocyte 

maturation genes. Moreover, we found that microRNAs activate TLR3.

Materials & Methods

Chemicals

TLR agonists were purchased from Invivogen (Mouse TLR1-9 agonist kit, tlrl-kit1mw). The 

TLR3 antagonist CU-CPT-4a, NFκB antagonist Bay 11-7085 and the AP1 antagonist SR 

11302 were purchased from Tocris.

MicroRNA transfection

Mouse (C57BL/6) neonatal cardiac fibroblasts were isolated from 2 day old mouse neonates 

according to the method outlined in Jayawardena et al [10]. Following isolation fibroblasts 

were cultured in growth media containing DMEM (ATCC, Catalogue number 30-2002) 

supplemented with 15%v/v FBS (Thermo Scientific Hyclone Fetal bovine serum, Catalogue 

number SH30071.03, Lot number AXK49952) and 1%v/v penicillin/streptomycin (Gibco, 

Catalogue number 15140-122, 100units Penicillin, 100ug/ml Streptomycin). Fibroblasts 

were passaged once the cells had reached 70–80% confluence using 0.05% w/v trypsin 

(Gibco, Catalogue number 25300-054). Freshly isolated fibroblasts were labelled as Passage 

0. Experiments were conducted with cells at passage 2. For all experiments, cells were 

seeded at 5000 cells/cm2 in growth media. After 24 hours, the cells were transfected with 

transfection reagent alone (Dharmafect-I, ThermoScientific), with transfection reagent plus 

non-targeting microRNAs (negmiR), or with transfection reagent plus our previously 

reported combination of cardiac reprogramming microRNAs[9] (miR combo, miR-1, 

miR-133, miR-208, miR-499).

qPCR

Total RNA was extracted using Quick-RNA MiniPrep Kit according to the manufacturer’s 

instructions (Zymo Research). Total RNA (50ng-100ng) was converted to cDNA using a 

high capacity cDNA reverse transcription kit (Applied Biosystems). cDNA was used in a 

standard qPCR reaction involving FAM conjugated gene specific primers and TaqMan Gene 

Expression Master Mix (Applied Biosystems). The following primers were used for qPCR: 

Gapdh (Mm99999915_m1), Tnni3 (Mm00437164_m1), Actn2 (Mm00473657_m1), Myh6 
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(Mm00440359_m1), Cacna1c (Mm00437917_m1), Mef2C (Mm01340482_m1), Tbx5 

(Mm00803518_m1), Gata4 (Mm00484689_m1) and Hand2 (Mm00439247_m1).

Immunofluorescence

Cells were fixed with 2%v/v paraformaldehyde (EMS) as described previously [24]. Fixed 

cells were blocked in antibody buffer (5%w/v BSA, 0.1%v/v Tween-20, in PBS) for 1 hr at 

room temperature. Following blocking, cells were incubated overnight at 4°C with α-

sarcomeric actinin antibody (Sigma, A7811, 1:100) in antibody buffer. After the overnight 

incubation, cells were washed three times in antibody buffer. Following washing, cells were 

incubated with Alexa-Fluor conjugated secondary antibodies (Invitrogen, Goat Anti-mouse 

594nm) at a 1:500 dilution in antibody buffer for 1hr at room temperature. Nuclei were 

stained by DAPI at 1μg/ml for 30 minutes at room temperature in antibody buffer. Following 

washing in PBS to remove unbound complexes, immunofluorescence was measured using a 

Zeiss Axiovert 200 inverted microscope.

siRNA knockdown

siRNA pools (four siRNAs targeting the gene) and a negative control siRNA were purchased 

from Dharmacon. siRNAs were made to 20μM in nuclease free water, aliquoted, and stored 

-80°C until use. Fibroblasts were seeded into 12 well plates at 20,000 cells per well one day 

prior to transfection. On the day of transfection siRNAs were diluted to 5μM in nuclease free 

water. For each well, 5μl of the working siRNA solution was diluted with 95μl Optimem-

Serum Free media. In a separate tube 5μl of Dharmafect-I (Dharmacon) was diluted with 

95μl Optimem-Serum Free media. After 5 minute incubation the two solutions were 

combined. After 20 minutes complete media lacking antibiotics was added (800μl) and the 

transfection complexes added to the cells.

ChIP assays

ChIP assays were performed according the manufacturer’s instructions (Cell Signaling, 

SimpleChIP Enzymatic Chromatin IP kit #9003). Neonatal cardiac fibroblast nuclei were 

digested with 0.1ul Micrococcal nuclease per 4×106 cells (amount of Micrococcal nuclease 

was empirically determined according the manufacturer’s instructions). 

Immunoprecipitation was performed with ChIP validated antibodies: (1) rabbit IgG control 

(Cell Signaling, #2729); (2) Histone H3 (Cell Signaling, #4620); and (3) RelA (Cell 

Signaling, #8242). Immunoprecipitated DNA was quantified by qPCR (ThermoFisher, 

Power SYBR Green PCR Master Mix, #4367659) with primers for the promoters of Myh6 

(Qiagen, EpiTect ChIP qPCR Primer Assay For Mouse Myh6, NM_010856.3 (-)08Kb 

#GPM1045733(-)08A and EpiTect ChIP qPCR Primer Assay For Mouse Myh6, 

NM_010856.3 (-)01Kb #GPM1045733(-)01A), Actn2 (Qiagen, EpiTect ChIP qPCR Primer 

Assay For Mouse Actn2, NM_033268.3 (-)01Kb, #GPM1044781(-)01A) and Tnni3 

(Qiagen, EpiTect ChIP qPCR Primer Assay For Mouse Tnni3, NM_009406.3 (-)01Kb, 

#GPM1052593(-)01A). PCR reactions included the positive control Histone H3 sample and 

the negative control rabbit IgG sample. A serial dilution of the 2% input chromatin DNA 

(undiluted, 1:5, 1:25, 1:125) was used to create a standard curve and determine efficiency of 

amplification. Percent input was calculated and negative control IgG values subtracted. Data 
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is presented as the fold change of percent input between miR combo and negmiR treated 

samples.

IL6 ELISA

IL6 ELISA kits were from R&D Systems. Fresh media (1ml) was added to the cells one day 

prior to assaying for IL6. Per manufacturer’s instructions 50ul of media was assayed and the 

amount of IL6 in pg/ml in the culture media was determined via a standard curve. The IL6 

pg/ml value was then adjusted for the total volume of the media (1ml) and the total cellular 

protein in each well to correct for differences in cell number[25].

Generating beating reprogrammed cardiomyocytes

Isolated mouse (C57BL/6) neonatal cardiac fibroblasts (passage 2) were seeded into 12-well 

dishes at 15000 cells/cm2 in growth media. Twenty-four hours later growth media was 

removed and the cells transfected with negmiR or miR combo as described above. One day 

later, the transfection complexes were removed and media was replaced with a chemically 

defined reprogramming media[12] that contained 1ug/ml Poly(I:C) (LMW). For the next 

four days, cells received fresh chemically defined reprogramming media [12] containing 

1ug/ml Poly(I:C) (LMW) daily. After this period, the cells received chemically defined 

reprogramming media [12] without Poly(I:C) (LMW) for a further 10 days. Media was 

replaced every other day. Beating colonies were identified with a Zeiss Axiovert 200 

inverted microscope.

Images

Images were processed with CorelDraw and Zeiss software (Axiovision Rel4.8 and Zen 

Blue).

Statistics

All statistical analysis was performed using GraphPad. Experiments containing two 

conditions a t-test was performed. ANOVA was used for experiments with three or more 

conditions followed by Bonferroni post-hoc tests for comparisons between individual 

groups. A P-value of less than 0.05 was considered significant.

Results

TLR3 inhibition blocks the maturation phase of cardiac reprogramming

The mechanisms by which committed cells mature into cardiomyocytes are unclear. Two 

recent studies have shown that TLR3 is important for reprogramming fibroblasts to iPS [20] 

and endothelial cells [21]. Moreover, TLR3 induces inflammation and inflammation is 

known to be important in injury. Consequently, we asked ourselves if TLR3 played a 

hitherto unknown role in the development of mature cardiomyocytes. We were interested in 

TLRs as these receptors are key mediators of the inflammatory responses in the heart.

In the first instance, we tested our hypothesis with the specific TLR3 pharmacological 

inhibitor CU-CPT-4a [26, 27]. We were specifically interested in the maturation phase of 

cardiac reprogramming. To that end, we carried out an initial screen for the mRNA levels for 
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components of that are involved in cardiomyocyte sarcomere function. We used our 

previously described miR combo to induce cardiac reprogramming. MiR combo is a 

combination of four microRNAs (miR-1, -133, -208, -499) that robustly induces cardiac 

reprogramming both in vitro and in vivo[9, 11–14]. As shown in Figure 1 miR combo 

significantly induced the expression of 13 components of the cardiomyocyte sarcomere. The 

effect of miR combo upon cardiomyocyte sarcomere gene expression was completely 

abolished by the TLR3 pharmacological inhibitor CU-CPT-4a (Figure 1; quantification 

supplied in Supplementary Figure 1).

We verified our initial screen by measuring the mRNA levels of three components of the 

cardiomyocyte sarcomere: Myh6 (αmyosin heavy chain), Actn2 (αsarcomeric actinin) and 

Tnni3 (cardiac troponin-I). As we observed in our initial screen, pharmacological inhibition 

of TLR3 completely inhibited miR combo reprogramming with respect to the expression of 

Myh6, Actn2, and Tnni3 (Figure 1B). We then assessed the effects of TLR3 inhibition upon 

the maturation of reprogrammed fibroblasts at the cellular level. The ability of miR combo 

to generate mature cardiomyocytes with organized sarcomeres was completely inhibited by 

CU-CPT-4a (Figure 1C). These results were then verified by siRNA mediated knockdown of 

TLR3. Knockdown of TLR3 by siRNA was robust (Figure 1D) and completely abrogated 

miR combo reprogramming with respect to the expression of Myh6, Actn2, and Tnni3 

(Figure 1E).

Neither TLR3 inhibition nor TLR3 activation affects the initiation phase of cardiac 
reprogramming

Following these results, we wanted to investigate the mechanism by which TLR3 influenced 

the maturation of reprogrammed cells in more detail. During heart development, in the 

initial phase of differentiation of precursors into cardiomyocytes epigenetic processes act to 

turn on expression of the cardiomyocyte-lineage commitment factors Gata4, Hand2, Tbx5 

and Mef2C are expressed[28]. Similarly, increased expression of these cardiomyocyte-

lineage commitment factors in fibroblasts represents the initial phase of cardiac 

reprogramming [1–6, 9, 12, 14]. We found that the expression of the cardiomyocyte-lineage 

commitment factors Gata4, Hand2, Tbx5 and Mef2C, that was induced by miR combo, was 

not affected by either TLR3 knockdown (Figure 2A) or by TLR3 activation (Figure 2B). 

This data indicates that the effects of TLR3 upon the cardiac reprogramming were not due to 

changes in the initiation phase of cardiac reprogramming.

TLR3 controls the maturation phase of cardiac reprogramming via the RelA subunit of 
NFκB

TLR3 mediates the activation of a number of transcription factors[22]. Of these transcription 

factors, two mediate the vast majority of the effects of TLR3: AP1 and NFκB[22]. 

Consequently, we hypothesized that TLR3 would influence maturation of reprogrammed 

cells via AP1 and/or NFκB. Pharmacological inhibition of AP1 had no effect on the ability 

of miR combo to reprogram fibroblasts (Supplementary Figure 2). In contrast, the 

pharmacological inhibition of NFκB completely inhibited miR combo reprogramming at 

both the RNA (Figure 3A) and protein (Figure 3B) level.
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We further verified a role for NFκB in the maturation of reprogrammed cells by targeting 

Ikbkb; a kinase that is necessary for NFκB activation[29]. Knockdown of Ikbkb was robust 

(Figure 3C). Importantly, knockdown of Ikbkb completely inhibited miR combo 

reprogramming with respect to the expression of the cardiomyocyte maturation markers 

Myh6, Actn2, and Tnni3 (Figure 3D). In agreement with the studies described above, Ikbkb 

knockdown did not influence the initiation phase of cardiac reprogramming (Supplementary 

Figure 3). Moreover; Ikbkb knockdown did not affect miR combo mediated suppression of 

endodermal, ectodermal and vascular markers (Supplementary Figure 4).

There are five NFκB proteins: NF-κB1 (p105/p50); NF-κB2 (p100/p52); RelA (p65); RelB; 

and c-Rel. Only RelA, RelB and c-Rel induce transcription. We focused on RelA as it is the 

most highly expressed Rel protein. Knockdown of RelA, which was found to be robust 

(Figure 4A), prevented the appearance of Actn2(+) cells in miR combo transfected 

fibroblasts (Figure 4B). Effects at the protein level were also observed at the mRNA level; 

targeting RelA with siRNA completely inhibited miR combo reprogramming with respect to 

sarcomere-related gene expression (Figure 4C). We also noted that RelA knockdown had no 

effect on the expression of the endodermal marker Gata6 or the general differentiation 

marker Tgfb2 (Figure 4D).

Finally, we wanted to determine how RelA controlled the expression of cardiomyocyte 

maturation genes. Consequently, we used ChIP assays to determine if miR combo induced 

RelA binding to the promoters of components of the cardiomyocyte sarcomere. Significant 

enrichment of RelA was observed at the Actn2, Myh6, Mypn and Tnni3 promoters (Figure 

5A) following miR combo treatment. Similar enrichment was also observed for the Ttn, 

Myoz2, Tnnc1 and Tnnt2 promoters; however, this failed to reach P<0.05 significance 

(Figure 5A). There was no enrichment in the unrelated gene RPL30 (Supplementary Figure 

5). Targeted knockdown of RelA completely removed the ChIP signal. This result verified 

that RelA was indeed binding to the promoters of the cardiomyocyte sarcomere genes 

(Figure 5B).

MicroRNAs activate TLR3

The pharmacological inhibitor and siRNA mediated knockdown experiments suggested that 

miR combo activated TLR3. To test this further we transfected cells with microRNAs and 

assessed TLR3 activity by measuring IL6 secretion into the media. IL6 secretion is an 

accepted measurement of the activity of TLRs, including TLR3 [30–37]. When compared to 

mock transfected fibroblasts both the control non-targeting miRNA (negmiR) and miR 

combo significantly induced IL6 secretion (Figure 6A). Comparisons between negmiR and 

miR combo indicated that miR combo had the stronger effect. The induction of IL6 

secretion by microRNAs was TLR3 dependent; the addition of the TLR3 inhibitor CU-

CPT-4a, which inhibits interaction between RNA and TLR3, completely ablated the effect of 

negmiR and miR combo upon IL6 secretion (Figure 6A). Targeted knockdown of TLR3 or 

Ikbkb inhibited miR combo induced IL6 secretion; further validating that miR combo 

activated the TLR3-NFκB pathway (Figure 6B).
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Pharmacological activation of TLR3 enhances maturation of reprogrammed fibroblasts

Following the identification of the mechanism by which TLR3 controlled miR combo 

reprogramming, we next examined if stimulation of TLR3 could enhance the efficiency of 

miR combo. As expected, miR combo increased RNA levels of Myh6, Actn2 and Tnni3 

(Figure 7A). The effect of miR combo upon Myh6, Actn2 and Tnni3 expression was 

significantly enhanced by the addition of the TLR3 agonist Poly(I:C) (Figure 7A). 

Intriguingly, Poly(I:C) also induced expression of Myh6, Actn2 and Tnni3 in the control 

negmiR samples (Figure 7A). This effect, considering that Poly(I:C) had no effect on the 

expression of cardiomyocyte-commitment factors, is further evidence that the TLR3 

pathway controls the maturation phase of cardiac reprogramming. We then performed 

immunostaining to determine if the effects at the RNA level were also observed at the 

protein level. Indeed, we found that the number of Actn2(+) cells that formed in response to 

miR combo treatment was increased by the TLR3 agonist Poly(I:C) (Figure 7B, with 

quantification provided in Figure 7C). We also noted that TLR3 activation enhanced 

sarcomere maturation (see figure inserts in Figure 7B).

In accordance with our previous study [9], we found that transfecting fibroblasts with miR 

combo led to the appearance of spontaneously beating colonies (Figure 7D). The ability of 

miR combo to form spontaneously beating colonies was increased 3-fold by the addition of 

the TLR3 agonist Poly(I:C) (Figure 7D). Importantly, mature beating colonies were 

observed within one week of transfection (Supplementary Movie 1).

Discussion

In this study we demonstrate that TLR3 activated NFκB is an important mechanism for the 

maturation of committed precursors into cardiomyocytes.

Our study clearly identified a role for TLR3 activated NFκB specifically in the maturation 

phase of cardiac reprogramming. This differs from previous studies which have linked TLR3 

activated NKκB to the reprogramming to iPS [20] or endothelial cells [21]. These previous 

studies demonstrate that TLR3-NFκB causes global changes in the expression and activity 

of epigenetic modifiers that favors increased DNA accessibility. In this open chromatin 

configuration, the activation of the pluripotency program by the Yamanaka factors[20], or 

the induction of endothelial lineage by trans-differentiation factors[21], is facilitated. In 

these studies, the epigenetic plasticity that is induced by TLR3 activation is largely mediated 

by NFκB, as shown using pharmacological or molecular antagonists of NFκB.

We have extended this work by examining the role of TLR in maturation of cardiomyocyte 

precursors. We found that TLR3 activation increased the binding of NFκB directly to 

cardiomyocyte sarcomere genes. By contrast, we found that TLR3 played no role in the 

commitment of precursors into the cardiomyocyte lineage. TLR3 inhibition or knockdown 

did not influence the expression of various transcription factors that are necessary for 

commitment into the cardiomyocyte lineage.

Our findings may explain why cardiac reprogramming strategies are more efficient in the 

injured heart. After cardiac injury, dying cells in the injured zone release molecules which 
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are recognized by innate immunity receptors such as TLRs [38, 39]. Moreover, various 

immune cells that invade the dead tissue secrete pro-inflammatory cytokines. The net result 

is an inflammatory environment in the post-MI heart that activates the RelA subunit of 

NFκB [40–42]. Indeed, our NFκB model for cardiomyocyte maturation may also explain 

why we have previously seen a degree of in vivo fibroblast conversion into mature 

cardiomyocytes even in the absence of reprogramming factors [11].

As mentioned above, we found that miR combo induced RelA binding to the promoters of 

various components of the cardiomyocyte sarcomere. Canonical RelA binding sites are 

present in the Myh6 promoter but are absent in the promoters of the Actn2, Mypn and Tnni3 

genes. Non-canonical RelA binding sites have been identified in other genes [43], and they 

are present in in the Actn2, Mypn and Tnni3 gene promoters. However, it is also possible 

that RelA influences cardiac gene expression through an indirect mechanism. RelA, and 

NFκB, have been shown to modulate gene expression through binding to other proteins [44–

46] as well as by modulating the activity of the epigenetic machinery. It is possible that the 

RelA subunit of NFκB plays a similar role in cardiomyocyte maturation.

Our study suggests that microRNAs directly activate TLR3. Several TLRs are known to bind 

to nucleic acids: TLR3; TLR7; TLR8; and TLR9[47]. TLR3 recognizes double-stranded (ds) 

RNA; whereas TLR7 and TLR8 bind to single-stranded RNA. In contrast, TLR9 is activated 

by unmethylated CpG sequences in DNA molecules[47]. Only a limited number of reports 

have demonstrated that microRNAs bind to TLRs. Even though microRNAs are dsRNA 

molecules, the microRNAs miR-21, miR-29a, and Let-7b bind, and activate, TLR7 and 

TLR8[48, 49]. With respect to TLR3, it was originally suggested that microRNAs might be 

too small to induce efficient dimerization, and thus activation, of TLR3 [50]. However, this 

assumption is likely to need revision both in light of our results as well as the recent report 

that the plant derived microRNA FνmiR168 binds to dendritic cell TLR3[51]. We found that 

miR combo more strongly induced TLR3 than the negative control microRNA used in our 

studies. This may suggest that TLR3 activation by microRNAs is sequence dependent. In 

support of this notion, siRNA mediated activation of TLRs has been shown to be sequence 

dependent[52].

Finally, our study has clinical implications for the therapeutic use of cardiac reprogramming. 

Based on the findings of our study, the addition of TLR3 ligands to reprogramming cocktails 

would be expected to enhance reprogramming efficiency; specifically by increasing the 

number of mature cardiomyocytes and thereby increasing the level of functional recovery 

that occurs when reprogramming agents are delivered into the infarcted heart. Systemic 

administration of TLR ligands can lead to septic shock [22, 23]; however, synthetic TLR3 

ligands that induce little or no inflammatory response have recently been identified [53]. As 

such these synthetic ligands may be suitable for in vivo studies. We are currently 

investigating this possibility in conjunction with fibroblast lineage-tracing models in vivo 

with a view to determining if in vivo TLR3 activation enhances the functional improvement 

of direct reprogramming and, as such, be useful as an adjunctive therapy for cardiac 

reprogramming.
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Conclusion

Cardiomyocyte maturation requires TLR3 and NFκB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

The process by which precursor cells mature into cardiomyocytes is poorly understood. 

In this study, we show that cardiomyocyte maturation is critically dependent upon TLR3 

and NFκB.
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Figure 1. TLR3 inhibition inhibits maturation of reprogrammed fibroblasts into cardiomyocytes
Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) or miR 

combo. The day after transfection media was replaced and the cells incubated with either 

vehicle or the TLR3 pharmacological inhibitor CU-CPT-4a (10uM) for a further 4 days. 

After incubation with the TLR3 pharmacological inhibitor, cells were cultured in normal 

growth media for a further 6 days. Quantitative PCR was used to analyze mRNA levels of 13 

components of the cardiomyocyte sarcomere.

(A) Heat-map overview of the qPCR analysis. Expression values were normalized to the 

average expression of the negmiR vehicle samples and then averaged (N=3 technical 

replicates (fibroblasts were derived from single litter and seeded into 3 individual wells). 

Averages for each gene were then converted to Z-scores. Centroid linkage and Euclidean 

methods were employed for clustering and distance measurements respectively.
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(B & C) Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) 

or miR combo. The day after transfection media was replaced and the cells incubated with 

either vehicle or the TLR3 pharmacological inhibitor CU-CPT-4a (10uM) for a further 4 

days. After incubation with the TLR3 pharmacological inhibitor, cells were cultured in 

normal growth media for a further 10 days.

(B) RNA levels of the cardiomyocyte sarcomere components Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) was determined by qPCR. N=4 

independent experiments.

(C) Left: Cells were fixed and stained with anti-Actn2 antibodies (red). Nuclei were stained 

with DAPI (blue). Scale bar 50 microns. Right: Quantification of immunostaining shown in 

B. Cells expressing Actn2 were counted and expressed as a percentage of the total cell 

population. N=6 independent experiments.

(D & E) Neonatal cardiac fibroblasts were first transfected with either a control siRNA or a 

siRNA that targeted TLR3. Two days later, the cells were transfected again with either the 

negative control miR negmiR or miR combo. The day after transfection with miRNAs the 

media was replaced and the cells cultured in normal growth media for 14 days.

(D) Quantification of TLR3 knockdown by qPCR. N=3 independent experiments.

(E) RNA levels of the cardiomyocyte structural proteins Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) was determined by qPCR. N=4 

independent experiments. Data represented as Mean ± SEM. ***P<0.001, **P<0.01, 

*P<0.05, ns: not significant. For A, B and D comparisons are made between miR combo and 

negmiR for each group. For C, comparison is made between control siRNA and siRNA 

targeting TLR3.
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Figure 2. Neither TLR3 inhibition nor TLR3 activation affects early stage cardiac 
reprogramming
(A) Neonatal cardiac fibroblasts were first transfected with either a control siRNA or a 

siRNA that targeted TLR3. Two days later, the cells were transfected again with either the 

negative control miR negmiR or miR combo. The day after transfection with miRNAs, the 

media was replaced and the cells cultured in normal growth media for 3 days. RNA levels of 

the cardiomyocyte-lineage commitment factors Gata4, Hand2, Tbx5 and Mef2C was 

determined by qPCR. N=9 independent experiments. Comparisons are made between miR 

combo + control siRNA and miR combo + TLR3 siRNA, ns: not significant. Data 

represented as Mean ± SEM.

(B) Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) or 

miR combo. The day after transfection media was replaced and the cells incubated with 

vehicle or the TLR3 agonist Poly(I:C) LMW (low molecular weight Poly(I:C)) for a further 

3 days. RNA levels of the cardiomyocyte-lineage commitment factors Gata4, Hand2, Tbx5 

and Mef2C was determined by qPCR. N=6 independent experiments. Comparisons are made 

between miR combo + vehicle and miR combo + TLR3 agonist, ns: not significant. Data 

represented as Mean ± SEM.
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Figure 3. NFκB is important for miR combo reprogramming
(A & B) Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) 

or miR combo. The day after transfection media was replaced and the cells incubated with 

vehicle or the NFκB antagonist Bay 11-7085. After one day of treatment, the media was 

replaced with normal growth media and cells cultured for a further 12 days.

(A) RNA levels of the cardiomyocyte structural proteins Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) following treatment with the 

NFκB antagonist Bay 11-7085 was determined by qPCR. N=3 independent experiments.

(B) Left: Cells were fixed and stained with anti-Actn2 antibodies (red). Nuclei were stained 

with DAPI (blue). Scale bar 100 microns. Inset pictures are at 5x magnification. Right: 
Quantification of immunostaining shown in C. Cells expressing Actn2 were counted and 

expressed as a percentage of the total cell population. N=3 independent experiments.

(C & D) Neonatal cardiac fibroblasts were transfected with microRNAs (negmiR or miR 

combo) and siRNA (control siRNA or a siRNA that targeted Ikbkb). The day after 

transfection with miRNAs the media was replaced and the cells cultured in normal growth 

media for either 4 days (to assess knockdown efficiency) or 14 days (to assess RNA levels of 

cardiomyocyte structural proteins).

(C) Quantification of Ikbkb knockdown by qPCR. N=3 independent experiments.

Hodgkinson et al. Page 17

Stem Cells. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) RNA levels of the cardiomyocyte structural proteins Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) was determined by qPCR. N=3 

independent experiments.

Data represented as Mean ± SEM. Comparisons are made between miR combo and negmiR 

for each group, **P<0.01, *P<0.05, ns: not significant.
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Figure 4. RelA mediates the effects of NFκB
Neonatal cardiac fibroblasts were first transfected with either a control siRNA or a siRNA 

that targeted the NFκB subunit RelA. Two days later, the cells were transfected again with 

either the negative control miR negmiR or miR combo. The day after transfection with 

miRNAs, the media was replaced and the cells cultured in normal growth media for 13 days.

(A) Quantification of RelA knockdown by qPCR.

(B) Left: Cells were fixed and stained with anti-Actn2 antibodies (red). Nuclei were stained 

with DAPI (blue). Scale bar 100 microns. Inset pictures are at 5x magnification. Right: 
Quantification of immunostaining shown in B. Cells expressing Actn2 were counted and 

expressed as a percentage of the total cell population. N=3 independent experiments.

(C) RNA levels of the cardiomyocyte structural proteins Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) was determined by qPCR. N=3 

independent experiments.

(D) RNA levels of the endodermal marker Gata6 and the general marker of differentiation 

Tgfb2 were determined by qPCR. N=3 independent experiments.
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Data represented as Mean ± SEM. Comparisons are made between miR combo and negative 

control miR (negmiR) for each group, **P<0.01, *P<0.05, ns: not significant.
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Figure 5. The NFκB subunit RelA binds to the promoters of cardiomyocyte maturation genes
(A) Neonatal cardiac fibroblasts were transfected with negmiR or miR combo. After 7 days, 

chromatin DNA was subjected to ChIP analysis. Primers were designed to target the first 

1Kb of the indicated cardiomyocyte sarcomere genes (represented by -01Kb). Results are 

presented as the fold enrichment in RelA binding where percent input of the negmiR control 

was taken to be 1. N=3 independent experiments. Data represented as Mean ± SEM. 

Comparisons are made between miR combo and negative control miR (negmiR), **P<0.01, 

*P<0.05, ns: not significant.

(B) Neonatal cardiac fibroblasts were transfected with miR combo and either a control 

siRNA or a siRNA that targeted RelA. After 7 days, chromatin DNA was subjected to ChIP 

analysis. Primers were designed to target the first 1Kb of the indicated cardiomyocyte 

sarcomere genes (represented by -01Kb). Results are presented as the percentage of 

chromatin input. N=3 independent experiments. Data represented as Mean ± SEM.
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Figure 6. microRNAs activate TLR3
(A) Neonatal cardiac fibroblasts were transfected with negmiR or miR combo. A mock 

transfection where lipid reagent alone was added to the cells was also used. The TLR3 

inhibitor CU-CPT-4a, which interferes with RNA binding to TLR3, was added one day post-

transfection. IL6 concentration in the media was assessed 4 days post-transfection and 

values expressed as pg IL6 per ug of total protein. N=4 independent experiments. Data 

represented as Mean ± SEM. Comparisons are made to the respective mock transfected 

group (*P<0.05, ns: not significant) and between negmiR and miR combo (†P<0.05).

(B) Neonatal cardiac fibroblasts were transfected with microRNAs (mock, miR combo) and 

siRNA (non-targeting control, TLR3, Ikbkb). IL6 concentration in the media was assessed 4 

days post-transfection and values expressed as a ratio between miR combo and mock 

transfected cells. N=3 independent experiments. Data represented as Mean ± SEM. 

Comparisons are made to miR combo plus non-targeting control siRNA group, **P<0.01, 

*P<0.05.
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Figure 7. TLR3 agonists enhance maturation of miR combo reprogrammed cardiomyocytes
(A–C) Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) or 

miR combo. The day after transfection media was replaced and the cells incubated with 

vehicle or the TLR3 agonist Poly(I:C) LMW (low molecular weight Poly(I:C)) for a further 

4 days. After incubation with the TLR3 agonist, cells were cultured in normal growth media 

for a further 10 days.

(A) RNA levels of the cardiomyocyte structural proteins Myh6 (αmyosin heavy chain), 

Actn2 (αsarcomeric actinin) and Tnni3 (cardiac troponin-I) was determined by qPCR. N=5–

14.

(B) Cells were fixed and stained with anti-Actn2 antibodies (red). Nuclei were stained with 

DAPI (blue). N=6 independent experiments. Scale bar 50 microns. Inset pictures are at 5x 

magnification to show sarcomere structure.

(C) Quantification of immunostaining shown in B. Cells expressing Actn2 were counted and 

expressed as a percentage of the total cell population.
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(D) Neonatal cardiac fibroblasts were transfected with negative control miR (negmiR) or 

miR combo. The day after transfection media was replaced and the cells incubated with 

differentiation media (DMEM + 2%FBS + ITS + AA) and the TLR3 agonist Poly(I:C) 

LMW for the indicated times. Fourteen days after the transfection, the numbers of beating 

colonies were counted. N=4 independent experiments. Data represented as Mean ± SEM. 

*Comparisons made between vehicle and TLR3 agonist for each group ***P<0.001, 

**P<0.01, *P<0.05. †Comparisons made between miR combo and negmiR for each group 

†††P<0.001, ††P<0.01, †P<0.05.
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