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Viral myocarditis is a leading cause of sudden death in young adults as the limited turnover of cardiac myocytes
renders the heart particularly vulnerable to viral damage. Viruses induce an antiviral type I interferon (IFN-α/β)
response in essentially all cell types, providing an immediate innate protection. Cardiac myocytes express high
basal levels of IFN-β to help pre-arm them against viral infections, however the mechanism underlying this
expression remains unclear. Using primary cultures of murine cardiac and skeletal muscle cells, we demonstrate
here that the mitochondrial antiviral signaling (MAVS) pathway is spontaneously activated in unstimulated
cardiac myocytes but not cardiac ﬁbroblasts or skeletal muscle cells. Results suggest that MAVS association with
the mitochondrial-associated ER membranes (MAM) is a determinant of high basal IFN-β expression, and demonstrate that MAVS is essential for spontaneous high basal expression of IFN-β in cardiac myocytes and the
heart. Together, results provide the ﬁrst mechanism for spontaneous high expression of the antiviral cytokine
IFN-β in a poorly replenished and essential cell type.

1. Introduction
Viral myocarditis is recognized as the second leading cause of
sudden death in young adults [25,29] and is found in approximately
10% of patients with unexplained heart failure [7]. Although most cases
resolve spontaneously, viral myocarditis can progress to dilated cardiomyopathy and cardiac failure [16,29]; the latter representing one of
the major causes of morbidity and mortality worldwide [11]. The unimpeded cardiac access aﬀorded to viruses during viremia as well as the
severely limited capacity of cardiac myocytes to enter the mitotic cycle
[92] contribute to the particular vulnerability of the heart to viruses.
Type I interferon (IFN-α/β) treatment can be an eﬀective therapeutic for human myocarditis [18,39,62,76], and defects in the host or
cardiac myocyte IFN-α/β response aggravate virus-induced damage in
mouse models of myocarditis and in primary cultures of cardiac myocytes [1,40,41,45,85]. While viral myocarditis can reﬂect immunemediated damage to cardiac myocytes, most myocarditic viruses, including reovirus, induce direct cytopathic eﬀects in these cells [7,29]
and can induce myocarditis in the absence of the adaptive immune

response [5,82–84]. For reovirus, the primary determinant of protection against virus-induced cardiac damage is the host IFN-α/β response
[5,40,45,54,64,81,82,85,112]. Reovirus-induced cytopathic eﬀect in
primary cultures of murine cardiac myocytes accurately recapitulates
both reovirus strain-speciﬁc diﬀerences in induction of myocarditis and
the critical role for IFN-α/β [5,45,85]. We have previously shown that
cardiac myocytes express higher basal levels of IFN-α/β than cardiac
ﬁbroblasts do, whereas the latter are more responsive to IFN-α/β signaling [54,87,111]. This integrated signaling network helps to pre-arm
poorly replenishable cardiac myocytes and amplify antiviral signaling
in cardiac ﬁbroblasts to eliminate the viral infection [111]. However,
the mechanism by which cardiac myocytes express high basal levels of
IFN-β has not been elucidated.
Viral induction of IFN-α/β expression is initiated when a stimulus
such as viral RNA is recognized by its sensors, in this case retinoic acid
inducible gene-I (RIG-I)-like receptors (RLRs), including RIG-I itself and
melanoma diﬀerentiation-associated gene 5 (MDA5) [48,49,105]. RLRs
then translocate from the cytosol to intracellular membranes to interact
with the mitochondrial antiviral signaling (MAVS; also known as IPS-1,
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antiviral signaling; MDA5, melanoma diﬀerentiation-associated gene 5; MFN2, mitofusin2; MOI, multiplicity of infection; PFU, plaque-forming unit; PLA, proximity ligation assay; RIG-I,
retinoic acid inducible gene-I; RLR, RIG-I-like receptors; SR, sarcoplasmic reticulum; TBK1, TANK-binding kinase 1; TRAF3, tumor necrosis factor (TNF) receptor-associated factor 3; TNF,
tumor necrosis factor
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cardiac ﬁbroblast cultures were plated at 3.5 × 105 or 1.75 × 105 cells
per chamber in 8-well poly-D-lysine-coated chamber slides (Corning),
respectively. Cardiac myocyte cultures were also supplemented to
contain 0.06% thymidine (to inhibit cardiac ﬁbroblast growth). Cardiac
myocyte and cardiac ﬁbroblast cultures were ≥ 90% and ≥ 95% pure,
respectively, as estimated by immunostaining against sarcomeric actin
(alpha Sr-1) and vimentin, respectively (data not shown). In addition,
RT-qPCR results (Fig. S2) conﬁrmed that, as expected, cardiac ﬁbroblast cultures expressed high levels of vimentin [9,53] and DDR2
[35,53,109] but expressed lower levels of α-myosin heavy chain than
did cardiac myocyte cultures and lower levels of CD31 (a.k.a. PECAM1) and VE-Cadherin (a.k.a. CDH5, CD144) than did vascular endothelial
cells. For all experiments, cultures were incubated at 37 °C in 5% CO2
for two days post-seeding before use, and were never passaged.

Cardif, and VISA) adapter protein and promote MAVS oligomerization
[42,44,78,101,102]. MAVS localizes primarily to the outer mitochondrial membrane [78], but also to peroxisomes [22] and to specialized
domains of the endoplasmic reticulum (ER) that are in constant communication with the mitochondria [42]. These mitochondrial-associated ER membranes (MAM) are an important site for induction of IFNα/β expression and inﬂammatory signaling [42,43,110]. When components of the MAVS pathway translocate to the MAM they induce IFNα/β expression [42,43,55]. In contrast, peroxisomal MAVS plays a role
in induction of IFN-λ expression in mucosal and epithelial cells
[6,21,30,42,94]. Interactions of MAVS at the MAM activates the E3
ubiquitin ligase tumor necrosis factor (TNF) receptor-associated factor
3 (TRAF3) [38,65,91], which activates TANK-binding kinase 1 (TBK1)
[32,37,79] and members of the IκB kinase (IKK) family [71,103,107].
These kinases then phosphorylate and activate the transcription factors
IRF3, ATF-2/c-Jun and NF-κB; all of which are required for maximal
IFN-α/β expression [57,97]. Secreted IFN-α/β then binds its receptor
and induces expression of IFN-stimulated genes (ISGs), most of which
have direct antiviral properties [20,75].
The identiﬁcation of MAVS as a critical mitochondrial adapter for
IFN-β expression introduced mitochondria as essential components in
the IFN-β response [2,61,78,102]. While MAVS is ubiquitously expressed, its expression is much higher in cardiac and skeletal muscle
compared to other organs and tissues [102], suggesting cells with
abundant mitochondria might have an enhanced IFN-β response. Indeed, ectopic expression of MAVS in other cell types induces IFN-β
expression through spontaneous activation of IRF3 and NF-κB
[61,78,102]. We therefore hypothesized that diﬀerences in MAVS
abundance and localization in cardiac myocytes might drive spontaneous downstream signaling and expression of IFN-β in the absence of
viral infection.
Here, we used primary cultures of murine cardiac and skeletal
muscle cells to identify diﬀerences between skeletal and cardiac muscle
cells, and to identify the mechanism for high basal IFN-β expression in
cardiac myocytes. First, we found that skeletal muscle cells do not express high basal levels of IFN-β, indicating that this is not characteristic
of muscle cells in general. Remarkably, in unstimulated cardiac myocytes but not cardiac ﬁbroblasts or skeletal muscle cells, MAVS is
spontaneously activated to associate with the MAM resulting in activation of TRAF3 and TBK1. Accordingly, MAVS expression is required
for high basal IFN-β expression in cardiac myocytes and in the adult
heart. Together, results provide the ﬁrst mechanism for spontaneous
high expression of the antiviral cytokine IFN-β in a poorly replenished
and essential cell type, and highlight a novel cell type-speciﬁc mitochondrial role in antiviral protection.

2.2. Primary skeletal muscle cultures
Timed-pregnant mice and mouse colonies for timed matings were
maintained as above, and all procedures were IACUC-approved. Muscle
from the limbs of neonatal mice < 24 h old was dissected away from
other tissues into Hanks' balanced salt solution (HBSS; Corning, #21023-CV), the HBSS was aspirated, and the muscle was minced with
sterile scissors and incubated in freshly prepared 2% Type II collagenase (Worthington Biochemical, #LS004174) in HBSS for 30 min
with vortexing every 10 min. Cells were pelleted by centrifugation at
1800 ×g for 5 min at room temperature, resuspended in HBSS, and repelleted as above. Cells were resuspended in DMEM supplemented to
contain 6% FCS, 2 mM L-glutamine (Corning #25-005-Cl), and 10 μg/
ml gentamycin, and passed through a 100 μm cell strainer (Falcon,
#352360). Cells resuspended to 4 × 105/ml in supplemented DMEM
were plated at 8 × 105 cells per well in 24-well clusters for RNA or
protein harvest, or 2.8 × 105 cells per chamber in 8-well poly-D-lysinecoated chamber slides for confocal microscopy. After incubation at
37 °C in 5% CO2 for two days, media was replaced with DMEM supplemented as above (for undiﬀerentiated skeletal muscle cell cultures)
or DMEM supplemented as above but at 3% instead of 6% FCS (for
diﬀerentiated skeletal muscle cell cultures). Cultures were incubated an
additional two days before use to allow diﬀerentiation, and were never
passaged.
2.3. Viral infections
CsCl-puriﬁed reovirus type 3 Dearing (T3D) was maintained as a
low-passage laboratory stock and stored at − 80 °C. T3D was chosen as
a strong inducer of IFN-α/β expression in cardiac cells [54,85,87]
through the RIG-I/MAVS pathway [36,41]. For infections, cardiac
cultures plated in 8-well chamber slides were inoculated with reovirus
T3D at a multiplicity of infection (MOI) of 25 plaque forming units
(PFU) per cell in 200 μl of supplemented DMEM. An additional 300 μl
of supplemented DMEM was added after 1 h of incubation at 37 °C, and
cells were ﬁxed at 24 h post-infection. Mock-infected cultures were
treated similarly but received supplemented DMEM as inocula.

2. Materials and methods
2.1. Primary cardiac cell cultures
Timed-pregnant Cr:NIH(S) mice from the National Cancer Institute
were maintained as a colony in a facility accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care. Wild-type
C57BL/6, MAVS−/−[88], and RIG-I−/− MDA5−/−[27] mice were
maintained as an in-house colony and used for timed matings. The
hearts of MAVS−/− mice were conﬁrmed to be histologically and
functionally normal (Fig. S1). All animal procedures were approved by
the North Carolina State University Institutional Animal Care and Use
Committee (IACUC). Primary cardiac cell cultures were generated as
previously described [80] from 1-day-old neonatal and term fetal mice
resulting from timed pregnancies. For RNA or protein harvest, cardiac
myocyte and ﬁbroblast cultures in Dulbecco MEM (DMEM; Gibco
#11965-092) supplemented to contain 7% fetal calf serum (FCS;
Atlanta Biologicals) and 10 μg/ml gentamycin (Sigma, #G1272) were
plated at 1 × 106 or 5 × 105 cells per well in 24-well or 48-well
clusters, respectively. For confocal microscopy, cardiac myocyte or

2.4. Stimulation with Poly(I:C)
Cardiac ﬁbroblasts were stimulated with 25 μg/ml Poly(I:C)
(Invivogen; #tlrl-pic) using Lipofectamine 2000 (Thermo Fisher
Scientiﬁc; #11668027) for a total of 4 h according to the manufacturer's instructions.
2.5. Antibodies
Antibodies used for immunoblotting and their corresponding dilutions were anti-MAVS (Santa Cruz Biotech sc-365334; 1:500), antiTOM20 (Santa Cruz Biotech sc-11415; 1:300), anti-alpha Sr-1 (Abcam
ab28052; 1:1500), anti-β-actin (Santa Cruz Biotech sc-1615-hrp,
103
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24-well clusters using radioimmunoprecipitation assay (RIPA) lysis
buﬀer (50 mM Tris HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented to contain 1%
sodium dodecylsulfate (SDS), a cocktail of protease and phosphatase
inhibitors (Sigma-Aldrich; P8340 and P2850), and 1 mM phenylmethylsulfonyl ﬂuoride (PMSF; Sigma-Aldrich, P7626). Cells were
rocked on ice for 20 min and centrifuged at 14,000 ×g at 4 °C for
10 min to remove cellular debris. A bicinchoninic acid (BCA) protein
assay (Thermo Fisher Scientiﬁc) was used to calculate protein concentrations. A total of 10–20 μg of protein from each lysate was boiled
for 5 min in 1× Laemmli sample buﬀer and resolved using 7.5–15%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resolved
proteins were transferred to either nitrocellulose or polyvinylidene
ﬂuoride (PVDF) membranes in transfer buﬀer (48 mM Tris, 39 mM
glycine, 0.04% SDS, and 20% methanol) for 20–45 min at 15 V in a
semi-dry transfer apparatus (Bio-Rad). Membranes were then blocked
for 1–3 h at room temperature with 5% milk or 5% bovine serum albumin (BSA; Sigma-Aldrich) in Tris-buﬀered saline (20 mM Tris HCl
[pH 7.6], 137 mM NaCl) containing 0.05–0.2% Tween 20 (TBS-T) and
probed with the indicated primary antibodies overnight at 4 °C.
Membranes were washed 3–5 times with TBS-T buﬀer and incubated
with the appropriate horse radish peroxidase- (HRP-) conjugated, species-speciﬁc secondary antibodies at room temperature for 1.5 h.
Membranes were washed 3–5 times in TBS-T and proteins were visualized using Amersham enhanced chemiluminiscence (ECL) or ECL Plus
kits according to the manufacturer's instructions. Membranes were exposed to ﬁlm and scanned using an HP Scanjet G4050. Quantiﬁcation of
band intensity was determined using the LI-COR BioSciences Image
Studio™ Lite Software (version 5.x); and the intensity value of each
band of interest was normalized to the corresponding band intensity of
β-actin.

1:2000), anti-MFN2 (Cell Signaling #9482; 1:800), anti-TBK1 (Cell
Signaling #3504; 1:1000), anti-phospho-TBK1 (Ser172) (Cell Signaling
#5483; 1:700), goat anti-rabbit IgG-HRP (Millipore #12-348; 1:2000),
and goat anti-mouse IgG-HRP (Millipore #12-349; 1:2,000). Primary
antibodies used for immunoﬂuorescence were anti-MAVS (Santa Cruz
Biotech sc-365,334; 1:100 dilution), anti-TOM20 (Abcam ab56783;
1:100 dilution), anti-FACL4 (Thermo PA5-27137; 1:50), anti-PMP70
(Abcam ab3424; 1:650), anti-MFN2 (Cell Signaling #9482; 1:50), antiTRAF3 (Santa Cruz Biotech sc-1828or Thermo Fisher Scientiﬁc PA141107; 1:50), anti-alpha Sr-1 (Abcam ab28052; 1:50), anti-vimentin
(Thermo Fisher Scientiﬁc PA1-16759; 1:2000), anti-GM130 (BD
Biosciences #610822; 1:250), anti-reovirus σ1 5C6 and G5 ([95]; mix
of 1:2500 each; Fig. 6B), and rabbit anti-reovirus T3D antisera (B.
Sherry, unpublished; 1:2000; Fig. S5). Secondary antibodies were
Alexa® 488-, Alexa® 594- or Alexa® 647-conjugated goat anti-mouse,
anti-rabbit or anti-chicken IgG (Thermo Fisher Scientiﬁc; 1:750 1:1,000).
2.6. Indirect immunoﬂuorescence
Cells in 8-well poly-D-Lysine-coated chamber slides were ﬁxed in 4%
paraformaldehyde (PFA; Electron Microscopy Sciences) in phosphatebuﬀered saline (PBS) for 20 min, and permeabilized with 0.25% Triton
X-100 (Sigma, #×100) in PBS at room temperature for 10 min. Slides
were rinsed in PBS and blocked with 5% normal goat serum (Sigma;
#G9023) diluted in PBS at room temperature for 60 min. Cells were
then incubated in 300 nM DAPI (Sigma-Aldrich; #D8417) diluted in
PBS for 20 min prior to immunostaining sequentially with the indicated
primary antibodies diluted in 0.01% IgG- and protease-free BSA
(Jackson ImmunoResearch Laboratories, Inc.) for 60 min each at room
temperature. Slides were rinsed in PBS and incubated with the appropriate species-speciﬁc secondary antibodies for 60 min at room temperature. Slides were washed in PBS, and coverslips were mounted on
slides using ProLong Gold (Invitrogen).

2.9. MitoTracker® Red staining
Cells in 8-well poly-D-Lysine-coated chamber slides (BD Biosciences)
were incubated in 200 nM MitoTracker® Red CMXRos (Thermo Fisher
Scientiﬁc; #M7512) diluted in serum-free media for 30 min at 37 °C.
Cells were then immediately ﬁxed in 4% PFA and treated as for indirect
immunoﬂuorescence.

2.7. Reverse transcription - quantitative PCR (RT-qPCR)
Cells in 24-well clusters were lysed in RLT (Qiagen, Inc.).
Alternatively, transverse mid-cardiac sections (27–41 mg) were disrupted in RLT using 1 mm zirconia/silica beads (Biospec, Inc.) in a
mini-beadbeater (Biospec, Inc.) for 30 s, chilled on ice for 1 min, and
then disrupted and chilled for 3 additional cycles. Beads were pelleted
at 8000 ×g for 3 min at 4 °C and cell lysate supernatants recovered. All
cell lysates were further homogenized using a QIAshredder (Qiagen,
Inc.) and total RNA was harvested using an RNeasy kit (Qiagen, Inc.).
RNA was treated with RNase-free DNase I (Qiagen, Inc.) to remove
genomic DNA prior to generation of cDNA by reverse transcription in a
total reaction volume of 25 μl or 50 μl containing 5 μM oligo(dT); 1×
Taq buﬀer (Thermo Scientiﬁc); 7.5 mM MgCl2; 1 mM dithiothreitol;
1 mM (each) deoxynucleotide triphosphate, 0.67 U/μl RNasin and
0.2 U/μl of avian myeloblastosis virus reverse transcriptase (Promega
Corp.). For qPCR, 10 or 20% of the reverse transcription product was
ampliﬁed on a LightCycler® 480 ﬂuorescence thermocyler (Roche Life
Science) in 96-well plates. Each 25 μl sample reaction in 96-well plates
contained 1× Quantitech SYBR green master mix (Qiagen, Inc.) and
0.3 μM (each) forward and reverse primers. Relative abundance of IFNβ was obtained by comparison to a standard curve generated from serial
dilutions of a DNA standard and normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer sequences
for IFN-β and GAPDH transcripts and DNA standards have been previously published [87]. Primer sequences for vimentin, DDR2, αmyosin heavy chain, CD31 and VE-Cadherin are as indicated (Fig. S2).

2.10. In situ Proximity Ligation Assay (PLA)
Cells in 8-well poly-D-Lysine-coated chamber slides were ﬁxed in 4%
PFA. Cells were then permeabilized in 0.25% Triton X-100 for 10 min at
room temperature and blocked with Duolink® Blocking Solution for 1 h
at room temperature. Slides were then incubated sequentially with
primary antibodies against TRAF3 and MAVS or TOM20 diluted in
0.1% IgG- and protease-free BSA in PBS for 1 h at room temperature.
For the PLA reactions, all incubations were performed in a 37 °C incubator with increased humidity according to the manufacturer's recommendations using the Duolink® In Situ Detection Regents Red kit
(Sigma, DUO92101). Dried slides were mounted on Duolink® Mounting
Medium with DAPI (DUO82040) and imaged by confocal microscopy as
Z-stacks to image the total volume of each cell.
2.11. Confocal microscopy and image analysis
A Zeiss LSM 710 confocal microscope equipped with a 40 × Capochromat/1.1 NA water immersion objective from the Cellular and
Molecular Facility (CMIF) at NC State University was used for all experiments. The pinhole diameter was maintained at 1 Airy unit (A.U.)
and all images were obtained using multitrack sequential scanning for
each ﬂuorophore to prevent bleed-through. The excitation/emission
wavelengths during micrograph acquisition were 488 nm/492–554 nm
for Alexa Fluor® 488, 561 nm/584–666 nm for Alexa Fluor® 594,
MitoTracker® and PLA Duolink® Red, 633 nm/650–709 nm for Alexa

2.8. SDS-PAGE and immunoblotting
Whole cell protein extracts were obtained by lysing cells plated in
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mitochondrial density among cell types [34], we asked whether spontaneous signaling originating in this organelle was responsible for high
expression of IFN-β in cardiac myocytes. Importantly, the mitochondrial-localized MAVS adaptor protein is highly expressed at the transcript level in muscle tissues [102]. Total levels of TOM20, a marker of
outer mitochondrial proteins, and MAVS were evaluated by immunoﬂuorescence (Fig. 2A–B) and immunoblot (Fig. 2C) in the diﬀerent
primary cultures. Both cardiac myocytes and skeletal muscle cells expressed higher levels of mitochondrial proteins, including MAVS, than
did cardiac ﬁbroblasts, indicating that mitochondrial and MAVS
abundance alone is not suﬃcient to drive spontaneous expression of
IFN-β. However, while the mitochondrial localization of MAVS was
conﬁrmed in our cardiac cultures, the morphology of the mitochondria
in cardiac myocytes was strikingly diﬀerent from that in the other cell
types (Fig. 2D).

Fluor® 647, and 405 nm/407–507 nm for DAPI. Images were processed
for presentation using Photoshop® CS4. Intensity plot proﬁles were
generated using ImageJ software [74]. Quantiﬁcation of cell area occupied by mitochondria and the scoring of PLA dots per cell were
performed using the particle analysis tool of ImageJ. Pearson's co-localization indexes were obtained using ImageJ software and the Just
Another Colocalisation Plugin (JACoP) module [8].
2.12. Statistical analysis
A Student's two-sample t-test (pooled variance) was applied using
Systat software. Results were considered signiﬁcant if the P value
was < 0.05.
3. Results

3.3. Mitochondria are highly associated with the MAM in cardiac myocytes

3.1. Cardiac myocytes express high basal levels of IFN-β compared to
cardiac ﬁbroblasts and skeletal myotubes

Skeletal muscle cells did not express high basal levels of IFN-β
(Fig. 1B) but they did contain abundant mitochondria and express high
levels of MAVS (Fig. 2A–C). Therefore, we next probed the association
of mitochondria with other intracellular structures known to serve as
platforms for MAVS-dependent innate immune signaling. Primary cultures were immunostained and analyzed for the association of mitochondria (TOM20) with the MAM (FACL4) and peroxisomes
(PMP70). Mitochondria were intimately associated with the MAM
speciﬁcally in cardiac myocytes (Fig. 3A–B), but not with peroxisomes
(Fig. S3). Furthermore, the level of mitofusin2 (MFN2), a protein involved in mitochondrial fusion and ER-mitochondria tethering [19,46],
was signiﬁcantly higher in cardiac myocytes than the other cell types
(Figs. 3C and S4), providing one potential mechanism for the increased
contacts between these two organelles in cardiac myocytes. Notably,
MAVS expression is not required for the association of mitochondria
and the MAM nor the high levels of MFN2 in cardiac myocytes (Fig. S4).
Together, results conﬁrmed the intimate relationship between mitochondria and the MAM in cardiac myocytes, likely by the higher
expression of tethering factors such as MFN2.

Our laboratory previously reported that cardiac myocytes express
higher basal levels of IFN-β, IFN-α4, and a subset of ISGs compared to
cardiac ﬁbroblasts [45,85,87,111]. Given the diﬀerences in cellular
physiology between cardiac myocytes and cardiac ﬁbroblasts, we ﬁrst
asked whether the high basal expression of IFN-β is speciﬁc to cardiac
myocytes or a conserved antiviral response across muscle cell types.
Primary cultures of murine cardiac myocytes, cardiac ﬁbroblasts, and
skeletal muscle (Fig. 1A) were analyzed for their expression of basal
levels of IFN-β by RT-qPCR (Fig. 1B). Cardiac myocytes expressed twoto four-fold more IFN-β than cardiac ﬁbroblasts did, and three- to ninefold more IFN-β than diﬀerentiated skeletal muscle cells did. Results
conﬁrmed higher basal expression of IFN-β in cardiac myocytes than
cardiac ﬁbroblasts and demonstrated that this is not a conserved
property of all muscle cells. Previous demonstration that cardiac myocytes express high basal IFN-β in cardiac sections from adult mice [111]
and that an unusual association of NF-κB with the cis-Golgi in cultured
neonatal cardiac myocytes is also detected in cardiac sections from
adult mice [70] together provide evidence that neonatal cardiac myocyte cultures recapitulate events in this pathway that occur in vivo in
adults.

3.4. MAVS is highly associated with the MAM in cardiac myocytes
Given the intimate association of mitochondria with the MAM
speciﬁcally in cardiac myocytes, we next probed MAVS localization.
Primary cultures were immunostained and analyzed for the association
of MAVS with the MAM and peroxisomes (Fig. 4A–B). Not surprisingly,
the association of MAVS with either the MAM or peroxisomes in

3.2. Mitochondria and MAVS are more abundant in muscle cells than
cardiac ﬁbroblasts
Given that mitochondria are key organelles in innate immune signaling [2,99] and that cardiac myocytes display the highest

Fig. 1. Basal IFN-β expression is higher in cardiac myocytes
than in cardiac ﬁbroblasts and skeletal muscle cells. (A)
Primary cultures of murine cardiac and undiﬀerentiated
(undiﬀ.) and diﬀerentiated (diﬀ.) skeletal muscle cells were
generated from wild-type mice and were immunostained
for the muscle-speciﬁc sarcomeric actin alpha Sr-1. Nuclei
were counter-stained with DAPI. Scale bar = 50 μm. (B)
RNA was harvested from the indicated cardiac cell or differentiated skeletal muscle cell primary cultures, analyzed
by RT-qPCR, and copy number was normalized to GAPDH.
Data are representative of means for two independent experiments from two independently generated primary
cultures ± SD. *Signiﬁcantly diﬀerent from all others
(P < 0.05).
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Fig. 2. Mitochondrial proteins and MAVS are more abundant in muscle cells than cardiac ﬁbroblasts. (A) Primary
cardiac or skeletal muscle cultures were immunostained
with antibodies against TOM20 or MAVS. Nuclei were
counterstained with DAPI. Scale bar = 50 μm. (B)
Quantiﬁcation of mitochondrial or MAVS density in the cell
measured as the fraction of the cell occupied by either
TOM20 or MAVS (mean ± SD; n = 6–12). *Signiﬁcantly
diﬀerent from cardiac myocytes and skeletal muscle cells
(P < 0.05). (C) Whole-cell protein extracts were harvested
from the indicated primary cultures, resolved by SDSPAGE, and immunoblotted using the indicated primary
antibodies. Densitometry values for normalized TOM20 or
MAVS band intensities are expressed relative to the band
intensity of cardiac ﬁbroblasts. (D) Primary cardiac cultures
were incubated with MitoTracker®, ﬁxed, and immunostained using an antibody against MAVS. Scale
bar = 10 μm. Results are representative of at least two independent experiments.

−

MDA5−/− mice, indicating that expression of these upstream sensors
is not required for the association of MAVS and TRAF3. Speciﬁcity was
conﬁrmed using cardiac cultures derived from MAVS−/− mice. In sum,
results demonstrate that MAVS and TRAF3 are found in close proximity
with each other in unstimulated cardiac myocytes and that this association is independent of RIG-I and MDA5.

unstimulated cardiac ﬁbroblasts was minimal and reﬂected the mitochondrial localization of MAVS in these cells (Fig. 2A–B). To determine whether MAVS signaling occurs primarily through the MAM or
peroxisomes in cardiac cells, cardiac ﬁbroblasts were stimulated with
Poly(I:C) by lipid-mediated transfection to activate RIG-I-dependent
signaling. In stimulated cardiac ﬁbroblasts there was signiﬁcant association of MAVS with the MAM but not with peroxisomes (Fig. 4B),
indicating that activation of RLRs in cardiac ﬁbroblasts induces association of MAVS speciﬁcally with the MAM. Remarkably, MAVS colocalized with the MAM in unstimulated cardiac myocytes but not
skeletal muscle cells to a degree similar to that in stimulated cardiac
ﬁbroblasts. Importantly, MAVS was not signiﬁcantly associated with
peroxisomes under any of the conditions tested (Fig. 4A–B) or upon
RNA virus infection (Fig. S5B). Together, results indicate that the MAM,
but not the peroxisome, is the primary site for MAVS-dependent signaling in cardiac cells and indicate that MAVS is highly associated with
the MAM in cardiac myocytes.

3.6. TRAF3 is spontaneously activated in cardiac myocytes and its
activation is MAVS-dependent
The observation that TRAF3 is in close proximity with MAVS in
unstimulated cardiac myocytes (Fig. 5) prompted us to ask whether this
results in spontaneous activation of TRAF3. Cellular sensing of viral
nucleic acid leads to fragmentation of the cis-Golgi, and the redistribution of TRAF3 to ER/Golgi-associated compartments is required for
its ability to interact with MAVS [93]. Intracellular distribution of
TRAF3 was used as a marker of its activation status in our primary
cultures (Fig. 6). In unstimulated cardiac ﬁbroblasts, TRAF3 localized
diﬀusely throughout the cytoplasm, but upon stimulation with Poly
(I:C), TRAF3 localized to punctate bodies in perinuclear compartments
reminiscent of rearrangements of the Golgi (Fig. 6A). Infection of cardiac ﬁbroblasts with reovirus T3D, a strong inducer of the RIG-I/MAVS
pathway [36,41,85,87], induced a similar redistribution of TRAF3, and
this redistribution was dependent on MAVS as the punctate bodies were
absent in cultures derived from MAVS−/− mice (Fig. 6B). Remarkably,
TRAF3 localized to similar punctate bodies in perinuclear compartments in unstimulated cardiac myocytes, suggesting spontaneous activation of TRAF3 in these cells (Fig. 6A). This redistribution of TRAF3
was speciﬁc to cardiac myocytes and was not observed in skeletal
muscle cells. Finally, the spontaneous activation of TRAF3 in cardiac
myocytes was MAVS-dependent (Fig. 6C; absence of TRAF3 punctate
bodies in null mice) but independent of the upstream sensors RIG-I and
MDA5 (Fig. 6D; presence of TRAF3 punctate bodies in null mice),
consistent with results for MAVS-TRAF3 association (Fig. 5). Together,
results demonstrate that TRAF3 is spontaneously activated in unstimulated cardiac myocytes and this activation requires the expression

3.5. MAVS is intimately associated with TRAF3 in unstimulated cardiac
myocytes independent of RIG-I and MDA5 expression
Activated MAVS oligomerizes [44,101] and associates with members of the TRAF family, including the E3 ubiquitin ligase TRAF3
[42,56,69,89,93], and this interaction occurs as part of the MAVS signalosome at the MAM [42,55]. Thus, we asked whether MAVS localization to the MAM in cardiac myocytes results in its association with
TRAF3. We used an in situ proximity ligation assay (PLA) which allows
the visualization and quantitation of two individual proteins in close
proximity in the form of ﬂuorescent PLA dots [98]. Antibodies against
TRAF3 and the mitochondrial protein TOM20 as a negative control did
not generate signiﬁcant PLA signals, conﬁrming the speciﬁcity of the
PLA and that abundant mitochondria in cardiac myocytes do not generate spurious PLA signals (Fig. 5). Antibodies against MAVS and
TRAF3 demonstrated that these two proteins are found in close proximity in unstimulated cardiac myocytes but not in cardiac ﬁbroblasts.
Importantly, the primary cardiac cultures were derived from RIG-I−/
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Fig. 3. Mitochondria are highly associated with the MAM in cardiac myocytes compared
to cardiac ﬁbroblasts and skeletal muscle cells. A) Primary cultures were immunostained
with antibodies against TOM20 (mitochondria) and FACL4 (MAM); and nuclei were
counterstained with DAPI. Images are representative of at least two independent experiments and > 10 cells analyzed per experiment. Scale bar = 10 μm. B) Pearson's colocalization coeﬃcient (mean ± SEM; n = 8–12) of pixel overlap between TOM20 and
FACL4. *, Signiﬁcantly diﬀerent from cardiac ﬁbroblasts and skeletal muscle cells
(P < 0.05). C) Whole-cell protein extracts from the indicated primary cultures were
resolved by SDS-PAGE and immunoblotted using the indicated primary antibodies.
Densitometry values for MFN2 band intensities normalized to actin are expressed relative
to the band intensity of cardiac ﬁbroblasts.

of MAVS but not the upstream viral RNA sensors RIG-I and MDA5.
3.7. TBK1 is spontaneously activated in cardiac myocytes and its activation
is MAVS-dependent
MAVS-dependent stimulation of TRAF3 induces activation of TBK1,
through phosphorylation of TBK1 at serine residue 172 [51] by either
TBK1 itself or IKKβ [14]. To determine whether the spontaneous activation of MAVS-dependent signaling in cardiac myocytes (Figs. 5–6)
resulted in activation of TBK1, the phosphorylation status of TBK1 was
probed in our primary cultures (Fig. 7). TBK1 was phosphorylated
speciﬁcally in cardiac myocytes but not in any of the other cell types
analyzed, and phosphorylation was MAVS-dependent consistent with
results for TRAF3 basal activation (Fig. 6C). Together, results indicate
spontaneous activation of MAVS-dependent signaling in cardiac myocytes for phosphorylation of TBK1.
3.8. MAVS is a determinant of high basal expression of IFN-β in cardiac
myocytes and the adult heart
Results indicated spontaneous activation of a MAVS-dependent
signaling pathway in cardiac myocytes, suggesting that MAVS expression should be required for high basal expression of IFN-β in cardiac
myocytes. Basal expression of IFN-β in cardiac cultures derived from
either wild-type or MAVS−/− mice was measured by RT-qPCR
(Fig. 8A). Results demonstrated a four-fold decrease in the basal levels
of IFN-β in MAVS−/− cardiac myocytes compared to wild-type cells,
but no diﬀerence in IFN-β expression between wild-type and MAVS−/−
cardiac ﬁbroblasts. Moreover, IFN-β expression was 18-fold lower in
hearts from adult MAVS −/− mice than wild-type mice (Fig. 8B). Together, results demonstrate spontaneous activation of the MAVS signaling pathway in cardiac myocytes but not cardiac ﬁbroblasts or
skeletal muscle cells (Fig. 1) leading to spontaneous high basal expression of IFN-β (Fig. 8C).
4. Discussion
Cardiac myocytes constitute the majority of cell numbers and mass
in the adult heart [4,90] yet in contrast to the vast majority of cell
types, they rarely enter the cell cycle and display limited turnover
throughout adulthood [86,108]. The heart lacks protective physical
structures analogous to the blood-brain-barrier in the central nervous
system, leaving cardiac cells vulnerable to numerous biotic and abiotic
agents with the potential to compromise organ function. The innate
IFN-β response represents a non-specialized yet critical antiviral response available to virtually every mammalian cell. Cardiac myocytes
are exquisitely dependent on this innate response for their protection
against viruses, and remarkably, have evolved a highly tuned regulation of this response for their protection. Speciﬁcally, cardiac myocytes
express higher basal levels of IFN-β than do cardiac ﬁbroblasts, and this
basal IFN-β helps protect them against viral infection [45,85,87,111].
Here, we report the mechanism for high basal expression of IFN-β in
cardiac myocytes: spontaneous activation of a MAVS-dependent signaling pathway likely originating at the MAM.
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Fig. 4. MAVS is highly associated with the MAM, but not with peroxisomes, in stimulated cardiac ﬁbroblasts and unstimulated cardiac myocytes. A) Primary cultures were immunostained with antibodies against MAVS and FACL4 (MAM) or PMP70 (peroxisome); and nuclei were counterstained with DAPI. Images are representative of at least two independent
experiments and > 10 cells analyzed per experiment. Scale bar = 10 μm. B) Pearson's co-localization coeﬃcient (mean ± SEM; n = 8–12) of pixel overlap between MAVS and FACL4 or
PMP70. *Signiﬁcantly diﬀerent from cardiac ﬁbroblasts and skeletal muscle cells (P < 0.05).

expression. Regulation of IRF7 function is complex [15,73], and the
role of IRF7 in cardiac myocyte basal expression of IFN-β is ripe for
study.
Cardiac myocytes have the highest density of mitochondria per cell
volume, consistent with their high demand for energy [34]. Given that
cardiac myocytes and skeletal myotubes have comparable levels of the
mitochondria-associated protein MAVS (Fig. 2C) but express signiﬁcantly diﬀerent basal levels of IFN-β (Fig. 1B), MAVS abundance
alone cannot be suﬃcient to drive spontaneous downstream signaling
in cardiac myocytes. The mitochondria in cardiac myocytes are exceptionally well-associated with the sarcoplasmic reticulum (SR; the
muscle-speciﬁc ER) to facilitate calcium (Ca2 +) transfer, reactive
oxygen species (ROS) communication, and apoptotic signaling between

Cardiac myocytes express higher basal levels of IFN-β, IFN-α4, and a
subset of ISGs than do cardiac ﬁbroblasts [54,87,111]. Accordingly,
cardiac myocytes express basal activation of the IFN-β signaling
pathway as a pre-arming mechanism against viral infections [111]. The
transcription factor IRF7 is an ISG that functions in a positive feedback
loop to further induce IFN [72] and is expressed at higher basal levels in
cardiac myocytes [87,111]. However, IRF7 function requires phosphorylation events that are triggered by viral infection [58,59,72] and,
thus, IRF7 expression alone would likely be insuﬃcient to induce strong
expression of basal IFN in cardiac myocytes. Given that TBK1 is one
kinase responsible for this phosphorylation [79], the MAVS-dependent
spontaneous activation of TBK1 in cardiac myocytes (Fig. 7) could well
be suﬃcient to activate IRF7 for ampliﬁcation of basal IFN-β
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Fig. 5. MAVS and TRAF3 are intimately associated in unstimulated cardiac myocytes independently of RIG-I and MDA5 expression. Primary cardiac cultures generated from either RIGI−/− MDA5−/− or MAVS−/− mice were ﬁxed and subjected to an in situ proximity ligation assay (PLA) using the indicated primary antibodies and the respective species-speciﬁc
secondary PLA probes. Confocal microscopy was used to obtain z-stack images of PLA signals (red) and nuclei (blue) representative of the total volume of the cells. Scale bar = 10 μm.
The number of PLA signals per cell was quantiﬁed for each condition and each plotted value represents a single scored cell. *Signiﬁcantly diﬀerent from cardiac ﬁbroblasts and skeletal
muscle cells (P < 0.05).

impairment of fusion or enhancement of ﬁssion. Indeed, the mitochondrial shortening was dramatic as evidenced by the markedly
reduced size of most ﬂuorescent “units” for both mitochondria and their
associated MAVS. This mitochondrial shortening contrasts the correlation between mitochondrial elongation and IFN-β expression seen in
several immortalized cell lines [12]. Results suggest that virus eﬀects on
mitochondrial dynamics diﬀer between cardiac cells and other cell
types, and warrant further investigation.
During viral infection, MAVS interacts with its downstream partner
TRAF3 at the MAM [42]. Given that mitochondrial MAVS is highly
associated with the MAM in unstimulated cardiac myocytes (Figs. 3–4),
it is likely that the observed association between MAVS and TRAF3
(Fig. 5) occurs in these specialized cellular structures and serves as an
initial trigger for TRAF3 activation. TRAF3 has been localized to
compartments associated with the early secretory pathway, and stimulation of RIG-I results in fragmentation of the Golgi to punctate
structures to facilitate TRAF3 interaction with MAVS [93]. These
punctate structures are reminiscent of the ones present in unstimulated
cardiac myocytes and in stimulated cardiac ﬁbroblasts (Fig. 6). However, we were unable to detect co-localization of TRAF3 with the cisGolgi marker GM130 (data not shown) as reported by others [93] and
thus the origin and identity of these punctate bodies in cardiac cells
remain unconﬁrmed. Importantly, the distribution of TRAF3 to these
compartments in unstimulated cardiac myocytes is dependent on MAVS
but not RIG-I and MDA5 (Fig. 6C–D), suggesting that signaling downstream of MAVS is required for fragmentation of speciﬁc domains of the
Golgi. Notably, MAVS is required for cis-Golgi structure speciﬁcally in
cardiac myocytes (Fig. S6) but not for the association of the mitochondria and the ER (Fig. S4). Whether the disruption of the cis-Golgi
seen in MAVS−/− cardiac myocytes is direct or indirect (e.g. through
regulation of Golgi structural proteins), and whether there are consequences to cardiac myocyte physiology has yet to be addressed.
To date, the only other cells that express high basal levels of type I
IFN and ISGs are the neurons of the hippocampus [13,28], suggesting a
role for basal IFN in the protection of susceptible non-dividing cells.
High basal IFN in this cell type correlates with changes in abundance of
components of the IFN signaling pathway during neuronal development
and a concomitant increase in neuronal antiviral protection
[28,77,100]. The speciﬁc type I IFN subtypes expressed at higher basal
levels in these neurons are, however, diﬀerent from the ones expressed

these two organelles [10,23,26,33]. Our results suggest that the intrinsic association of the SR and mitochondria in cardiac myocytes
likely facilitates the synthesis of basal IFN-β (Figs. 3–4). The association
of these two organelles in cardiac myocytes may reﬂect the greater
expression of the tethering factor MFN2 (Fig. 3C), although the role of
MFN2 in ER-mitochondria interactions [19] has been recently debated
[17,31,63]. Unfortunately, the essential roles of SR-mitochondrial
contacts in regulating cardiac myocyte fate [67,68,96] prevent us from
directly addressing their requirement for basal IFN-β expression. In
addition, while siRNA-mediated or pharmacologic disruption of the
MAM in other cell types enhances RIG-I signaling and IFN-β expression
following viral infection, peroxisomal MAVS is concomitantly increased
[42]. Thus, these methods would not be useful to provide additional
evidence that the MAM is critical for high basal IFN-β expression in
cardiac myocytes.
MFNs and mitochondrial ﬁssion and fusion can aﬀect IFN expression, and viruses can modulate MFNs and mitochondrial dynamics.
MFN1 is critical for mitochondrial fusion [24]. Viral activation of the
MAVS signaling pathway is positively regulated by MFN1
[12,42,52,66] and induces mitochondrial elongation [12], and artiﬁcial
enhancement of mitochondrial fusion can enhance IFN-β expression
(12). While MFN2 can also induce mitochondrial fusion, it likely primarily functions as a tether between mitochondria and ER/SR membranes [24]. Interestingly, MFN2 represses viral induction of IFN-β
expression [42,104], and does so independently of mitochondrial fusion
or ﬁssion [42]. The high basal expression of IFN-β in cardiac myocytes
which express high levels of MFN2 relative to cardiac ﬁbroblasts
(Figs. 3 and S4) suggests that MFN2 eﬀects on IFN-β expression in
cardiac cells diﬀers from that in other cell types, consistent with evidence of many other cardiac-speciﬁc mitochondrial events [60]. Viruses
can modulate MFNs and mitochondrial dynamics. For example, hepatitis B virus stimulates the degradation of MFN2 [50] and Dengue virus
cleaves both MFN1 and MFN2 [106]. The eﬀects of viruses on mitochondrial dynamics in cardiac cells has not been previously reported.
Given that mitochondria in cardiac myocytes are basally associated
with the MAM, we instead infected cardiac ﬁbroblasts with reovirus
T3D which induces high levels of IFN-β [45]. As expected, reovirus T3D
induced MAVS association with the MAM (Fig. S5A) but not peroxisomes (Fig. S5B) in cardiac ﬁbroblasts. Surprisingly however, reovirus
T3D also induced mitochondrial shortening (Fig. S5C) suggesting either
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Fig. 6. TRAF3 is spontaneously activated in unstimulated cardiac myocytes and its activation is MAVS-dependent. A) Primary cultures were immunostained for TRAF3 and nuclei were
counterstained with DAPI. Histograms display measured ﬂuorescence intensity along the drawn line in the inset panels. B) Cardiac ﬁbroblasts derived from either wild-type or MAVS−/−
mice were infected with reovirus T3D and immunostained for TRAF3 and viral antigen. Arrows depict redistribution of activated TRAF3 to perinuclear punctate bodies upon virus
infection. C,D) Cardiac myocytes generated from MAVS−/− (C) or RIG-I−/− MDA5−/− (D) mice were immunostained as in panel A. Scale bar = 10 μm. Results are representative of at
least two independent experiments and > 20 cells per condition.

to exogenous IFN-β compared to cardiac ﬁbroblasts and mouse embryonic ﬁbroblasts, respectively [13,111]. Thus, it appears that evolutionary forces have remodeled generalized antiviral signaling pathways
for their specialization in highly susceptible and largely non-replenishable cell types.
Lastly, although the role of both mitochondria and the ER as platforms of antiviral responses in most cells has been extensively studied
in many cell types [42,43,47,99], this report provides the ﬁrst evidence
that the enhanced SR-mitochondrial coupling that is characteristic of
cardiac myocytes has an important role beyond muscle cell physiology.
Speciﬁcally, results here highlight the critical role of SR-mitochondrial
contacts for high basal IFN-β expression in the particularly vulnerable
cardiac myocytes.
Fig. 7. TBK1 is activated in unstimulated cardiac myocytes and its activation is MAVSdependent. Whole-cell protein lysates obtained from the indicated primary cultures were
resolved by SDS-PAGE and immunoblotted with antibodies against TBK1 (total) or
phosphorylated (p-)TBK1. Densitometry values for normalized p-TBK1 band intensities
are expressed relative to the band intensity of wild-type cardiac ﬁbroblasts.
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in cardiac myocytes [13,54,87]. Despite these diﬀerences, cardiac
myocytes and hippocampal neurons share striking similarities, including lower basal levels of latent STATs and reduced responsiveness
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Fig. 8. MAVS is a determinant of high basal levels of IFN-β expression in cardiac myocytes and the adult heart. A) Primary cardiac myocytes and ﬁbroblasts were generated from either
wild-type or MAVS−/− mice. RNA was harvested and analyzed by RT-qPCR, and IFN-β copy number was normalized to GAPDH. Data are representative of means for two independent
experiments from two independently generated primary cultures ± SD. *Signiﬁcantly diﬀerent from all others (P < 0.05). B) RNA was harvested from adult mouse hearts and analyzed
by RT-qPCR. After background subtraction, IFN-β copy number was normalized to GAPDH. Data are means for 3–4 mice from two independent experiments ± SD. *Signiﬁcantly
diﬀerent from wild-type (P ≤ 0.05). C) Model for basal expression of IFN-β in cardiac cells. Inactive components are indicated by dashed borders and grey lettering. Components that
were not directly assessed are indicated in italics.
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