
ABSTRACT 

RIVERA SERRANO, EFRAIN E. Cardiac Cell Type-Specific Antiviral Responses and 

Mechanisms of Viral Antagonism of Cellular Innate Responses. (Under the direction of Dr. 

Barbara Sherry). 

 

Viral myocarditis is a leading cause of sudden death in young adults and is found in 

approximately 10% of patients with unexplained heart failure. The pathologies observed in 

cases of viral myocarditis are associated with direct cytopathicity to cardiac cells and/or are 

mediated by infiltrating cells of the immune system. The protective type I interferon (IFN-

α/β) system provides a first line of defense against viruses and is a critical determinant for 

antiviral protection against myocarditis. Importantly, ineffective viral clearance and/or 

exacerbated inflammatory responses in the heart contribute to the progression of myocarditis 

to dilated cardiomyopathy and cardiac failure. Our laboratory has previously demonstrated 

that antiviral responses in the heart are cardiac cell type-specific and form an integrated 

network of signaling events for organ protection. Here, we further characterized antiviral 

signaling pathways that are differentially regulated in cardiac cells. Additionally, we 

identified a novel mechanism for viral antagonism of host cellular antiviral responses. 

First, we characterized the spontaneous activation of an antiviral signaling pathway in 

cardiac myocytes that determines the high basal expression of IFN-β in these cells. We 

demonstrate that components downstream of the MAVS signaling pathway are activated in 

uninfected cardiac myocytes but not in cardiac fibroblasts or skeletal myotubes. Moreover, 

we identified MAVS to be required for high basal expression of IFN-β in cardiac myocytes, 

highlighting a novel role for this protein in the antiviral protection of this poorly 

replenishable cell type. Second, we used a comparative analysis between cardiac myocytes 

and fibroblasts to test their responsiveness to pro-inflammatory stimuli. We show that cardiac 



fibroblasts readily respond to several types of stimuli and activate responses that are 

regulated by the transcription factor NF-κB. In contrast, cardiac myocytes are largely unable 

to support NF-κB activation following stimulation and this likely functions as a protective 

mechanism to prevent over-stimulation of NF-κB-dependent pro-inflammatory responses in 

the heart. These two projects provide novel insights into the specialized regulation of cellular 

antiviral responses in different types of cardiac cells. 

Next, we used mammalian reovirus to study mechanisms of viral subversion of 

cellular antiviral responses. In mice, reovirus induces myocarditis and protection against this 

disease is largely dependent on the IFN-β system. Reovirus protein µ2 represses IFN-β 

signaling, which correlates with increased reovirus-mediated damage to cardiac cells and 

myocarditis in mice. Here, we demonstrate that the µ2 protein from reovirus strains that are 

known to repress IFN-β signaling associates with nuclear speckles, which are nuclear 

domains enriched in components of the pre-mRNA splicing machinery. We demonstrate that 

µ2 binds to and targets the pre-mRNA splicing factor SRSF2. We define novel roles for 

SRSF2 in the induction of interferon-stimulated genes and for events that are upstream of 

reovirus subversion of IFN-β signaling responses. Furthermore, we show that reovirus 

replication and cytopathic effect are enhanced in cells depleted for SRSF2. Lastly, reovirus 

was found to induce changes in the alternative splicing of several genes involved in RNA 

post-transcriptional regulation and maturation. These results highlight a novel positive role 

for SRSF2 in cellular antiviral responses and demonstrate that it can serve as a target for viral 

antagonism. 
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CHAPTER 1 

 

The Protective Roles of Cardiac Intercellular 

Communication in the Control of Viral Myocarditis 
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ABSTRACT 

Viral myocarditis is recognized as the second leading cause of sudden unexpected 

death in young adults. Over twenty different viruses have been associated with this disease; 

yet their mechanisms of pathogenesis in the heart remain largely unknown. Intercellular 

communication between cardiac cells plays a pivotal role in innate immune signaling, 

recruitment of myeloid and lymphoid cells, and ultimately in cardiac remodeling. Vast 

experimental and clinical data have shown that the host type I interferon system and 

controlled inflammatory responses are important factors in cardiac antiviral protection. 

Importantly, the magnitude to which different cardiac cells synthesize and respond to these 

signaling cues are largely cell type-specific and together provide an integrated cytokine 

signaling network between cardiac cells that ultimately orchestrate antiviral responses. 

Because both the extent and duration of these innate immune signaling responses are critical 

in the development of myocarditis, regulation of these responses is a major target of clinical 

cardiac therapy. This review summarizes some of the key aspects in our current 

understanding of how innate immune signaling regulates cardiac antiviral protection and 

determines organ outcome in a cell type-specific manner, and how cardiac cells establish a 

coordinated interplay of signaling pathways to regulate these responses both spatially and 

temporally during viral infection. 

 

INTRODUCTION 

In vertebrates, the heart is the first organ to develop and plays critical roles in the 

distribution of nutrients and oxygen throughout the body. Despite the essential functions of 
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the heart, this organ displays limited plasticity after cardiac injury. In contrast with some 

amphibians and the zebrafish, the cardiac myocytes found in the adult mammalian heart 

possess extremely limited regenerative capacity (1, 2). The yearly cardiac myocyte turnover 

rate is about 1% in young adults and decreases to about half that frequency in the elderly (3). 

Thus, even under optimal regenerative conditions, the heart is unable to regenerate the ~25% 

of cardiac myocytes that can be lost during a single myocardial infarction (4). Importantly, 

the lack of protective physical structures akin to the blood-brain-barrier that protects the 

neurons in the central nervous system (CNS) renders cardiac cells exposed to a myriad of 

biotic and abiotic agents that can compromise organ function. 

Myocarditis is clinically and broadly defined as damage and inflammation of the 

myocardium, the muscle tissue of the heart (5). This condition can progress to more severe 

conditions such as dilated cardiomyopathy (DCM) and heart failure; the latter representing 

one of the major causes of morbidity and mortality worldwide (6). To date, the only therapies 

available for these conditions aim to ameliorate the effects of a myocardial damage but are 

incapable of promoting regeneration of the myocardium to its original make-up (7). 

Myocarditis is recognized as the second leading cause of sudden death in young adults (8) 

and found in close to 10% of patients with unexplained heart failure (9). While this disease 

has been associated with a wide array of infectious and non-infectious agents, in the Western 

world viruses are the most common cause of myocarditis, with enteroviruses and 

adenoviruses representing the most prevalent viruses found in biopsies (5, 10-12). The 

clinical outcome is dictated by the balance between the virulence factors of the virus and the 

immunological barriers imposed by the host, in addition to the effects of antiviral and anti-
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inflammatory therapy during patient treatment (10). Due to the difficulties in early diagnosis 

of this typically-asymptomatic condition, however, medical intervention usually plays a role 

solely during the last stages of disease. Many of the signals responsible for mounting strong 

innate antiviral responses and inflammatory mediators are dictated by intercellular 

communication between different cardiac cells, as well as infiltrating cells of the immune 

system once they are recruited to the injured heart. The integration of these responses is 

largely cardiac cell type-specific and together orchestrate defense mechanisms that determine 

pathological outcomes. This review summarizes the current knowledge regarding signaling 

factors important during cardiac disease and the integration of these intercellular networks in 

the control of viral replication. Additionally, it describes the several challenges in studying 

viral myocarditis in the human population and the current approaches being exploited as 

potential therapeutics for cardiac disease. 

 

MYOCARDITIS – WHAT, WHERE, AND HOW 

The cardiac muscle is a highly organized tissue mainly composed of cardiac 

myocytes, cardiac fibroblasts, and smooth muscle cells (13). Myocardial impairment in 

mammals is typically the result of a synergistic coalition between the loss and insufficient 

regeneration of cardiac myocytes, the contractile cells of the myocardium. The limited ability 

of the differentiated cardiac myocyte to enter the cell cycle and contribute to tissue repair 

after injury has long been a subject of controversy (14), although it is generally accepted that 

at least a minimal percentage of the cardiac myocyte population has regenerative potential 

(15). Although most cases of myocarditis are asymptomatic and resolve spontaneously, 
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development of this condition leads to DCM in approximately one-third of patients 

presenting viral myocarditis (11), which  frequently culminates in cardiac failure (5, 10). The 

development of DCM is thought to be a consequence of a chronic inflammatory state as a 

result of incomplete viral clearance and/or autoimmune reactions against cardiac 

autoantigens (11). Due to the insidious and, in many cases, idiopathic nature of this disease, 

epidemiological data relies almost exclusively on post-mortem investigations (16-18). These 

studies indicate that myocarditis accounts for approximately 20% of sudden death in young 

adults (8, 19-21). Nonetheless, due to the lack of specific symptoms associated with this 

disease and even misdiagnosed cases, a general consensus regarding the incidence of 

myocarditis in the human population is not yet available. The limited existing data from 

living patients comes from studies using endomyocardial biopsies; however, these results 

have been shown to lack accuracy (22, 23). Infectious agents, toxins, drugs, and even 

systemic diseases have all been associated with the development of myocarditis in humans 

(5, 9). As a result, both the prognosis and clinical treatment vary according to the etiological 

cause of disease. To date, the only definite therapy for developed DCM is heart 

transplantation (12, 24), which is limited in its nature in addition to availability of matching 

donors.  

Although most myocarditic patients manifest a subclinical condition, the most 

common clinical features include difficulty breathing, chest pain, and arrhythmias (25). The 

histopathological criteria for defining viral myocarditis involve infiltration of inflammatory 

immune cells with or without necrosis of resident cardiac myocytes (26). It is yet unclear, 

however, whether the primary determinant of cardiac damage is due to direct virus-induced 



 

6 

cardiac loss or by pathologies mediated by the infiltrating leukocytes (27). Due to the 

challenges and limitations of tissue sampling, experimental sensitivities, and diagnostic 

interpretations that are inherent to these types of biopsy-based approaches (28), the use of 

non-invasive cardiac magnetic resonance imaging (CMRI) is becoming a more frequent 

diagnostic tool (29-32). However, the requirement of specialized equipment and relevant 

expertise still presents difficulties for CMRI to be the gold standard identification tool for 

myocarditis. Moreover, this approach fails to recognize the originating and/or ongoing nature 

of the myocarditis; information that is most certainly valuable for treatment of the disease 

once diagnosed. The general treatment for myocarditis involves the use of inhibitors of 

angiotensin-converting enzymes, angiotensin-receptors, and β-blockers (12, 33); all of which 

act to reduce blood pressure and increase blood flow. In diagnoses where cardiac viral 

infection is identified, both ribavirin and type I interferon (IFN-α/β) therapy have been 

shown to be promising treatments to control and eliminate viruses from the heart and 

subsequently improve systolic function in human patients and murine models of disease (34-

42). Additionally, drugs that block virion uncoating have been shown to be beneficial for 

controlling enterovirus replication (43, 44). Nonetheless, all the pharmacological agents used 

thus far to treat viral myocarditis are supportive and rely primarily in controlling active viral 

replication and do not necessarily promote cardiac remodeling.  

The prognosis for patients with myocarditis is influenced by a large number of 

variables including the cause of disease, the stage of disease at the time of diagnosis, 

magnitude of leukocyte infiltration, and degree of left ventricle dilation (10). Cohorts of 

biopsy-confirmed myocarditis/DCM cases have been used to estimate a five-year survival of 
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approximately 50% (11). Not surprisingly, these estimates are affected by the causative agent 

and by host determinants that are crucial in the control and development of the condition 

itself. Host factors such as age, sex, ethnic backgrounds, nutritional condition, and pregnancy 

status influence the susceptibility to viral myocarditis (11, 45-47). The effects of host genetic 

background is exquisitely reflected during CVB3 infections, where susceptible mouse 

backgrounds develop an ongoing myocarditis while resistant mice are able to eliminate the 

virus shortly after the early acute phase (27). Altogether, myocarditis and its potential to 

progress to DCM and heart failure represents a clinical challenge due to the barriers present 

from the time of diagnosis to treatment and resolution. Further understanding and 

development of biomarkers of disease are needed to accurately identify and treat this 

condition. 

 

VIRUSES ASSOCIATED WITH MYOCARDITIS 

A wide array of both intrinsic and extrinsic pathological triggers have been associated 

with myocarditis in both humans and animal models of disease (9). Infectious agents 

including bacteria, protozoans, fungi, and over twenty different common viruses have been 

identified to be associated with myocarditis worldwide (5, 12). In North America and 

Western Europe, viruses are the most common cause of viral myocarditis (17, 18, 48). Due to 

the nature and function of the organ itself, viruses that gain access to the blood have the 

potential of reaching the heart and induce cardiac damage either directly or indirectly. 

Although the exact mechanisms by which infections induce cardiac myocyte loss are largely 
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unknown for most viruses, the common observations from human biopsies include necrotic 

myocytes and infiltration of myeloid and lymphoid cells to the myocardium (Table 1.1).  

Historically, enteroviruses and adenoviruses have been the most frequently identified 

viruses in post-mortem studies (17, 18, 48). Thus, it is not surprising that members of these 

groups of viruses, particularly coxsackievirus B3 (CVB3), have been the model of choice to 

study viral myocarditis (49, 50). Interestingly, the prevalence of other viruses such as 

parvovirus B19, herpesvirus 6, hepatitis C virus, and Epstein-Barr virus in more recent 

human biopsies have surpassed that of the more classical viruses (17, 51). The differences 

reflected in the epidemiological estimates provided by different research groups are likely to 

be dependent on human host factors, such as age and geographical distribution, as well as the 

evolution of diagnostic tools used in the distinct clinical studies conducted thus far. It is 

important to note, however, that more than 25% patients display presence of co-infection 

with two or more viruses (18), which further contributes to the difficulty for clinical 

researchers to directly correlate and describe the observed pathologies with a specific 

primary infecting virus.  Moreover, for the majority of viruses associated with myocarditis a 

mild-to-strong immune response characterized by an increase in leukocyte infiltration in the 

heart has been a landmark in histological samples (Table 1.1), but likely indistinguishable 

between different viruses. 

In the context of a viral infection, both direct cytopathic effects by the virus and/or by 

secondary immune-mediated pathologies have been associated with the loss of cardiac 

myocytes. Extensive studies using CVB3 have contributed to our overall knowledge of the 

distinct phases of myocarditis (Figure 1.1). At the cellular level, infection of cardiac 
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myocytes with CVB3 results in their vacuolation, apoptosis, and necrosis prior to the 

subsequent recruitment of immune cells (11, 49, 50). The role of T cells in the development 

of CVB3-induced myocarditis was first observed in 1974, when it was reported that mice 

lacking T cells exhibited decreased cardiac inflammation and necrosis, which resulted in 

increased protection against CVB3 lethal infection (52). However, this protection was not 

seen in mice lacking both B and T cells, which instead displayed increased cardiac damage, 

viremia, and mortality (53), highlighting the protective role of humoral immunity in CVB3 

pathogenesis. Nonetheless, T cell-mediated clearance of infected cells is also detrimental to 

cardiac function due to the loss of poorly replenishable cardiac myocytes (54). Similarly, 

natural killer (NK) cells and invariant natural killer T (iNK T) cells are beneficial for cardiac 

protection against CVB3 by controlling induced cell death in infected myocytes and by 

increasing the production of IFN-γ, TNFα, IL-4, and IL-10 early in disease, respectively (55, 

56). However, differences in virus tropism and mechanisms of pathogenesis highlight the 

complexity of viral myocarditis. For example, in contrast with CVB3 where infection of 

cardiac myocytes is required for myocarditis in a murine model of myocardial disease (57), 

parvovirus B19 infects primarily endothelial cells in the heart and presents a clinical 

manifestation different from that of CVB3 (58). 

Importantly, both T and B cells have been shown to be protective and not required for 

reovirus-induced myocarditis in the mouse (59, 60), indicating that the role of adaptive 

immunity in the host is virus-specific. Unfortunately, very few studies have focused on 

studying the underlining mechanisms of pathogenesis and disease determinants for most non-

enteroviruses associated with myocarditis, particularly in the study of direct viral damage to 
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cardiac myocytes prior to immune cell infiltration. The latter represents a crucial yet largely 

unexplored factor that may represent new avenues for therapeutics, as trials with 

immunosuppressive drugs have not proven to provide long-term benefits in human patients 

(12, 61, 62). More recently, in vitro CVB3 infections using human induced pluripotent stem 

cell (hiPSC) -derived cardiac myocytes is currently being exploited as a novel platform for 

antiviral drug discovery (63). Nonetheless, the type and extent of immune responses 

activated during virus-induced myocarditis differs between viruses and influences the 

development of cardiac damage. Thus, insights into the specific mechanisms by which 

different viruses induce cardiac damage shall provide significant information for the 

treatment of viral myocarditis. 

 

THE CARDIAC MYOCYTE – HIGH VULNERABILITY, LOW TURNOVER 

Cardiac myocytes constitute approximately 57% of the number of cells in the adult 

murine myocardium (13). In contrast with the vast majority of cell types, mammalian cardiac 

myocytes rarely enter the cell cycle and if they do this process is almost never fully 

completed. Studies have reported that murine cardiac myocytes maintain their regenerative 

potential for up to a week after birth (64) and this is followed by a down-regulation of genes 

involved in cytokinesis during cardiac development that results in the loss of proliferative 

activity and succeeding binucleation of the cardiac myocyte (65, 66). During human 

myocardium development, however, the result of an incomplete cell cycle is a polyploid 

cardiac myocyte (3, 67-70) with a rather stable DNA content during adulthood (3, 71). 

Remarkably, adenovirus-mediated delivery of the cell cycle regulator cyclin A2 to porcine 
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infarcted hearts (72) or myocyte-specific overexpression of cyclin D2 gene in the murine 

model (73, 74) promotes myocyte mitotic activity and cardiac regeneration. However, results 

obtained by myocyte cell cycle-targeting approaches are not consistent in improving 

outcomes after cardiac infarction (75). The experimental results obtained from both mice and 

human studies that aim to determine the extent of cardiac myocyte turnover during 

homeostasis and disease varies among researchers (76). However, with the exception of one 

research group (77-79), several independent groups have demonstrated only a barely-

detectable renewal ability in cardiac myocytes that ranges from 0.04 to 4% in both human 

and mouse species (3, 65, 67, 80-83). Studies using carbon-14 (C14) birth dating in the human 

population have demonstrated that cardiac myocyte renewal is largely dependent on age, 

with an annual turnover decrease from 1% at the age of 25 to a 0.45% renewal rate by the age 

of 75 (3). More recently, similar results were obtained by isolating cardiac myocytes from 

flash-frozen human myocardium, suggesting that aberrant proliferation of cardiac myocytes 

could influence cardiac diseases that are prevalent in the young adult population (67). A 

recent study has suggested the existence of a second wave of cardiac myocyte proliferation 

that occurs prior to adolescence in mice (84, 85); but so far other groups have not been able 

to support these data (86, 87). The limited mitotic activity displayed by cardiac myocytes in 

the mature heart would imply that cells that are lost during myocardial injury are virtually 

incapable of regeneration from existing myocytes to the extent of the original make-up of the 

heart, in contrast with the regenerative potential seen in other muscle tissues such as skeletal 

muscle (88, 89). Importantly, the heart of some vertebrates, such as zebrafish and newts, does 

have the ability to regenerate after cardiac injury and their cardiac myocytes have a higher 
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degree of cell cycle activity compared to the mammalian myocytes (1, 2, 90). In zebrafish, 

for example, cardiac myocytes maintain the plasticity of re-entering the cell cycle and the 

mitotic division of these pre-existing specialized cells is important for cardiac generation, 

leading to de novo regeneration of cardiac tissue (2, 90-93). In mammals, however, it has 

been generally accepted that the bulk of cardiac repair mechanisms involve the removal of 

diseased myocytes by macrophages followed by the replacement of lost cells by other 

poorly-contractile cardiac resident cells and to the hypertrophy of pre-existing cardiac 

myocytes, which leads to formation of scar tissue (94, 95). Although the existence and 

importance of cardiac stem cells (CSCs) was reported over a decade ago (96, 97), the source 

that contributes to the majority of myocyte replacement during aging or after myocardial 

injury appear to be derived from the pre-existing differentiated cardiac myocytes (82). 

However, the mechanism(s) by which cardiac myocytes are able to re-enter the cell cycle 

after injury remains unknown. It is worth mentioning that, from a therapeutics perspective, 

transplantation of cardiosphere-derived cells has proven to be beneficial to the myocardium 

by inducing proliferation of both cardiac myocytes and CSCs (81, 98-101), likely involving 

exosome-mediated intercellular cell communication (102, 103). In addition, the ability of 

cardiac fibroblasts to differentiate into myofibroblasts as the result of injury and stimulatory 

signals and their roles in cardiac repair has been a subject of extensive studies in the past few 

decades (104, 105). However, the limited turnover of cardiac myocytes still represents the 

major barrier in cardiac regenerative medicine. 
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THE CARDIAC FIBROBLAST – MAINTANING CARDIAC HOMEOSTASIS 

Depending on the experimental method, estimates have suggested that cardiac 

fibroblasts are approximately < 27% of the total cell population in the adult murine heart (13, 

106). Historically, cardiac fibroblasts have been identified by their cardiac-specific 

expression of the collagen receptor discoidin domain receptor 2 (DDR2) throughout cardiac 

development and adulthood. Similarly, the high expression of the intermediate filament 

protein vimentin observed in cardiac fibroblasts compared to cardiac myocytes has been used 

to histologically differentiate them from cardiac myocytes (107, 108). Differential 

immunostaining with antibodies against vimentin and alpha-sarcomeric actin-1 (α-Sr-1) can 

readily be used to distinguish the cardiac fibroblast and cardiac myocyte populations, 

respectively, in both histological myocardial sections and in primary cultures of murine 

cardiac cells (Figure 1.2). In contrast with other cell residents of the heart, cardiac fibroblasts 

are organized in a way in which essentially every cardiac myocyte is in close proximity to a 

cardiac fibroblast (109-111). 

Importantly, comparative transcriptomic approaches have shown that fibroblasts 

derived from different human tissues are phenotypically distinct and should be examined as 

differentiated cell types (112). In the heart, fibroblasts are critical for maintaining cardiac 

homeostasis by contributing to the constant deposition and degradation of multiple types of 

collagen and other extracellular matrix (ECM) components (113), cardiac electrophysiology 

(114, 115), and intercellular signaling with cardiac myocytes and even other cardiac 

fibroblasts (107, 116). These cells exhibit an extensive endoplasmic reticulum network and a 

conspicuous Golgi apparatus that reflect their major roles in synthesis and secretion of 
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cytokines and ECM proteins (107). As will be discussed later on, cardiac fibroblasts are the 

major contributors of pro-inflammatory cytokines in the heart, and the contribution of these 

cytokines impacts their ability to further amplify signaling pathways, proliferative properties, 

differentiation, and recruitment of cells of the immune system to the injured heart. 

Importantly, extensive cardiac fibroblast proliferation can result in an increase in ECM 

content deposition, which in turn contributes to stiffening of the myocardium and cardiac 

dysfunction (117, 118). Cardiac ECM turnover during disease contributes to tissue 

remodeling and increased infiltration of inflammatory cells.  

Secretion of cytokines and growth factors by infiltrating leukocytes stimulates 

fibroblast migration and trans-differentiation to myofibroblasts (119-121). The reversible 

transition of cardiac fibroblasts to myofibroblasts is accompanied with an increased 

expression of α-smooth muscle actin (α-SMA), smooth muscle myosin heavy chain, extra-

domain-A fibronectin, tensin, paxillin, and fibroblast growth factor-2 (122). This 

differentiation is also seen in culture after a few passages (122) or after stimulation with 

transforming growth factor β (TGF-β) and other signaling factors (120, 121, 123). Because 

inflammatory cells secrete these factors after they migrate into the heart during cardiac 

injury, it is believed that this may serve as the primary stimulus for this cellular 

differentiation.  Myofibroblasts, in turn, are highly responsive to stimulatory signals and are 

able to secrete numerous cytokines, small molecules, and components of the ECM (109). In 

addition, myofibroblasts provide the structural tension that is needed during wound healing 

due to their ability to express proteins involved in contraction (124). Interestingly, 

mechanical stretching forces alone in cardiac fibroblasts is sufficient to induce their synthesis 
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of ECM proteins and cytokines, and their supernatants in vitro are sufficient to activate 

inflammatory cells and induce their transendothelial migration (123). Because most viruses 

associated with myocarditis elicit a pro-inflammatory response, it is tempting to hypothesize 

that viral infection could result in a dynamic change in the fibroblast population that 

stimulates their differentiation and support of a prolonged pro-inflammatory stage, akin to 

the one seen in the liver during hepatitis C infection (125). 

 

CELL-TO-CELL COMMUNICATION IN THE HEART 

Extensive cell-to-cell communication occurs between cardiac cells in the intact heart. 

Microscopy studies have revealed that cardiac fibroblasts form a three-dimensional 

interconnected network of ECM that orchestrates contact and communication between 

cardiac cells and could have implications in cardiac remodeling (111). To date, four different 

main types of communication have been identified in cardiac cells. The first type involves 

the secretion of soluble factors, such as chemokines and cytokines, and serves as a means to 

promote cellular communication with other neighboring and even more distant cells 

expressing the specific receptors. Innate immune responses elicited during viral infection 

usually result in secretion of soluble cytokines that act in a paracrine manner to either 

stimulate signaling pathways in surrounding cells or to recruit cells of the immune system. 

The magnitude of these responses is largely dependent on cell-to-cell communication, 

concentration gradients, and amplification of these chemical signals. Additionally, this type 

of communication can act in the secreting cell itself to further positively amplify specific 

cellular signaling pathways in an autocrine fashion. The specifics of this type of 
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communication during viral myocarditis will be discussed in detail later. Gap junctions and 

members of the connexin and cadherin families of proteins represent the second type of 

intercellular communication between cardiac cells (126). This type of junction is essential for 

cardiac function and is enriched in the intercalated disks found in directly adjacent cardiac 

myocytes (127) where they are primarily responsible for the exchange of ions and small 

solutes responsible for propagation of electrical currents within the heart (128). Specifically, 

the connexins Cx45 and Cx43 are involved in myocyte-fibroblast and in fibroblast-fibroblast 

communication, respectively (108, 129). The third type of communication is represented by 

complex intracellular signaling pathways that are elicited by engagement of components of 

the ECM with intracellular signals, which are themselves mediated by adhesion complexes. 

This type of communication is important for signaling involving integrins and growth factors 

that regulate organ size (130). Lastly, the recent characterization of secreted exosomes as a 

fourth mechanism of communication along with the critical roles of their specific 

biochemical contents in promoting cardiac homeostasis and repair are only now starting to be 

elucidated (102, 103, 131-134). Altogether, multiple types of intercellular communication 

between cardiac cells contribute to the propagation of both internal and external signals that 

ultimately regulate cardiac function. Most of the research emphasis thus far, however, have 

focused on studying cardiac cell communication during homeostasis or spontaneous 

myocardial injury; yet little is known regarding these events in the presence of infectious 

agents.  
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ANTIVIRAL RESPONSES IN THE HEART – INTERFERONS 

Viral infection in the heart typically elicits two major waves of intercellular signaling. 

The first major response to viral infection involves an increased expression and secretion of 

cytokines and chemokines by cardiac-resident cells, such as interferons (IFNs), tumor 

necrosis factor alpha (TNFα), and interleukins (ILs) (Figure 1.1). Signaling from the 

secreted cytokines are involved in both in situ cardiac protection and in the recruitment of 

leukocytes to the heart. These infiltrating cells provide the second wave of intercellular 

signaling cascades, augmenting cytokine- and chemokine-mediated communication in the 

heart. This type of communication has been shown to be beneficial during viral myocarditis 

during early stages of disease, but a sustained production of cytokines is detrimental for 

cardiac function. The low turnover exhibited by cardiac myocytes makes them a susceptible 

cell type and their loss imposes a burden to the functionality of the heart. Hence, a regulated 

integrated network of signaling events is critical for proper cardiac homeostasis and 

recovery.  

The IFN-α/β system represents one of the first lines of antiviral defenses present in 

almost every mammalian nucleated cell. Sensing of pathogen-associated molecular patterns 

(PAMPs) in the nucleic acids of viruses by pattern recognition receptors (PRRs) in the 

infected cell triggers a signaling cascade that culminates in the expression of IFNs (135). The 

moieties recognized by the PRRs are highly specific and, as a consequence, a typical cell 

expresses a variety of PRRs that are able to sense a repertoire of PAMPs present in different 

viruses and/or generated during their replication cycle. Because of this, the specific 

components of downstream viral sensing are largely dependent on the type of infecting virus 
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and, in some cases, the type of cell infected. The synthesized IFN-α/β in the infected cell is 

secreted into the extracellular space and binds to its receptor, IFNAR, on the initially infected 

cell and on neighboring cells. This cytokine-receptor engagement triggers activation of the 

Jak-STAT pathway and the formation of the heterotrimeric interferon-stimulated gene factor 

3 (ISFG3) complex that promotes the expression of interferon-stimulated genes (ISGs), many 

of which have direct antiviral activity (136, 137). This innate antiviral response is important 

for cardiac antiviral protection against many viruses and for priming cells of the adaptive 

immune system (138, 139). Remarkably, the behavior of this non-specialized system in the 

heart is cardiac cell type-specific in both the absence and presence of a viral infection and 

contributes to antiviral protection (140-142). Prior to infection, cardiac myocytes express 

higher basal levels of IFN-β, IFN-α4, and a subset of ISGs that include ISG56/IFIT-1 and 

IRF7 (140-142), the latter being an important transcription factor for further expression of 

IFN-β (143-145). This higher expression levels of IFN-β and IFN-α4 in unstimulated cardiac 

myocytes results in basal activation of phosphorylated STAT1 and STAT2, two components 

of the ISGF3 heterotrimeric complex (141), and subsequent expression of ISGs (140, 141). In 

contrast, cardiac fibroblasts are more responsive to extracellular IFN-α/β due to their 

increased expression of the IFN-α/β receptor on their cell surface in addition to higher levels 

of components of the Jak-STAT pathway in their latent/non-active state (141). The high basal 

levels of IFN-β and spontaneous activation of IFN-β signaling in cardiac myocytes is 

important for controlling viral replication and serves to ‘pre-arm’ them against viral 

infections (141). The basal IFN-β secreted by myocytes appears to be important only for 

autocrine and not paracrine protection (141). In the context of a viral infection, however, 
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secretion of virus-induced IFN-β in cardiac myocytes is likely sufficient to signal in the 

adjacent and highly-responsive surrounding cardiac fibroblasts to limit viral replication in the 

heart. 

In addition to cardiac myocytes, primary hippocampal neurons have been the only 

other cells to date shown to express high basal levels of type I IFNs and a subset of ISGs 

when compared to mouse embryonic fibroblasts (MEFs) and this provides protection against 

neurotropic viruses early in infection (146). Interestingly, the specific subtypes of type I IFNs 

expressed at higher basal levels in hippocampal neurons do not include IFN-β and include 

instead many of the IFN-α subtypes not found to be highly expressed in uninfected cardiac 

myocytes (142, 146). Albeit these differences, however, there are some similarities between 

the two populations of non-renewable cell types in their IFN responses. For instance, both 

cardiac myocytes and neurons appear to express lower basal levels of latent STATs 

compared to cardiac fibroblasts and MEFs, respectively (141, 146). Additionally, both 

cardiac myocytes and hippocampal neurons display reduced responses to exogenous IFN-β 

compared to their fibroblast counterparts (141, 146). Evidence for changes in abundance of 

components of the IFN signaling pathway during neuronal differentiation and a subsequent 

increase in antiviral protection has also been reported and is thought to be a determinant of 

age-dependent susceptibility to some viruses (147-149). Thus, it appears that differences in 

constitutive and induced IFN-α/β responses create a signaling network between different cell 

populations that is essential for maximal antiviral protection within the heart and the CNS; 

likely reflecting the particular needs of these organs to prevent virus-induce damage.    
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More recently, our laboratory has identified a critical role for the adapter protein 

MAVS and a spontaneous activation of the MAVS signaling pathway and determines the 

high basal levels of IFN-β specifically in cardiac myocytes (Chapter 3 in this dissertation). 

This pathway is typically activated upon viral sensing by the cytosolic helicases RIG-I and 

MDA5 (150-152). Once activated, they associate with mitochondrial-localized MAVS and 

this results in the formation of a MAVS signalosome at the mitochondrial-associated 

endoplasmic reticulum membranes (MAM) (153-155). Downstream factors, such as the E3 

ubiquitin ligase TRAF3, then translocate to these specialized membrane domains where they 

interact and ultimately allow the activation of the transcription factors IRF3 and NF-κB (153-

155). Our recent data indicate that this pathway is spontaneously activated in uninfected 

cardiac myocytes and promotes IFN-β expression. This is appreciated by the intimate 

association of mitochondria with the MAM and MAVS interaction with downstream TRAF3 

in cardiac myocytes, which serves to activate TRAF3 and the downstream kinase TBK1. 

Moreover, the high basal levels of IFN-β in cardiac myocytes are dependent on MAVS 

expression, demonstrating the critical role of this mitochondrial adapter in cardiac protection. 

The consequences of these cardiac cell type-specific differences can be appreciated in 

the context of reovirus infection. Infection of primary murine cardiac cultures with reovirus 

strain type 3 Dearing (T3D), a non-myocarditic strain and strong inducer of type I IFNs in 

cardiac cells, results in higher induction of IFN-β mRNA in cardiac myocytes, but higher 

induction of ISGs in cardiac fibroblasts (140, 142). Additionally, the important role of IFN-

α/β signaling in reovirus-mediated myocarditis is reflected in the increased myocarditic 

potential seen in a non-myocarditic reovirus when IFN signaling is dampened by addition of 



 

21 

neutralizing anti-IFN-α/β antibody (156). Similarly, impaired induction of IFN-β, as seen in 

mice deficient in the transcription factor IRF3, enhances reovirus myocarditic potential 

independent of humoral or cellular immunity (157). The essential role of IFN-α/β signaling 

in the antiviral protection of cardiac myocytes has similarly been documented for the 

pathogenesis of other cardiotropic viruses including CVB3 (158, 159), highlighting its 

importance in the control of cardiac viral infections. 

 

PRO-INFLAMMATORY RESPONSES IN THE HEART 

In addition to the antiviral roles of IFN-α/β signaling, an early and regulated 

inflammatory response elicited by the infiltrating immune cells is beneficial for cardiac tissue 

repair and for priming the adaptive immune system. For example, cardiac remodeling after 

myocardial infarction is impaired in the absence of macrophages or their activation (160, 

161). Specifically, macrophages are important for myofibroblast infiltration, secretion of 

TGFβ, collagen deposition, and efficient myocardial repair during early stages of disease 

(161). A constitutive and prolonged inflammatory state, however, is detrimental for cardiac 

function and can be an indicator of cardiac arrest and even patient prognosis (162). The term 

“cytokine hypothesis” was coined in the 1990s to describe the role of an exacerbated over-

production of cytokines in the progression of heart disease (163). In this model, cytokines 

themselves are not responsible for heart failure but contribute to the progression of cardiac 

disease to heart failure. Due to their specific roles in cardiac disease, cytokines are grouped 

into either vasoconstrictor or vasodepressor (pro-inflammatory) cytokines. The first group 

include endothelin-1 (ET-1), a peptide that acts both as a hormone and as a cytokine and 
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whose overexpression has been associated with lysis of cardiac myocytes and myocardial 

fibrosis (164). Moreover, elevated plasma levels of ET-1 have been correlated with the 

severity of congestive heart failure and patient prognosis (165). The pro-inflammatory 

cytokines group, in contrast, includes the extensively-studied molecules tumor necrosis 

factor-alpha (TNF-α) and several members of the interleukin (IL) family. 

TNF-α is a pleiotropic cytokine that regulates cell proliferation, differentiation, cell 

death, and further induces the production of other cytokines. In non-immune cells, including 

cells of the myocardium (166), TNF-α signals through the ubiquitously expressed TNF-

receptor 1 (TNF-R1) almost exclusively. The TNF-R1 molecule contains a death domain 

(DD) important for protein-protein interactions and recruitment of adaptor proteins to 

facilitate an intracellular platform that propagates TNF-α-mediated signaling (167). The 

outcomes of TNF-α signal transduction are largely dependent on many extrinsic and intrinsic 

factors that include extracellular concentrations of TNF-α and cell type-specific responses. In 

rat cardiac myocytes, for example, TNF-α induces activation of NF-κB through AKT (168). 

However, although both AKT and c-Jun are critical for the pro-apoptotic effects of TNF-α in 

the heart, blocking any of these factors either alone or in combination does not seem to 

sensitize cardiac myocytes to the detrimental effects of TNF-α signaling (168). This last 

observation is in contrast with results obtained in other cell types and suggests that cardiac 

myocytes regulate the pro-apoptotic effects of TNF-α via a non-canonical pathway. TNF-α 

also contributes to the proliferation and invasion of human primary cardiac myofibroblasts as 

well as their secretion of matrix metalloproteinase-9 (MMP-9) (169), which both play 

important roles in cardiac remodeling after injury. Several studies have reported high levels 



 

23 

of TNF-α in patients with myocarditis and chronic heart failure (170-174), although the exact 

origin and mechanism(s) for these high cytokine levels remain unknown. Discouragingly, the 

results from targeted therapies against TNF in clinical trials for cardiac failure have not 

proven to be successful. It appears that, although antagonistic TNF therapy is beneficial to 

heart failure human patients early in treatment, the long-term use of this therapy worsens the 

cardiac condition (162, 175, 176). Multiple explanations for this ineffectiveness include the 

cytotoxicity of the therapeutic molecules themselves and/or that antagonizing TNF-α 

responses results in the loss of the beneficial effects of TNF-α in cardiac remodeling and 

protection under certain circumstances (177, 178). 

Members of the IL family, particularly IL-1β and IL-6, have also been extensively 

studied for their major roles in cardiac disease and resolution (179-181). Both interleukins 

are found to be upregulated during post-cardiac injury (180, 182, 183), yet their specific roles 

in cardiac repair are not redundant. In cardiac fibroblasts, the main cardiac producers of IL-

1β after ischemic-reperfusion damage (181), IL-1β promotes MAPK-dependent cell 

migration and production of MMPs (184, 185). In cardiac myocytes, IL-1β leads to 

contractile dysfunction by several distinct mechanisms (186-188) and mice lacking the IL-1 

receptor (IL-1R) present an attenuated inflammatory response and reduced collagen and 

MMP production after ischemic-reperfusion damage (183), providing extensive evidence for 

the role of IL-1 signaling in cardiac repair after injury. Interestingly, IL-1β promotes cardiac 

myocyte growth but inhibits cardiac fibroblast proliferation (189). 

In contrast to IL-1β, IL-6 does not seem to alter the migration of cardiac fibroblasts 

(184) nor does it have the same effects as IL-1β in ECM turnover (185), and it promotes 
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cardiac fibroblast proliferation rather than inhibiting this process as IL-1β does (190). Studies 

using il6-/- mice have shown differences in cardiac cell population, with an increased number 

of cardiac fibroblasts and a decrease in cardiac myocyte number (191). However, similar to 

Il1r-/- mice, GP130-mediated decrease in IL-6 signaling protects against apoptosis and 

reduces infarct size (192), yet continuous GP130 activation contributes to myocardial 

hypertrophy (193). Although both cardiac myocytes and cardiac fibroblasts can synthesize 

and respond to IL-6, cardiac fibroblasts secrete the bulk of IL-6 even under homeostasis 

(194). Interestingly, IL-6 also appears to be important for cardiac myocyte-fibroblast 

communication (191). Thus, it is likely that the IL-6 produced by cardiac fibroblasts 

influences cardiac myocyte function during cardiac damage as has been documented in in 

vitro studies in states of homeostasis (195). In fact, secreted levels of IL-6 are higher in co-

cultures of cardiac myocytes and fibroblasts compared to cultures of either cell type alone, 

suggesting a cross-talk between the two cardiac populations (190). Lastly, the expression of 

both IL-1β and IL-6 in cardiac fibroblasts can be upregulated by TNF-α via p38 MAPK, 

PI3K/Akt, and NF-κB pathways (196); and IL-1β itself can further induce IL-6 expression 

through angiotensin II (181, 197).  

The apparent opposite roles for IL-1β and IL-6 in the heart suggest an integrated 

regulated network of cardiac cell type-specific pro-inflammatory signaling events that 

orchestrate cardiac repair and remodeling. For example, TNF-α-mediated responses also 

result in increased levels of the anti-inflammatory cytokine IL-10 after cardiac reperfusion or 

heart failure (198, 199). It appears that IL-10-mediated effects are important during the initial 

acute adaptive responses to changes in heart homeostasis, but it is overwhelmed by the 
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unbalanced pro-inflammatory responses during the chronic stages of disease (200, 201). 

Despite the apparent minimal contributions of IL-10 to cardiac protection, IL-10 can 

counteract TNF-α-induced oxidative stress and apoptosis in rat cardiac myocytes by 

inhibiting phosphorylation of the IκB kinase (IKK) complex and preventing downstream NF-

κB activation (202). Administration of recombinant IL-10 attenuates inflammatory cell 

infiltration and myocardial cytokine gene expression in mice after acute myocardial 

infarction (203). Moreover, bone marrow mononuclear cell-derived IL-10 has similarly been 

shown to improve cardiac function by decreasing T cell infiltration and myocardial collagen 

deposition (204). Thus, the potential for targeting pro- and anti-inflammatory cytokine 

production by different types of cardiac- and non-cardiac-resident cells offers promising 

opportunities to regulate inflammatory responses. 

As previously mentioned, inflammation is a hallmark landmark of most viral 

myocarditis (Table 1). Similar to congenital, developmental, and experimental models of 

cardiac disease, the outcomes of inflammatory responses in the context of a viral infection 

largely depend on the magnitude and temporal regulation of signaling feedback (27). For 

example, administration of exogenous IL-6 at the time of inoculation of 

encephalomyocarditis virus (EMCV) in mice is beneficial to the heart and increases survival 

rate (205), but transgenic mice overexpressing human IL-6 display reduced viral clearance 

and increased myocardial injury (206).  The role of IL-6 in myocarditis has also been 

demonstrated for CVB3 where there is a transient upregulation of IL-6 in cardiac fibroblasts 

during the acute phase of infection (207), but il-6-/- mice present an aggravated chronic 

CVB3-mediated myocarditis with a concomitant increase in levels of TNF-α, IL-10, and 
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monocyte/macrophage infiltration with no changes in viral replication (208). Similarly, 

reduced CVB3 clearance and ongoing myocardial injury has been documented in mice 

deficient in IL-10 (209). Additionally, CVB3 infection in mice and in cardiac myocyte 

cultures results in production of IL-1β and activation of the NLRP3 inflammasome, both of 

which are important for CVB3-induced myocarditis (210). Altogether, these results illustrate 

the contribution of pro- and anti-inflammatory cytokines during cardiac viral infection and 

highlight the essential regulation of their production in dictating disease outcome.  

 

NF-κB – A MASTER REGULATOR OF ANTIVIRAL AND INFLAMMATORY 

RESPONSES 

The nuclear factor kappa B (NF-κB) family of transcription factors is among the most 

extensively studied regulators of gene expression in the heart. The role of the most common 

NF-κB heterodimer, formed by the p50 and p65 subunits, has been shown to regulate the 

expression of more than one-hundred genes involved in regulation of pro-inflammatory 

responses, cell survival, apoptosis, stress responses, innate immune signaling, among others 

(211-213). Due to the many roles of NF-κB in the regulation of cellular fate, it is not 

surprising that poorly-replenishable cardiac myocytes have evolved specialized ways to fine-

tune the activation of these pathways. It has been demonstrated that cardiac myocytes derived 

from neonatal rats display a delayed and attenuated response to the pro-inflammatory stimuli 

of lipopolysaccharide (LPS) or the cytokines TNFα and IL-1β compared to fetal myocytes 

due to a developmental impairment in the activation of the upstream IKK complex that 

presumably occurs after birth (214). Accordingly, expression of a constitutively active IKKβ 
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driven by the cardiac myocyte-specific α-myosin heavy chain promoter results in embryo 

lethality as early as E9.5; and their hearts display disorganized contractile filaments, 

inflammation, and cardiac myocyte death (215). The lethality seen in these mice can be 

rescued by expression of a mutated version of IκBα that cannot be phosphorylated, providing 

evidence for the dependence of NF-κB activation in the pathologies observed in this mouse 

model (215). Moreover, cardiac myocyte-specific expression of IKKβ using an inducible 

gain-of-function transgenic mouse model results in myocyte atrophy, inflammatory DCM, 

and heart failure (216). Gene expression analysis in these mice revealed an upregulation of 

ISGs and others genes involved in cell migration, and apoptosis. Upregulation of the 

ubiquitin-like protein ISG15 and a concomitant widespread proteome ISGylation, a 

ubiquitination-like post-translational modification mediated by ISG15, was also observed in 

this model. Interestingly, both the IKK-induced cardiac pathology and the ISG15 proteomic 

signature seen in this mouse model closely resembles that of an acute CVB3 myocarditis 

(216, 217).  

Transgenic mice expressing a phosphorylation-resistant version of IκBα (IκBαS32A, 

S36A) specifically in cardiac myocytes exhibit improved survival, cardiac remodeling, and 

reduced fibrosis, apoptosis, and expression of the pro-inflammatory cytokines TNF-α, IL-6 

and IL-1β compared to littermate controls after coronary ligation surgery to induce heart 

failure (212). The authors also provided evidence that p65 (also known as RelA) is the major 

NF-κB subunit that becomes chronically activated in the heart following myocardial 

infarction. Importantly, these studies were performed using samples obtained from either 

whole hearts or whole-organ cardiac primary cultures. Thus, even though the transgenic mice 
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express cardiac myocyte-specific proteins, these assays may include responses generated by 

other cardiac-resident cells such as cardiac fibroblasts. In fact, extensive evidence supports a 

model where cardiac fibroblasts are the main contributors to pro-inflammatory cues during 

different types of cardiac disease. In sum, cardiac myocytes have evolved an impaired IKK 

system to dampen downstream NF-κB-dependent signaling, which minimizes the effects of 

pro-inflammatory stimuli that could lead to myocyte cell death and cardiac dysfunction. 

Despite this, inflammation remains a major contributor to heart disease, and the role of 

specific pro-inflammatory cytokines in activation of signaling pathways in cardiac myocytes 

continues to be an area of extensive research. 

  

FUTURE OF CARDIAC REPAIR THERAPEUTICS 

Cardiac myocyte loss during disease coupled with their low regenerative potential in 

mammalian species has contributed to extensive research with the goals of providing the 

foundations for translational cardio-regenerative medicinal approaches (218). Most of these 

efforts in the last years have been targeted towards the development of stem cell-based 

therapeutics to promote cardiac repair (4, 71, 219, 220). The existence of resident cardiac 

stem cells (CSCs) in the adult mammalian myocardium that have the ability to differentiate 

into cardiac myocytes have provided exciting new avenues for targeting cardiac repair (96, 

221, 222). However, it is unlikely that this population of cells is sufficient to support cardiac 

myocyte turnover (1, 71) that, under normal conditions, occurs at an extremely low rate 

(223). It has been suggested that the cardiac microenvironment during conditions such as 

ischemia, fibrosis, and prolonged inflammation may negatively affect the activation and/or 
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recruitment of CSCs (218).  Because of this and several other challenges, many different cell 

types have been considered for their therapeutic potential in humans but, thus far, no 

consensus has been reached (224). The extensive list of cells that have been considered for 

this purpose include skeletal myoblasts, embryonic stem cells, endothelial progenitor cells, 

mesenchymal stem cells, and the endogenous CSCs themselves (220). Each one of these 

candidates has different inherent advantages and disadvantages that range from their ability 

to successfully differentiate into cardiac myocytes and provide the intercellular signals 

required to maintain cardiac homeostasis  to ethical concerns regarding the source and the 

logistics  of their isolation (219). Moreover, the many observations suggesting that only a 

minimal fraction of the transplanted cells actually take residence in the heart but there is a 

significant cardiac improvement, suggests that paracrine factors from these cells may be 

sufficient for promoting cardiac repair (225-228). The list of secreted factors that have been 

proposed to contribute to the positive effects seen in cardiac stem cell therapy is extensive 

and include individual soluble factors and those secreted in microvesicles and exosomes. 

Stem cell transplantation appears to decrease the circulating levels of the pro-inflammatory 

cytokines TNF-α, IL-6, and IL-1β in response to cardiac injury (227). Moreover, the pivotal 

roles of TGF-β in cardiac regeneration are highlighted in the zebrafish model of cardiac 

regeneration where it regulates the ability of cardiac myocytes to re-enter the cell cycle after 

injury (229). 

Another approach that has been exploited as a means of providing alternate routes of 

cardiac regeneration includes the genetic reprogramming of existing cardiac fibroblasts into 

cardiac myocytes. This approach provides several advantages compared to transplantation 
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such as the avoidance of allogeneic rejection and fewer ethical concerns. However, the vast 

efforts with the goal of obtaining a high efficiency of differentiation has been rather 

unimpressive compared to, for example, differentiation of fibroblasts into skeletal myotubes 

upon overexpression of the myogenic transcription factor MyoD (230). The first attempts at 

inducing cardiac differentiation identified the transcription factors MEF2C, GATA4, and 

TBX5 as sufficient to activate the Myh6 cardiac promoter in about 20% of postnatal cardiac 

fibroblasts when overexpressed in combination (231). Unfortunately, only approximately 4% 

and 1% of these cells expressed sarcomeric proteins and displayed functional contractile 

properties attributed to cardiac myocytes, respectively. Using mouse embryonic fibroblasts 

(MEFs), another research group showed that overexpression of OCT4, SOX2, KLF4, and c-

MYC (known as the ‘Yamanaka factors’), in addition to the cardiogenic factor BMP4, is 

sufficient to initiate cardiac reprogramming (232). Using this approach, the authors obtained 

a more robust differentiation efficiency (~40%) compared to the first reports. Importantly, 

the differentiation process required the use of pharmacological agents to block the JAK-

STAT pathway to avoid maintenance of pluripotency in these cells. As discussed previously, 

this signaling pathway is crucial for establishing an innate antiviral response against many 

viruses in the early stages of infection and the effects of JAK-STAT inhibitors during cardiac 

differentiation and the susceptibility to viral infection remains to be addressed. More 

recently, chemical activators of cardiogenic pathways have been used to induce 

differentiation of fibroblasts into chemical-induced cardiomyocyte-like cells (CiCMs) as an 

approach to avoid several disadvantages of gene transfer-based therapy such as genomic 

insertions (233). Further characterization of the behavior of these cells in vivo and during 
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different causes and stages of myocardial injury will provide more definite foundations for 

the use of these approaches in cardiac therapeutics. 

To date, only a few studies have reported the use of stem cell-based therapies in the 

context of modulating pathogenesis of infectious agents in the heart using model organisms. 

For example, tail vein co-injection of embryonic stem (ES) cells and EMCV improves 

survival of mice compared to those injected with EMCV alone (234). Moreover, mice who 

received ES cells were found to have reduced inflammatory cell infiltration and number of 

myocardial lesions. More recently, similar results were obtained after intramyocardial 

transplantation of cardiac mesenchymal stem cells (CMSCs) into a mouse model of chronic 

cardiomyopathy induced by Trypanosoma cruzi infection (235), a major parasitic agent of 

myocarditis in Latin America. Interestingly, the ES cells injected in the first report were 

found to migrate into the heart and differentiate into cardiac myocytes, whereas the CMSCs 

injected directly in the myocardium of the T. cruzi mouse model did not appear to have 

differentiated. These observations may simply reflect the differences in experimental 

conditions used in these studies, such as the types of cell used, method and time of deliver, 

and disease model. Nonetheless, it would be crucial to determine the outcomes of different 

therapeutic approaches in different models of infectious disease at different stages of disease. 

The evidence for the use of stem cells to modulate myocarditis in the CVB3 model is 

minimal, but promising. In vitro studies using primary mesenchymal stem cells (MSCs), 

which are resistant to CVB3 infection, have shown that they reduce CVB3-induced oxidative 

stress, apoptosis, and virus progeny release when co-cultured with HL-1 cardiac myocyte 

cells (236). Moreover, injection of MSCs also reduced cardiac damage and improved left 
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ventricular function in a murine model of CVB3-induced myocarditis. The use of MSCs to 

attenuate CVB3-induced myocarditis has several advantages due to their immunomodulatory 

properties in regulating T cell activation and requirement for a a ‘pro-inflammatory 

microenvironment’ for their functionality (237), two important characteristics of CVB3 

pathogenesis. Additionally, human induced pluripotent stem cell-derived cardiac myocytes 

(hiPSC-CMs) are being used as a platform for the identification of novel antiviral drugs using 

a luciferase-expressing CVB3 recombinant strain (63). However, the recent associations of 

re-activation of latent herpesviruses and their induced pathologies after stem cell therapy in 

immunocompromised humans (238-240) indicate that more detailed studies are necessary to 

understand the consequences of distinct types of therapies in the diverse human population. 

In summary, the limited mitotic activity displayed by cardiac myocytes coupled with 

their rapid loss during viral infections in the heart poses a major problem in the human 

population. Extensive efforts have been devoted to understanding mechanisms of cardiac 

repair and avenues for regenerating the diseased heart. Nonetheless, the specific functions 

and characteristics of cardiac myocytes go beyond their ability to contract and their 

excitability, as reflected by their specialized antiviral responses both under steady-state 

conditions and during a viral infection. In addition, the contribution of highly-responsive 

cardiac fibroblasts and myofibroblasts in amplifying antiviral and pro-inflammatory 

responses as a result of cardiac injury should not be omitted, and adds another layer of 

complexity to the field of cardiac repair. Considerations regarding types of cardiac 

regeneration approaches, such as stem cell type to be used and the maintenance of a proper 
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cardiac cell type makeup in the repaired heart, will prove to be crucial for proper cardiac 

repair and future maintenance of homeostasis in this essential organ. 
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TABLE 1.1. Viruses associated with myocarditis and their reported pathologies. 

Virus Family Species 
Pathological characteristics seen in human cases and/or animal 

models of disease 
Ref. 

Adenoviridae Adenovirus  Infiltration of lymphocytes, histiocytes, plasma cells, and granulocytes; 

necrosis of myocardial fibers; interstitial edema, hemorrhage; likely a T 

cell-mediated response. 

(241-

244) 

Coronaviridae Severe acute 

respiratory 

syndrome  

Cardiomyocyte hypertrophy; interstitial fibrosis; macrophage 

infiltration. 
(245) 

Rabbit 

Coronavirus 

Myocyte necrosis, calcification, and cytolysis; interstitial edema; 

hemorrhage; dilation of left ventricle. 

(246, 

247) 

    

Flaviviridae Dengue virus  Infiltration of inflammatory cells; necrosis of myocardial fibers; 

interstitial edema. 
(248, 

249) 

Yellow Fever 

virus 

Fragmentation and granular degeneration of the myocardium; myocyte 

nuclear pleomorphism; vacuolar degeneration; hemorrhage; infiltration 

of mononuclear and polymorphonuclear leucocytes, lymphocytes, and 

plasma cells. 

(250, 

251) 

Hepatitis C virus Myocyte hypertrophy; fibrosis; infiltration of inflammatory cells 
(48, 

252) 

Zika virus 
Swollen muscle fibers; some loss of striations and sarcolemma; 

infiltration of macrophages. 
(253) 

    

Hepadnaviridae Hepatitis B virus Unknown; likely involving both direct cytopathicity and an immune 

response. 

(254, 

255) 
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TABLE 1.1. Continued 

 

Herpesviridae Cytomegalovirus Enlargement of cardiomyocytes; necrotic cells; infiltrate of leucocytes 

and lymphocytes. 
(256-

258) 

Epstein-Barr 

virus 

Direct cytopathicity; infiltration of leukocytes, histiocytes and 

lymphocytes. 

(259-

261) 

Human 

herpesvirus-6 
Interstitial and intramyocardial infiltration of inflammatory cells. 

(239, 

262-

264) 

Varicella-zoster 

virus 

Infiltration of mononuclear and polymorphonuclear cells, lymphocytes, 

and plasma cells near necrotic cardiac myocytes; interstitial edema. 

(265-

269) 

Orthomyxoviridae Influenza A 

virus 

Infiltration of pro-inflammatory leukocytes and degeneration of cardiac 

myocytes; thickened mitral valve with exudates; dilation of cardiac 

chambers. 

(270, 

271) 

Influenza B virus 
Interstitial infiltration of lymphocytes, neutrophils, and eosinophils in 

the heart. No signs of cardiac myocyte loss in human patients. 

(272, 

273) 

Paramyxoviridae Human 

parainfluenza 

virus 

Interstitial infiltration of lymphocytes, neutrophils, and eosinophils in 

myocardial and pericardial tissues. 
(274, 

275) 

Measles virus 

Scattered infiltrates of histiocytes and lymphocytes throughout the 

heart; some foci of myocardial necrosis; interstitial edema; presence of 

giant cells in the myocardium. 

(276-

278) 

Mumps virus  
Interstitial myocardial fibrosis; foci of necrotic myocytes; some 

mononuclear cells present near the foci of necrotic myocytes. 
(279) 

Respiratory 

syncytial virus 
Undescribed (280) 
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TABLE 1.1. Continued 

 

Parvoviridae Parvovirus B19 Infection of endothelial cells in cardiac vessels, infiltration of 

inflammatory cells, myocyte necrosis. 

(281, 

282) 

    

Picornaviridae Echovirus 1 Cellular infiltrate, necrosis, and calcification in myocardium. Prominent 

tissue damage to the left ventricular wall and intraventricular septum. (283) 

Coxsackievirus 

B 

Vacuolation, apoptosis, and necrosis of cardiac myocytes followed by 

infiltration of immune cells. Clearance and loss of infected cardiac 

myocytes by T cells. 

(11, 49, 

50, 54) 

    

Poxviridae Vaccinia virus Leukocyte infiltration at the intermuscular septums; degeneration of 

myocardial fibers. Clusters of virions in the cytoplasm of the infected 

cardiac myocyte; changes in the morphology of their mitochondria, 

dilation of the sarcoplasmic reticulum, and necrosis. 

(284-

287) 

   

Rhabdoviridae Rabies virus Interstitial infiltration of polymorphonuclear leucocytes, macrophages, 

and plasma cells in the heart. Capillary dilatation, edema and 

degeneration of myocardial fibers. 

(288-

290) 

    

Reoviridae Mammalian 

reovirus 

Infiltration of leukocytes, cardiac myocyte vacuolization, nuclear 

pyknosis, edema, and necrosis. Disease manifestation present in mice 

lacking B and T cells (i.e. non-immune mediated) and determined by the 

host IFN-α/β response. 

(59, 60, 

291, 

292) 

  

 

 

 

 

  



 

65 

TABLE 1.1. Continued 

 
 

Retroviridae Human immuno-

deficiency virus 

Multifocal or interstitial infiltrates of lymphocytes (mainly T cells) with 

isolated cardiac myocyte necrosis. Disease is thought to be mediated by 

either direct HIV or antiretroviral therapy (ART) toxicity, opportunistic 

infections, nutritional deficiencies, chronic inflammation and/or cardiac 

autoimmunity. 

(293, 

294) 

    

Togaviridae Chikungunya 

virus 

Undescribed. (295, 

296) 

Rubella virus 
Loss of myocyte striations; swelling of myocardial fibers; myocyte 

nuclear pleomorphism; necrosis; fatty degeneration. 
(297) 
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Figure 1.1. Phases of virus-induced cardiac pathologies and progression to 

cardiomyopathy. Working model for the distinct phases of viral myocarditis as described 

during CVB3 pathogenesis based on information in (49).  
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Figure 1.2. Association of cardiac cells in the heart and generation of primary cardiac 

cultures for the study of viral myocarditis. (A) Cross-section of a myocardium from an 

adult mouse. (B) primary cardiac cultures generated from neonatal mice were immunostained 

with antibodies against sarcomeric actin (green) and vimentin (red) to depict cardiac 

myocytes and cardiac fibroblasts, respectively. Nuclei was counterstained with DAPI (blue). 

Scale bar = 20 µm  
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CHAPTER 2 

 

Mammalian Reovirus as a Model to Study Cardiac Cell 

Type-Specific Innate Antiviral Responses and  

Non-Immune-Mediated Myocarditis 
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ABSTRACT 

Viral myocarditis, defined by damage and inflammation of the myocardium as the 

result of a viral infection, is a leading cause of sudden death in young adults. Many different 

viruses have been associated with this disease, yet the mechanisms of pathogenesis for most 

of them remain largely unknown. For some viruses, cardiac damage is attributed to a 

combination of both direct viral-induced cytopathicity and infiltrating cells of the immune 

system. However, most of the research thus far has focused solely on immune-mediated 

pathologies and very limited information exists for mechanisms of direct viral damage to 

cardiac myocytes. Mammalian reovirus induces a non-immune mediated myocarditis, and 

protection in mice is dependent on the host interferon-α/β response. Importantly, the reovirus 

strain- and cardiac cell type-specific events seen in vivo recapitulate those obtained in vitro 

using primary cultures of murine cardiac myocytes and fibroblasts. Thus, correlation of 

cardiac damage in primary cardiac cultures coupled with the powerful genetic tools to 

manipulate the reovirus genome allow the identification and characterization of both virus 

and host determinants of cardiac pathogenesis. This review summarizes the different 

mechanisms employed by mammalian reoviruses to induce cell death, the ways by which 

they activate innate host antiviral responses, and the strategies that different reoviruses 

employ to repress these host defenses.  
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MAMMALIAN ORTHOREOVIRUS – VIRION ORGANIZATION AND LIFE 

CYCLE 

Mammalian reoviruses are members of the Reoviridae family, the largest and most 

host-tropism diverse of the nine families of double-stranded RNA (dsRNA) viruses. This 

family includes important mammalian pathogens such as rotaviruses and orbiviruses, in 

addition to ubiquitous viruses that infect a wide variety of mammalian and non-mammalian 

animal species, plants, fungi, and protozoa (1). The name reovirus is an acronym for 

respiratory enteric orphan virus; as human infections with reoviruses typically involve the 

respiratory and gastrointestinal tracts with minimal to no associated disease symptoms. 

Members of this family are characterized by a spherical non-enveloped virion of 65 to 80 nm 

in diameter with icosahedral symmetry composed of one to three concentric capsid layers. 

Their genome is composed of 9 to 12 distinct dsRNA gene segments that are thought to 

remain inside the inner capsid of the virion throughout the virus life cycle. Mammalian 

reoviruses were first isolated from children in the late 1950s (2) and were the first dsRNA 

viruses to be described (3, 4). Newborn mice are susceptible to reovirus infection and serve 

as a model for studying reovirus pathogenesis in diverse organs. The initial discovery of 

reoviruses from children’s stool samples resulted in the isolation of four strains 

corresponding to three different serotypes that are frequently used as prototype strains in 

research: type 1 Lang (T1L), type 2 Jones (T2J), type 3 Abney (T3A), and type 3 Dearing 

(T3D) (2).  

The virion of mammalian reoviruses is approximately 85 nm in diameter and is 

composed of two concentric protein shells that surround and protect ten discontiguous 
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dsRNA gene segments present in equimolar amounts (1, 5-7). The ten gene segments can be 

resolved by polyacrylamide gel electrophoresis and are classified by their size into three 

large (L), three medium (M), and four small (S) segments (7-9), which encode three λ, three 

μ, and four σ primary translation proteins, respectively (Table 2.1). The S1 and M3 gene 

segments are polycistronic and each encode two proteins as the result of different start codon 

usage (10-12). The open reading frames (ORFs) are flanked by short untranslated regions 

(UTRs) and transcribed inside the core into full-length mRNAs generated using the negative 

([-]) strand of each dsRNA segment as templates. Reovirus dsRNA species contain a 5’-cap 

in the plus strand of each gene segment necessary for exonuclease protection (13), 

recognition by the translation initiation factor eIF4E, and subsequent ribosome binding to 

viral transcripts (14, 15). Notably, early reovirus RNA synthesis studies were responsible for 

the discovery of the 5’ methylated cap mRNA that is required for the translation of most 

eukaryotic mRNAs (16-18). In contrast with most eukaryotic mRNA species, however, 

reovirus RNA species are not poly-adenylated (1). 

Different morphotypes of reovirus particles can be generated during infection that 

include genome-containing virions, infectious sub-virion particles (ISVPs), and core particles 

that differ in their physical properties, outer-capsid protein composition, levels of infectivity, 

and other characteristics (1). Both ISVPs and core particles can be generated in vitro after 

treatment with specific proteases under specific conditions (19, 20). The reovirus virion outer 

capsid is mainly composed of μ1 and σ3 heterohexameric complexes and it is perforated at 

specific locations by turret-like structures formed by λ2 pentamers. These turrets serve as 

portals for protrusion of filamentous trimers of the attachment protein σ1 (1, 5, 6). The inner 
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capsid is composed mainly of λ1 and σ2; and to a much lesser extent λ3 and μ2. In contrast, 

ISVPs lack σ3 but do retain the attachment protein σ1 and a cleaved version of μ1 (21). The 

biochemical differences in ISVPs confer a two-fold increase in infectivity for strain T1L, but 

a 10-fold decrease in infectivity for T3D relative to virions due to additional cleavage of the 

T3D σ1 (22). In addition to ISVPs, an intermediate particle referred to as ISVP*, 

characterized by the lack of σ1 and different conformational changes in μ1 (23), is generated 

from ISVPs during infection. Unlike virions and ISVPs, ISVP*s have been shown to be 

transcriptionally active (21). Lastly, cores lack all of the outer capsid proteins except for the 

λ2 turret-like pentamers, which reduces their infectivity by about one million-fold compared 

to native virions (24). The reovirus core, however, has the capacity to transcribe 5’-capped 

viral mRNA in vitro (25), and a similar intra-core transcription mechanism is thought to 

occur after virion uncoating in situ. 

The reovirus protein σ1 serves as the attachment protein (26) and, as a consequence, 

plays major roles in determining cellular and tissue tropism in the host (27, 28). The initial 

tethering of the reovirus virion to the host cell surface is mediated by a low affinity binding 

of σ1 to glycans (29-31). Serotype T1L uses the glycan portion of the ganglioside GM2 (31) 

whereas the T3D serotype engages a broader range of sialylated glycans (29, 32, 33). After 

this initial engagement to glycans, σ1 binds with high affinity to the junctional adhesion 

molecule-A (JAM-A) protein, which serves as receptor for all three reovirus serotypes (34, 

35). The biochemical structure of σ1 from T1L or T3D bound to JAM-A have shown that the 

affinity of this interaction is similar for both strains and occurs via conserved epitopes (36), 

suggesting that the differences in tropism and pathogenesis by these strains is not dictated by 
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σ1-JAM-A interactions. JAM-A appears not to be essential for reovirus replication in the 

intestine and the central nervous system (CNS), but it is required for infection of vascular 

endothelial cells and for efficient hematogenous dissemination in the host (37). More 

recently, the Nogo receptor (NgR1) was identified as a receptor for reovirus in the CNS and 

required for reovirus neurotropism (38). The internalization of reovirus particles is mediated 

by receptor-mediated endocytosis likely involving caveolae, β1-integrins, and clathrin-coated 

vesicles (20, 39-42). Shortly after entry, reovirus co-localizes with and activates the kinase 

Src, which is important for reovirus sorting to endocytic compartments and subsequent virion 

disassembly (43). Reovirus trafficking involves transport through early, late, and recycling 

endosomes in dynamin-dependent and -independent pathways (42, 44). The proper sorting 

and subsequent disassembly of reovirus requires functional microtubules and the GTPases 

Rab5 and Rab7 (45, 46). The disassembly of reovirus within endosomes results in the 

stepwise pH-dependent conversion of the virion to ISVP and later to ISVP* as a consequence 

of proteolytic cleavages and conformational changes that occur in the outer capsid proteins 

(47, 48). The specific enzymes and specific host cell determinants involved in these events 

appear to be cell type-specific but generally involve endosomal acidic pH and multiple 

lysosomal cysteine proteases from the cathepsin family (48-54) and specific membrane lipids 

such as phosphatidylcholine and phosphatidylethanolamine (55). During these processes, the 

μ1 protein undergoes proteolytic cleavages and conformational changes that mediate the 

membrane penetration events required for the release of the viral core into the cytoplasm (21, 

23, 56-58). The released core contains the viral genome and the enzymes necessary for the 

synthesis of viral mRNA transcripts.  
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Inside each reovirus core particle reside twelve copies of λ3, which serves as the 

RNA-dependent RNA polymerase (RdRp) (6, 59). λ3 is also thought to provide the helicase 

activity required for unwinding of the genomic dsRNA prior to viral mRNA transcription 

using the [-] strand as template (60). As the nascent transcript exits λ3, its terminal γ 

phosphate at the 5’ end is removed by the RNA triphosphate phosphohydrolase activity of λ1 

(59, 61) and is immediately modified by λ2 to yield the final 5’-capped transcript that is then 

able to exit the core particle (62-64). The μ2 protein binds ssRNA and dsRNA (65), displays 

both NTPase and RNA 5’ triphosphate activities that are required for viral replication (66, 

67), and is thought to function as a co-factor for λ3. The observation that progeny cores 

display reduced λ2 activity has led to the hypothesis that the 5’-uncapped transcripts are 

synthesized by the progeny particles rather than the initial infecting virus (68, 69). As the 

infection advances, the synthesis of viral proteins increases and cellular protein synthesis 

decreases, with a translational bias for specific viral transcripts (70, 71). 

Reovirus genome replication and virion assembly occur inside highly specialized 

cytoplasmic structures referred to as viral factories (VFs) that form within a membranous 

network surrounding the cell nucleus shortly after infection and that increase in size over 

time (72-76). VFs contain both virions and empty particles embedded in a matrix that 

contains RNA, ribosomal subunits, and translation factors; providing evidence that both 

transcription and translation occurs within these structures (77, 78). VF-like structures are 

also created during infection with other members of the Reoviridae family such as 

rotaviruses, orbiviruses, and phytoreoviruses (79-81). These structures are thought to 

facilitate the virus life cycle by concentrating factors required for replication and assembly. 
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Additionally, the sequestration of viral mRNA in VFs may serve to minimize recognition by 

pattern-recognition receptors (PRRs) and subsequent innate immune responses similar to the 

membranous webs formed during hepatitis C virus (HCV) infection (82). The VF matrix is 

structured by the scaffolding non-structural protein μNS and ectopic expression of μNS or its 

250 C-terminal amino acids is sufficient for the formation of VF-like structures (72, 73, 83). 

Reovirus μNS recruits core proteins to VFs and interacts with μ2 and σNS through its N-

terminal region (72-74, 84-86), which is required for viral replication (67), yet the exact 

mechanism for recruitment of the other core proteins has not yet been determined. In addition 

to μNS, the M3 gene produces a second translation product, known as μNSC, as a 

consequence of an alternative in-frame start codon (87). This ~ 5 kDa shortened version of 

μNS appears to be dispensable for viral replication and its function has not yet been 

described (67).  Interestingly, the morphology of the ‘mature’ VFs differs in one laboratory 

isolate of serotype T3D. In contrast to the filamentous morphology of the VFs produced by 

most strains, including those by T1L, the VFs produced during infection with this T3D 

isolate appear as large dense globular structures (72). These structural differences are 

determined by a temperature-sensitive mutation in a single amino acid of μ2 (aa208) that 

determines μ2 degradative-ubiquitination status and its ability to bind to and stabilize 

microtubules, which links VFs to the cytoskeleton through μNS (66, 72, 75, 88). Although 

microtubules are required for reovirus sorting and disassembly after internalization (46), the 

microtubule-binding impairment in T3D μ2 does not seem to affect its enzymatic roles as co-

factor of λ3 or viral replication (75). Recent studies using transmission electron microscopy 

and three-dimensional image reconstructions have revealed that reovirus VFs are themselves 
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surrounded by mitochondria and membranes of the rough endoplasmic reticulum and contain 

microtubules within them (76). Future functional studies are necessary to better understand 

the re-organization and functional role(s) of these membranes during reovirus infection. 

The sorting of reovirus dsRNA and packaging during particle assembly remains 

largely undescribed. Much of the insights to this field in Reoviridae has come from studying 

bluetongue virus (BTV). For BTV, these processes appear to be regulated by supramolecular 

complexes that recognize information present in the 3’ UTRs of the dsRNA gene segments 

and it is likely that they are sorted in a specific order determined by the size of each gene 

segment (89-91). Similarly, little is known about reovirus virion assembly within VFs. It 

does appear that dsRNA synthesis and inner capsid assembly occur in parallel followed by 

assembly of the outer capsid (92, 93). Notably, empty outer capsid shells lacking cores and 

dsRNA can be observed during replication of some temperature-sensitive reovirus mutants, 

and core-like particles can be generated by expression of the λ proteins and σ2 in mammalian 

cells using a hybrid vaccinia virus as an expression system (94, 95). To date, the activity of 

the chaperones Hsp70 and Hsp90 has been determined to be required for C-terminal 

trimerization of the attachment protein σ1 prior to virion assembly (96, 97). Additionally, the 

chaperone Hsc70, a close homolog of Hsp70, is recruited to VFs likely through its binding to 

μNS (98) and has been implicated in reovirus disassembly (99). The specific events that 

regulate reovirus progeny egress has been largely unexplored, but may involve cell type-

specific mechanisms that lead to virus-induced apoptosis and/or cell lysis (100-105). 

Importantly, reovirus egress in polarized human brain microvascular endothelial cells 

(HBMECs) is directional and occurs exclusively from the apical cell surface by a mechanism 
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that does not involve cell lysis or apoptosis (106). Thus, it is likely reovirus has evolved 

different mechanisms to regulate cellular fate and virion release as a means to effectively 

influence spread in the host. 

 

GENETIC TOOLS TO STUDY REOVIRUS BIOLOGY AND PATHOGENESIS 

Classic studies on reovirus biology and pathogenesis relied extensively on the use of 

reassortant viruses. Reassortment, or gene segment exchange, is a common feature of RNA 

viruses with a segmented genome such as members of the Orthomyxoviridae and 

Bunyaviridae. Reassortment takes place when two or more viruses co-infect a single cell and 

one or more genomic segments are exchanged during packaging into progeny virions, 

leading to hybrid viruses (Figure 2.1A, (107)). The exchange of RNA alleles requires the 

conservation of assortment signals and interactions between the RNA molecules and viral 

proteins to ensure that a virion receives a single copy of each one of its segments both 

specifically and efficiently (107). Additionally, the hybrid progeny must not only undergo 

proper packaging for their emergence in the population, but they must also display sufficient 

viral fitness to maintain their presence. This genetic exchange is not completely a stochastic 

event and several lines of evidence suggest that the packaging signals of members of 

Reoviridae reside in the 5’ and 3’ UTRs of the RNA species (107). Moreover, there are 

particular reovirus gene segment pairs that co-segregate non-randomly (108). These 

observations would suggest that specific non-covalent RNA-RNA or RNA-protein 

interactions occur during segregation of particular segments or that several gene segment 

pairs cannot be segregated without major detrimental effects on viral fitness (107). In the 
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case of different reovirus strains, the signature of the electrophoretic dsRNA segments during 

migration in acrylamide gels allows researchers to quickly assess the origin of each genomic 

segment in the reassortant progeny comparing it with the parental co-infecting strains (1, 

109, 110). Altogether, reassortment provides a powerful tool for genetic linkage of a 

biological property with a gene segment(s). 

Mice co-infected with strains T1L and T3D yield reassortant progeny, indicating that 

this mechanism does occur in vivo (111). A similar experiment resulted in the isolation of 

reovirus 8B from the brain of T1L + T3D co-infected neonatal mice (112). 8B is an 

interesting reassortant virus due to an unusual enhanced cytopathicity and myocarditic 

potential compared to the parental viruses (112, 113). This virus contains eight genes from 

T1L and only two genes, the S1 and M2 segments, derived from T3D (112). Follow-up 

studies using reassortant viruses concluded, however, that the novel myocarditic phenotype 

of 8B was the result of a mutation in a viral protein rather than a novel T1L/T3D gene 

association (113). This led to the generation of new sets of reassortant viruses from L929 

cells co-infected with 8B itself and non-myocarditic viruses, and the subsequent 

identification of the μ2-encoding M1 gene as the segment associated with the 8B myocarditic 

phenotype (113). In the context of reovirus-induced myocarditis, the use of reassortant 

viruses has been critical for the identification of both viral and host determinants of viral 

pathogenesis and cardiac protection (113-116) and will be discussed in further detail later. 

The selection of mutants with different biological and biochemical properties has 

similarly contributed to our overall knowledge of reovirus form and function. Probably the 

most widely studied are temperature-sensitive (ts) mutants that display reduced replication 
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when grown at a restrictive high (39-40˚C) temperatures but normal growth at a permissive 

lower (31˚C) temperature (109, 117, 118). Selection of the ts mutant viruses typically start 

with inducing genomic mutations by chemical mutagens (109, 119), and serially passaging at 

high multiplicity of infection (MOI) (120) or in persistently infected cultures (121). 

Experimental characterization of the trait that renders the growth defect in the ts mutants is 

then followed by the identification of the gene segment responsible for the phenotype. 

Importantly, both the reversion of the ts point mutation to the original amino acid (117) or 

the emergence of a new mutation in a different gene that suppresses the defect from the ts 

mutation have been shown to occur (122, 123). In addition, the study of both reovirus 

mutants that either lose gene segments during serial passaging (124-126) or gain mutations to 

overcome cellular determinants of viral replication (‘cell-adapted’ mutants) (127, 128) has 

been used to reveal different characteristics of reovirus entry and genomic packaging. As 

with almost every genetic analysis, mutant phenotypes must be genetically complemented to 

validate the role of the viral protein in cue with a particular property. For example, the stable 

expression of σNS or μ2 complements viral replication defects at non-permissive 

temperatures displayed by their ts mutant counterparts (74, 129). In addition, the use of cells 

stably expressing small interfering RNAs (siRNAs) that target specific viral transcripts 

during infection have also been used to assign protein function (67, 130-132). The inhibitory 

effects of the siRNAs can then be complemented by subsequent expression of viral genes 

with silent mutations in the siRNA target sequence to prevent transcript degradation. 

Mammalian dsRNA viruses were the last group of RNA viruses for which a 

bioengineering protocol to generate recombinant viruses originating from plasmids was 
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developed (133). Until then, the study of Reoviridae family members by reverse genetics was 

limited to ssRNA-transfection based methods (134) or partial plasmid-based methods (135) 

that allowed the replacement of one or two gene segments. The ‘first-generation’ reverse 

genetics system was successful in the creation of recombinant reoviruses by solely 

expressing the cloned cDNA reovirus gene segments in mammalian cells without the 

requirement of a helper virus or viral replication proteins (Figure 2.1B, (133)). In this 

method, the ten gene segments of reovirus are cloned with flanking T7 RNA polymerase 

promoter (T7P) and the antigenomic hepatitis delta virus ribozyme (HDV-Rib) and expressed 

in L929 cells previously infected with a replication-defective T7-expressing vaccinia virus. 

The nascent viral [+]-sense RNAs contain the native 5’ ends, and the self-cleavage of the 

HDV-Rib produces the native 3’ ends in each individual RNA species. These RNAs are 

thought to serve as template for both the translation of viral proteins and for the synthesis of 

dsRNA gene segments. After 5 days, the cells are lysed and viable recombinant viruses are 

isolated by plaque assay (133). An improved ‘second-generation’ method for the generation 

of recombinant reoviruses was developed shortly after (136, 137). This new technology 

allowed a more efficient and rapid method to rescue mutant viruses and reduced the amount 

of plasmids to be transfected from the original ten (i.e. one plasmid per gene segment) to 

four. This was accomplished by combining viral gene segment cassettes in single 

multicistronic plasmids. Additionally, the improved method could also be used in T7 RNA 

Pol-expressing baby hamster kidney (BHK-T7) cells; avoiding the necessity for infecting the 

cells with T7-expressing vaccinia virus prior to plasmid transfection (136, 137). These 

technologies allowed the production of recombinant reoviruses that could be, for example, 
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mutated in desired amino acids or engineered to express gene segments from other stains to 

test biological function (67, 104, 116, 138-140), be tractable by their expression of GFP-

tagged chimeric viral proteins (133), and even serve as vectors for heterologous expression of 

antigenic epitopes from other viruses that could serve as basis for vaccine design (141).  To 

date, similar and more advanced reverse genetics approaches have been developed for other 

Reoviridae members (142); including a cell-free method for the reconstitution of infectious 

BTV core particles derived from in vitro synthesized [+]-sense ssRNAs and proteins (143). 

  

REOVIRUS-INDUCED MYOCARDITIS 

 Reovirus-induced myocarditis in a neonatal mouse model of disease is caused by a 

non-immune mediated direct cytopathic effect (CPE) in cardiac cells (112, 144, 145). 

Specifically, reovirus infection results in myocarditis in mice lacking T and B lymphocytes 

(112, 145), which are indispensable for adaptive immune responses. This is in contrast with 

the well-studied coxsackievirus 3 (CVB3) model of myocarditis where cardiac damage is the 

result of both direct virus-induced CPE and T cell-mediated responses (146). Within the 

heart, reovirus direct damage to cardiac cells can be appreciated by focal lesions throughout 

the three cardiac walls and calcification of the surface of the heart with minimal infiltrate of 

cells of the immune system (112). The hearts from neonatal mice inoculated intramuscularly 

with the potently myocarditic reassortant 8B are characterized by numerous calcified 

macroscopic lesions covering most of the surface of the organ that correlate with damage and 

inflammation of the entire heart (112). The cardiac lesions present in 8B-inoculated mice 

expand in size over time during the first week of infection, as does the extent of leukocyte 
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infiltration. Cardiac damage in the form of cardiac myocyte vacuolization, nuclear pyknosis, 

and edema can be appreciated after three days post-injection. There is evidence for necrosis 

of necrotic cardiac myocytes with loss of sarcoplasm at day five post-infection; which 

progresses in severity in the following two days accompanied by myocyte calcification (112). 

At the ultrastructural level, 8B-induced cellular pathologies include organelle swelling, 

fractured mitochondria of amorphous densities, and damaged sarcolemma; all of which are 

characteristic of necrosis (112). Even though the extent of viral replication in the heart is not 

the predominant determinant of reovirus myocarditic potential (112, 113), 8B does replicate 

to high titers in this organ, the liver, and the brain. Hence, the lethality observed in the 

neonatal mouse model after 8B inoculation can be a consequence of failure of these or any 

other organ(s) (112). 

 The capacity of reovirus to induce cardiac damage is strain-specific and is determined 

primarily by the host IFN-α/β response. Specifically, the myocarditic potential of different 

reovirus strains inversely correlates with its ability to induce and respond to the antiviral 

effects of IFN-α/β in cardiac myocytes (115). Remarkably, non-myocarditic reoviruses 

induce cardiac damage when the IFN-α/β system is compromised (115, 147-149). Genetic 

association has demonstrated that reovirus myocarditic potential segregates with the M1 

gene, which encodes the µ2 protein, but is also influenced by the S1, L1, and L2 gene 

segments (113, 150). The M1 gene similarly determines the extent of viral replication 

between different reoviruses in cardiac myocytes (151). Importantly, M1-dependent 

differences in viral replication displayed by non-myocarditic reoviruses can be overcome by 

inhibiting the IFN-α/β response (115, 139). Moreover, µ2 acts as an IFN-β signaling 
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antagonist, providing evidence for critical roles for both the host IFN-α/β responses and the 

ability of a particular reovirus strain to repress these responses in determining disease 

outcome (116, 139).  

The strong correlation between reovirus myocarditic potential in vivo and the CPE 

observed in primary cardiac myocyte cultures have extensively demonstrated the power of 

this in vitro model for studying virus-induced cardiac damage (144, 152). That is, reovirus 

strains with myocarditic potential induce apoptosis in primary cardiac myocyte cultures (153-

157). Myocarditic reoviruses activate caspase-8 and caspase-3 through death receptor-

mediated extrinsic apoptotic signaling, but only minimally activate the intrinsic 

mitochondrial apoptotic pathway through caspase-9 in cardiac myocytes (155). 

Pharmacological inhibition of caspases or the protease calpain in the neonatal mouse model 

diminishes the pro-apoptotic properties of myocarditic reoviruses (154, 156), further 

supporting the role of virus-induced myocyte death in the development of myocarditis. 

Activation of caspase-3 in the heart and the brain is reduced in reoviruses unable to express 

σ1s without altering reovirus titers (158), indicating that while σ1s dispensable for viral 

replication it is required for maximal induction of apoptosis in these organs.  

 

CARDIAC CELL TYPE-SPECIFIC INNATE ANTIVIRAL RESPONSES TO 

REOVIRUS INFECTION   

The ability of reovirus to undergo genome reassortment between different strains 

during co-infection has led to the mapping of genetic determinants of reovirus-induced acute 

myocarditis in mice (113, 150). The myocarditic potential seen in mice injected with 
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reassortant reoviruses correlates with their induction of cell death in primary cardiac 

myocytes, but not in cardiac fibroblasts, providing an excellent in vitro model for the study 

of cell type-specific events important for determining disease outcome (115, 144). This 

model served to unveil the correlation between protection against myocarditis and induction 

of IFN-β, the sensitivity of the virus to the antiviral effects of IFN-β signaling, and the viral 

proteins associated with these responses (115). First, the magnitude of induction of IFN-β in 

cardiac myocytes is higher for non-myocarditic reoviruses and is associated with the M1, S2, 

and L2 viral gene segments (115), all of which encode structural proteins. Second, reassortant 

reoviruses that are strong inducers of IFN-β are also more sensitive to the effects of IFN-α/β, 

as their viral replication is decreased in cardiac myocytes cultures previously stimulated with 

exogenous IFN-α/β (115). Third, addition of neutralizing anti-IFN-α/β antibody to infected 

cardiac myocytes cultures is significantly more beneficial for non-myocarditic viruses than 

for myocarditic viruses. These effects were found to be cell type-specific, as viral replication 

of non-myocarditic viruses did not increase in presence of neutralizing anti-IFN-α/β antibody 

in differentiated skeletal muscle cells (115). And fourth, the essential protective roles of IFN-

α/β responses against reovirus-induced myocarditis were demonstrated in vivo by injecting 

neonatal mice with neutralizing anti-IFN-α/β antibody prior to reovirus infection. Under 

these conditions of impaired IFN-α/β signaling, the non-myocarditic reassortant virus DB188 

is capable of inducing cardiac lesions, providing in vivo evidence for the capacity of IFN-α/β 

signaling in modulating reovirus myocarditic potential (115). 

The use of primary cardiac cultures as an in vitro model of reovirus pathogenesis has 

also revealed many important cell type-specific events in the cardiac innate antiviral 
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response. A comparison of basal and reovirus-induced mRNA levels of IFN-β and the 

representative IFN-stimulated genes (ISGs) IRF7 and ISG56 revealed an interesting 

conundrum. Basal mRNA transcript levels of IFN-β and ISGs were found to be higher in 

cardiac myocytes than in cardiac fibroblasts, but reovirus-induced expression of ISGs was 

higher in cardiac fibroblasts than in cardiac myocytes (159, 160). In addition to IFN-β, 

cardiac myocytes express higher levels of the IFN-α4 subtype, but the basal levels of the 

IFN-α1, IFN-α2, IFN-α5, and IFN-α8/6 are similar between the two cell types (161). 

Expression of different IFN-α species during reovirus infection is both cell type- and IFN-α 

subtype-specific, likely due to the specific requirement of virus-induced IRF7 activation for 

their induction through a positive-amplification loop and the differences in the kinetics of 

this event between the two cardiac cell types (161).  

The cell type-specific antiviral responses between cardiac myocytes and cardiac 

fibroblasts prompted the search for the underlying determinants that result in higher basal 

levels of ISGs in cardiac myocytes, yet higher responsiveness to the effects of IFN in cardiac 

fibroblasts. ISGs are typically induced after activation of the Jak-STAT pathway upon 

engagement of the secreted IFN-α/β molecules with their receptor on the cell surface. Indeed, 

the higher basal levels of ISGs in cardiac myocytes were found to be dependent on IFN-α/β 

signaling, as these levels are drastically reduced in cardiac myocytes lacking the IFN-α/β 

receptor (159). Importantly, basal levels of IFN-β and ISGs were found to be functional and 

are critical in the antiviral protection of cardiac myocytes (160). These studies revealed that 

high basal levels of IFN-β results in greater levels of basal activated STAT1 and STAT2, as 

determined by their phosphorylation and nuclear localization in wild type cardiac myocytes 
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but not in myocytes lacking the IFN-α/β receptor (160). Interestingly, the levels of 

latent/non-activated components of this pathway, including Jak1, Tyk2, STAT2 and IRF9, 

were found to be higher in cardiac fibroblasts than in cardiac myocytes (160). Additionally, 

the expression levels of the IFN-α/β receptor components IFNAR1 and IFNAR2 are higher in 

cardiac fibroblasts (160), explaining the exquisite responsiveness for this cell type to virus-

induced IFN-β (159, 160).  

Reovirus infection or stimulation with exogenous IFN-α/β revealed differences in the 

kinetics for activation of ISGF3 complex between the cell types. Specifically, 

phosphorylation of STAT1 and STAT2 occurs more efficiently in cardiac fibroblasts than in 

cardiac myocytes (160). Thus, while high basal expression of IFN-β is important for pre-

arming cardiac myocytes against viral infection, cardiac fibroblasts largely depend on virus-

induced ISG expression for their antiviral protection (159, 160). Interestingly, addition of 

uninfected cardiac myocytes to reovirus-infected fibroblasts had no impact on reovirus 

replication, suggesting that the higher basal levels of IFN-β in myocytes are not sufficient to 

protect adjacent cardiac fibroblasts in the heart (160). It is plausible, however, that secretion 

of induced IFN-β in cardiac myocytes during viral infection serves to protect the highly-

responsive surrounding cardiac fibroblasts to limit viral replication.  

 

STRAIN-SPECIFIC DIFFERENCES IN REOVIRUS INDUCTION AND 

REPRESSION OF IFN RESPONSES  

 Reassortant reoviruses derived from the prototypic reovirus strains T1L and T3D 

have been extensively studied for their robust differences in myocarditic potential, magnitude 
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for induction of IFN-β in cardiac cells, and sensitivity to the antiviral effects of downstream 

IFN-β signaling. Correlative segregation studies using the highly-myocarditic reovirus 

reassortant 8B, along with the parental strains and reassortants derived from reovirus 8B 

itself, provided the initial evidence for the role of the M1-encoded protein μ2 in modulation 

of the host IFN responses and reovirus myocarditic potential (112, 113). In addition to the 

M1 gene, genetic analysis also identified the L1 and L2 genes to be associated with 

myocarditic potential  (150); all of which encode core proteins involved in viral RNA 

synthesis. Importantly, while viral RNA synthesis in infected cardiac myocytes correlates 

with myocarditic potential, it does not with the generation of progeny virus (114). This led to 

the hypothesis that perhaps a protective cytokine-mediated response generated after sensing 

of viral nucleic acids is a determinant of reovirus-induced acute myocarditis. Indeed, non-

myocarditic reoviruses were found to induce higher levels of IFN-β and to be more sensitive 

to the antiviral effects exerted by IFN-α/β than myocarditic reoviruses (115). These 

phenotypes were associated with the M1, S2, and L2 genes; which encode the core proteins 

μ2, σ2, and λ2, respectively (115). More recently, single amino acid polymorphisms have 

been identified in μ2 and λ2 that regulate induction of IFN-β and sensitivity to IFN, 

respectively (139, 162). 

Induction of IFN by reovirus requires genomic dsRNA, as empty viral particles fail to 

activate the transcription factors IRF3 or IRF7 or induce IFN expression (163, 164). 

Interestingly, while genomic viral dsRNA in virions is sufficient for the activation of IRF3 

and IRF7, de novo viral RNA synthesis does not appear to be required for the activation of 

these transcription factors (164). The critical role of IRFs during reovirus infection is 
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highlighted by the observations that members of this family are either necessary for control 

of reovirus-induced disease or antagonistically targeted by reovirus proteins. Overexpression 

of a dominant-negative version of IRF3, which is typically activated during viral infection to 

induce expression of IFN-β (165, 166), demonstrated that this transcription factor is essential 

for reovirus-induced IFN in cardiac myocytes (167). Additionally, reovirus-induced 

myocarditis in vivo is enhanced in mice lacking IRF3, providing evidence for the important 

protective roles of IRF3-dependent IFN responses in reovirus cardiac pathogenesis (147). 

Reovirus activation of IRF3, but not NF-κB, is dependent on the cytoplasmic viral nucleic 

acid sensor RIG-I and the adapter protein MAVS (164). Other studies have demonstrated that 

either RIG-I or MDA5 can facilitate induction of ISG expression by the reovirus dsRNA 

genome (168, 169). It was not until recently that the 5’-diphosphates (5’-pp) termini present 

in the reovirus dsRNA was identified as the moiety recognized by RIG-I during reovirus 

infection to induce expression of type I IFN and subsequent control of reovirus infection 

(170). Additionally, the difference in length seen in different reovirus dsRNA gene segments 

can differentially activate RIG-I and MDA5 (168). Moreover, reovirus virions can be sensed 

by both toll-like receptor (TLR) pathways in addition to RIG-I and MDA5 in polarized 

intestinal epithelial cells, whereas ISVPs appear to be sensed strictly through RIG-I and 

MDA5 and, thus, elicit a reduced IFN-β response compared to virions in these cells (171). 

Furthermore, a different set of helicases that forms a complex with the adaptor TRIF are 

required for induction of IFN by reovirus in myeloid dendritic cells independent of the 

adapter MyD88 (172, 173). Thus, it is likely that the apparent redundant roles of dsRNA 
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sensors and the specific requirements for reovirus induction of IFN and ISGs are cell type- 

and RNA species-specific. 

 Although the exposure of reovirus RNAs to cytosolic sensors is thought to be 

minimal as the result of viral transcription taking place inside the virus core (1), which are 

themselves spatially separated in VFs where translation occurs (78), it is possible that under 

certain phases of the life cycle viral RNA species are uncovered and prone to detection by 

host sensors. The protein kinase R (PKR) is an IFN-α/β-induced enzyme that it is activated 

by autophosphorylation and dimerization after binding to dsRNA (174-176), including 

during reovirus infection in IFN-treated cells (177). Activated PKR phosphorylates the 

eukaryotic initiation factor eIF-2α, resulting in both translation shutoff and amplification of 

IFN-β expression upon non-self RNA sensing (178-180). At least one of the RNA-binding 

proteins of reovirus, the S4-encoded σ3, has been shown to bind dsRNA and prevent PKR 

activation (181, 182). The S4 gene has also been associated with strain-specific differences in 

inhibition of cellular protein synthesis (70), which could reflect differences in PKR 

inhibition. Interestingly, a virus with a ts mutation in σ3 that displays increased dsRNA 

binding is also more resistant to the antiviral effects of IFN-β (183). It is unclear, however, 

whether this IFN resistance is due solely to the enhanced σ3-dsRNA binding or to the 

observed decreased binding of  σ3 to μ1 (183), which has been shown to reduce the binding 

capacities of σ3 to dsRNA during infection (182). Importantly, heterologous expression of σ3 

can rescue an interferon-sensitive vaccinia virus that lacks its PKR repressor through the 

dsRNA binding properties of σ3 (184). The overexpression of reovirus σ3 in human cells has 
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also been shown to reverse the PKR-mediated host translational shutoff properties of simian 

virus 5 (SV5) and adenovirus mutants (185, 186). 

Even though the S4 gene was not found to be associated with strain-specific 

differences in induction of or sensitivity to IFN in primary cardiac myocyte cultures (115), it 

is likely that σ3-mediated inhibition of PKR activation is important but neither necessary nor 

sufficient for the these properties (187). Although activation of PKR does not seem to control 

reovirus replication or diminish virus-induced cell death (188), PKR is required for 

protection against reovirus-induced cardiac damage (149). More recently, a mutant T1L 

reassortant virus expressing the capsid proteins μ1 and σ3 from T3D carrying a single amino 

acid substitution in the σ3 protein (T1L/T3D-μ1-σ3Y354H) that confers it capsid instability 

(133, 189) was shown to induce severe myocarditis with a concomitant higher expression of 

the pro-inflammatory cytokines IL-6 and IFN-γ compared to the parental virus (T1L/T3D-

μ1-σ3) (190). Reovirus capsid instability was shown to enhance reovirus replication, 

dissemination, and host-to-host spread (190). It remains to be elucidated whether capsid 

instability by mutations in σ3 negatively impacts its dsRNA-binding properties and 

subsequent PKR inhibition that would allow cytosolic exposure of RNA species to be sensed 

by PRRs. 

Nonetheless, these observations do not necessarily explain the strain-specific 

differences seen in the magnitude of induction of IFN-α/β and ISGs displayed by reoviruses 

in primary cardiac cell cultures, fibroblasts, and differentiated skeletal muscle cell lines (115, 

116, 159-161). Viruses commonly target specific components of the host cellular pathways 

involved in induction and signaling of IFN-α/β as a means to favor their life cycle by 
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dampening the host innate immune responses (191). Using reoviruses T1L and T3D, which 

differ in their induction of IFN-β and myocarditic potential, it was revealed that the poor 

induction of a subset of ISGs displayed by T1L compared to T3D was due, at least in part, by 

its ability to repress IFN signaling through the Jak-STAT pathway (116). Reovirus repression 

of IFN signaling was genetically mapped to the M1 gene; which is both necessary and 

sufficient for this phenotype (116). The ability of reovirus T1L µ2 to repress IFN signaling is 

associated with nuclear hyper-accumulation of the ISGF3 component IRF9, but not the 

degradation or inhibition of nuclear translocation of activated STAT1 and STAT2 proteins 

(139). Although the exact mechanism and cellular consequences for the counter-intuitive 

accumulation of IRF9 in the nucleus has not been yet described, it is a characteristic similarly 

seen in reassortant myocarditic reoviruses that repress IFN-β signaling (116). Further studies 

using recombinant reoviruses demonstrated that a single amino acid polymorphism, amino 

acid 208, in μ2 is responsible for repression of IFN signaling, induction of IFN-β in cardiac 

cells, and modulation of reovirus-induced myocarditis in a mouse model (139). This same 

amino acid residue in μ2 also determines reovirus-mediated IRF9 nuclear hyper-

accumulation (Chapter 5 in this dissertation). Importantly, this amino acid is also associated 

with the stability and ubiquitination levels of μ2; as well as determining the ability of μ2 to 

bind to and stabilize microtubules and, as a result, determine viral factory morphology (67, 

75, 88).  Whether the levels of ubiquitination on μ2 and/or its ability to bind microtubules are 

associated with repression of IFN signaling has not yet been addressed.  

Because 5’-pp moieties in the reovirus genome serve as agonist for the RIG-I sensor 

(170), yet the magnitude of stimulated IFN-β differs significantly between T1L and T3D 
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(115) at different times post-infection, it is tempting to hypothesize that certain reoviruses, 

such as T1L, employ mechanisms to dampen induction of IFN-β in addition to repression of 

IFN-β signaling. For example, six of the reovirus proteins have been shown to bind nucleic 

acids (1), including μ2 itself which binds both ssRNA and dsRNA (65). This property is 

likely necessary for the NTPase role of μ2 during viral RNA synthesis (66, 192), but could 

also reflect a yet undescribed mechanism for reovirus to protect its nucleic acids from host 

sensing beyond PKR similar to what has been observed for the influenza NS1 protein (193, 

194). Another possibility that has remained unexplored involves the role of reovirus VFs in 

regulation of host innate immune responses. It is possible that the compartmentalization of 

the reovirus transcription and translation machinery in VFs reduces the likelihood of viral 

RNA species to be detected by dsRNA sensors in the cytosol of the infected cell during 

active viral replication. This is indeed the case of HCV, where the membranous webs formed 

during infection serve to protect the viral genome from exposure to the sensor RIG-I (82). 

Moreover, several RNA viruses have been demonstrated to dampen IFN responses by using 

their VF-like structures to sequester proteins involved in these pathways. For example, the 

inclusion bodies formed during human respiratory syncytial virus (RSV) infection serve to 

sequester the sensor MDA5 and MAVS through interaction with several viral proteins (195). 

Similarly, several groups have reported that the NSs protein from severe fever with 

thrombocytopenia syndrome virus (SFTSV) interacts with RIG-I, TRIM25, TBK1, and IKKε 

in inclusion bodies; and mutations in the NSs that renders it unable to form IBs are also 

incapable of antagonizing induction of IFN-β (196-198). Moreover, SFTSV appears to use 

these cytoplasmic structures to dampen downstream IFN signaling by sequestering STAT1 
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and STAT2 and preventing their nuclear translocation upon exogenous IFN treatment (199). 

Although reovirus does not appear to sequester components of the ISGF3 complex in VFs 

(116), the possibility for sequestration of components of the RIG-I pathway in VFs has not 

yet been documented. Moreover, because different reoviruses that differ in their ability to 

induce IFN-β also differ in the structural morphology of the VFs they generate, both of which 

are determined by the μ2 protein, it is tempting to hypothesize a role for these structures in 

the compartmentalization of host factors important for maximal IFN-β induction. 

 

CORE PROTEIN µ2 – A SWISS ARMY KNIFE FOR REOVIRUS 

The reovirus M1 gene segment is 2,304 base pairs in length and encodes a 736 protein 

of a theoretical molecular weight of 83 kDa although it migrates at approximately 72 kDa in 

SDS-PAGE (87, 200). The translated protein μ2 initiates at the first AUG start codon and is 

post-translationally modified by acetylation and phosphorylation (105, 200, 201). 

Biochemically, μ2 is a minor capsid RNA-binding protein with NTPase activity that binds to 

microtubules and to the VF matrix scaffolding protein μNS, thus determining VF 

morphology (65, 66, 75). It is the only reovirus structural protein without an available crystal 

structure, and bioinformatic analyses of its conserved regions show lack of significant 

homology to other proteins, highlighting the exclusiveness of the protein. Nonetheless, 

predictions for the secondary structure of μ2 using the sequences of 12 reovirus isolates have 

suggested that the protein can be divided into four different regions that differ in both their 

conservation and structural properties (Figure 2, (202)). The first 157 amino acids are highly 

conserved between isolates and are predicted to fold into six α-helices and three β-sheets 
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(202). The second region, spanning between amino acids 157 and 450, is variable among 

isolates and contains many of the polymorphisms that will be discussed in further detail here. 

Structurally, this region is predicted to be quite complex consisting of interspersed α-helices 

and β-sheets (202). Another highly conserved region is present between amino acids 450 

through 606 and thought to fold into multiple α-helices (202). The last 130 amino acids of the 

protein are the least conserved among isolates (202), yet no critical properties of μ2 have 

been mapped to this region. The overall structural composition of μ2  classifies it as an α-β 

protein (202), but little is known experimentally beyond the in silico predictions mentioned 

above. 

The predominant localization of μ2 during infection or co-transfection with μNS is in 

VFs (66, 72, 75, 88), but can also be visualized diffusely throughout the cytoplasm and in the 

nucleus (67, 75, 203). In addition to the roles of μ2 amino acid 208 in microtubule-dependent 

VF morphology (67, 75, 88), amino acid 383 also appears to be important for VF structure in 

L929 cells (67).  The nuclear localization of μ2 is mediated in part by a nuclear localization 

signal (NLS) present in the N-terminal polybasic region of the protein specifically located 

between amino acids 100 and 110 (67).  Because mutant viruses in this region of μ2 display 

impaired viral replication, it has been suggested that the nuclear localization of μ2 is required 

for completion of the infectious cycle of reovirus (67). Initial studies of μ2 intracellular 

localization suggested that μ2 nuclear export was independent of CRM1/exportin1, as there 

were no differences in the localization of μ2 in conditions where CRM1 activity was 

pharmacologically inhibited with Leptomycin B (LMB) (67). However, recent data from our 

laboratory have demonstrated that μ2 undergoes constant nucleocytoplasmic shuttling 
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through a CRM1-dependent mechanism, but the predominant intracellular localization is 

strain-specific (Chapter 5 in this dissertation). It is likely that the different conclusions 

reflect the different viruses used for each study. The possibility remains that μ2 localization 

changes during different stages of the reovirus life cycle to modulate cellular responses and 

achieve different outcomes. Moreover, because the previously identified NLS-like sequence 

of μ2 is identical between T1L and T3D (Figure 2.2), yet the localization of μ2 between the 

strains is drastically different (Chapter 5 in this dissertation), it is likely that other sequences 

in μ2 or interactions with cellular proteins regulate the nucleocytoplasmic shuttling of the 

viral protein. However, the specific role(s) of nuclear μ2 remains largely undescribed, 

particularly in the context of different stages of reovirus replication.  

Although the μ2 proteins from T1L and T3D share 98.6% identity at the amino acid 

level (204) they exhibit drastic functional differences that could, directly or indirectly, 

explain the differences in IFN responses between reassortant reoviruses harboring the M1 

gene from either parental strain. For example, the μ2 protein not only determines strain-

specific differences in the morphology of VFs (75), but also the rate of their formation in 

L929 murine fibroblasts (203). Additionally, μ2 determines VF size, organization, and 

productive virion assembly within VFs in Madin-Darby canine kindey (MDCK) cells (205). 

The μ2-dependent arrested replication of T3D seen in MDCK cells can be partially rescued 

by infecting cells at 31˚C rather than 37˚C (205), suggesting a defect in μ2 folding and/or 

stability similar to the amino acid 208 polymorphism (88). The efficiency of replication in 

MDCK cells, however, appears to depend on μ2 amino acid residue 347 rather than 208 

(206). Notably, both amino acids are present in the highly polymorphic region of μ2 and 
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could differentially be responsible for a temperature-sensitive folding defect in certain cell 

types.  

Most of the strain-specific phenotypic differences related to interactions with cellular 

factors, however, are typically associated with the amino acid 208 of μ2 (Figure 2.2). The μ2 

derived from strain T3D contains a serine residue, whereas the sequence of strain T1L 

encodes a proline. This single residue determines the level of degradative polyubiquitination, 

and hence stability, of the μ2 protein in a temperature-dependent manner (88). The inherent 

instability displayed by T3D μ2 results in the formation of globular VFs, whereas T1L μ2 

induces the formation of filamentous VFs due to its ability to bind to and stabilize 

microtubules (75, 88). Importantly, amino acid 208 is both necessary and sufficient for the 

microtubule-binding properties of μ2 (75). As mentioned previously, amino acid 208 also 

determines the capacity of reovirus to repress IFN-β signaling and modulate myocarditis 

(139). Whether conditional enhancement of μ2 stability, and thus overall μ2 levels, would 

render strain T3D the ability to repress IFN-β signaling remains to be explored.  

Aside from the μ2 amino acid polymorphisms, a highly-conserved immunoreceptor 

tyrosine-based activation motif (ITAM) present between amino acids 118 and 134 of μ2 in 

all reovirus serotypes has been recently identified as an important domain of this protein in 

modulating innate immune and apoptotic responses in a cell type-specific manner (105). 

Characterization of the μ2 ITAM demonstrated that this domain is required for maximal 

activation of NF-κB by μ2 and for induction of IFN-β. The activation of NF-κB by μ2 

requires the intermediate signaling mediator Syk, which is recruited to VFs in a manner that 

requires the μ2 ITAM. The downstream effects that result from activation of the NF-κB and 
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IFN-β pathways by μ2 or the μ2 ITAM mutant are cell type-specific and reflect the specific 

roles of these mediators in cell fate. In L929 fibroblasts, where NF-κB is required for 

reovirus-induced apoptosis (207), the μ2 ITAM mutant is less cytopathic than its parental 

reovirus, suggesting that the μ2 ITAM is beneficious for viral spread and for viral fitness. In 

cardiac myocytes, however, where the IFN-β response is critical for protection against 

reovirus and NF-κB is not required for reovirus-induced apoptosis (153), the μ2 ITAM 

mutant is more cytopathic and replicates at higher titers than the wild type virus. The 

differences in replication are dependent on IFN-β signaling, indicating that the μ2 ITAM is 

disadvantageous for viral replication in cardiac myocytes due to activation of cellular innate 

responses by the wild type μ2 (105). Interestingly, ITAM sequences were also identified in 

the reovirus σ2 and λ2 proteins; proteins encoded by the same genes that, in addition to μ2, 

are associated with induction of IFN-β in cardiac myocytes (115). However, recombinant 

reoviruses with mutations in the λ2 ITAM fail to grow; hence little is known about its 

functionality beyond requirement for viral replication. Further studies for the role(s) of the σ2 

ITAM will expand our knowledge on activation of different cellular signaling pathways by 

reovirus proteins during replication. 

We have recently characterized the sub-nuclear localization of μ2 and determined that 

it can localize to and modulate the function of nuclear speckles (also known as 

interchromatin granule clusters, or IGCs) (Chapter 5 in this dissertation). The work is the 

subject of Chapter 5 in this dissertation.  
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MECHANISMS OF REOVIRUS-INDUCED CELL DEATH 

Most viruses modulate the signaling pathways that control cellular fate to their 

benefit. The consequences of these events range from inhibition of apoptosis to maximize 

progeny virus production to the stimulation of cell death to favor viral spread. Reovirus-

induced cell death is a determinant of damage in several organs including the heart. Classical 

studies have indicated that neither presence of genomic dsRNA nor active intracellular 

reovirus transcription are required for inducing apoptosis (208, 209), indicating that one or 

more structural protein(s) are responsible for the capacity of reovirus to induce cell death. 

The magnitude of induced cell death by reovirus is both cell type- and reovirus strain-specific 

and likely reflect the requirements of a specific reovirus strain in different organs. In most 

cell types, reovirus T3 strains are more apoptotic compared to T1 strains, a property that 

segregates with differences in the σ1 attachment protein and the µ1 outer capsid protein (210-

212). The binding of σ1 to JAM-A is required for apoptosis during infection (34), although 

antibody-mediated uptake of virions can also lead to cell death (213). In addition to viral 

entry, disassembly of virions into ISVPs is also a determinant inducing cell death (208). 

Given the major roles that virus-induced cell death has on viral pathogenesis and spread, it is 

not surprising that the pathways that reovirus uses to activate pro-apoptotic signaling has 

been extensively studied.  

Two canonical pathways leading to apoptosis, intrinsic or extrinsic, have been 

extensively described in the literature; and reovirus infection has been shown to activate both 

these pathways during infection. The intrinsic pathway is triggered when a cellular stress 

signal is sensed in the cytoplasm by BH3-only members of the Bcl-2 family, such as Bax and 
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Bak, which leads to insertion of Bcl-2 family members into the mitochondrial membrane and 

the subsequent release of cytochrome c and Smac/DIABLO from the mitochondrion to the 

cytosol (214). Cytosolic cytochrome c activates caspase-9 and the formation of the 

apoptosome that mediates the activation of the effector proteases caspase-3 and caspase-7. 

The Smac/DIABLO protein contributes to the maximal activation of caspase-3 and caspase-7 

by acting on inhibitors of apoptosis (IAPs) to reduce their inhibition of the effector caspases 

(215). The release of both cytochrome c and Smac/DIABLO to the cytoplasm has been 

documented during reovirus infection in HEK 293 cells (216). Additionally, overexpression 

of Bcl-2 renders cells resistant to reovirus-induced apoptosis (210, 217), supporting reovirus 

activation of the intrinsic pathway. 

The extrinsic pathway responds to extracellular stimuli and is activated by 

interactions between death domain- (DD-) containing cell surface receptors of several types, 

including Fas and the receptors for TNF-α and TRAIL. These interactions lead to the 

formation of the death-induced signaling complex (DISC), which contain adaptor proteins 

that mediate the activation of caspase-8 (218). The downstream signaling consequences of 

caspase-8 activation are largely cell type-specific and result in either direct activation of the 

effector caspase-3 and caspase-7 or in amplification of the triggering signal through 

activation of Bid, another member of the BH3-only member of the Bcl-2 family that links the 

intrinsic and extrinsic pathways by acting on Bak to promote release of cytochrome c (219, 

220). Evidence for reovirus activation of this pathway comes from the genetic upregulation 

of the TRAIL receptors, the increase in released soluble TRAIL observed in infected cells 

(221), and the requirement of downstream TRAIL signaling for maximal induction of 
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apoptosis (217, 221). Importantly, activation of this pathway alone is insufficient for a 

maximal response and requires mitochondrial-dependent amplification of the intrinsic 

pathway (217, 221). 

As mentioned previously, the most abundant surface reovirus protein µ1 is a 

determinant of strain-specific differences in induction of apoptosis. Ectopic expression of 

full-length µ1 or its C-terminal ϕ domain is sufficient to induce apoptosis in absence of 

infection (222) and, interestingly, the same domain responsible for its pro-apoptotic 

pathways is also a determinant of µ1 localization to the endoplasmic reticulum, 

mitochondria, and lipid droplets (222). The biochemical properties of µ1 allow this protein to 

disrupt the architecture of biological membranes by forming pores in endosomal membranes 

during virion disassembly and the subsequent release of the ISVP into the cytoplasm of the 

cell (21, 56, 223, 224). Importantly, compromised capacity of µ1 to disrupt cell membranes 

correlates with reduced reovirus pro-apoptotic properties in culture and virulence in mice 

(104). Although incubation of cells with a synthetic peptide corresponding to the ϕ domain of 

µ1 is sufficient to destabilize membranes (225) the critical amino acids necessary for 

regulating membrane penetration during infection were initially mapped to the δ domain in 

the middle region of the protein (104). These observations are thought to be a consequence of 

altered µ1 structure that similarly affects viral replication (104). Concordantly, generation of 

reovirus mutants in the ϕ domain of µ1 display normal viral growth and confirmed the role of 

the δ domain in membrane destabilization (138). Importantly, these results also revealed that 

membrane penetration and induction of apoptosis by µ1 can be genetically uncoupled (138). 

The current data support a model where membrane penetration by µ1 in endosomes functions 
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as an initial delivery mechanism to release pro-apoptotic µ1 fragments into the cytosol that 

could function by directly altering mitochondrial-dependent apoptotic signaling pathways 

(138, 225). 

Reovirus infection leads to downstream activation of the transcription factors NF-κB 

and c-Jun, but only the first appears to be required for apoptosis in most cell types (102, 207, 

226, 227). Members of the NF-κB family of transcription factors are activated by a wide 

array of different stimuli that result in the activation of the IκB kinase (IKK) complex, which 

act on phosphorylation of the inhibitor of NF-κB (IκB) to facilitate its degradation. The 

proteolytic degradation of IκB allows NF-κB to switch from an inactive state in the 

cytoplasm to an active state that readily translocates to the nucleus to bind DNA regulatory 

elements and modulate gene expression (228). The kinetics for NF-κB activation are 

associated with strain-specific differences in induction of apoptosis. Specifically, only those 

strains that are strong inducers of apoptosis appear to inhibit a second wave of NF-κB 

activation late in infection (153). This second phase of NF-κB regulation by reoviruses is 

necessary for maximal reovirus apoptotic potential and is characterized by prevention of 

IκBα degradation that ultimately sensitizes the cells to extrinsic apoptotic signaling such as 

TRAIL-dependent apoptosis (229). Activation of NF-κB is also linked to the intrinsic 

pathway as seen by its requirement for activation of Bid-dependent apoptosis and fatal 

encephalitis during reovirus infection (230), likely through disruption of mitochondrial 

membranes (222, 231). In addition to regulating membrane penetration, the ϕ domain of µ1 

appears to be associated with activation of NF-κB (138). Thus, activation of several 
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convergent signaling pathways during reovirus disassembly work as a regulatory biphasic 

network necessary for maximal virus-induced apoptosis. 

Although NF-κB plays critical roles as a potential central hub in regulating reovirus-

induced apoptosis in a diverse array of cell types and organs, its activation is dispensable for 

virus-induced cardiac myocyte death (149, 154). Instead, activation of NF-κB in cardiac 

myocytes is critical for protection against reovirus through induction of IFN-β expression 

(149), and the IFN-β antiviral response is a critical host determinant of protection against 

reovirus myocarditis(114, 116, 117, 140, 149, 151, 165). Indeed, non-myocarditic reoviruses 

are strong inducers of IFN-β in cardiac cells. However, this comes at a cost: non-myocarditic 

reoviruses induce apoptosis in most cell types other than cardiac myocytes, including cardiac 

fibroblasts. The minimal activation of NF-κB in cardiac myocytes in contrast to its strong 

activation in cardiac fibroblasts (Chapter 4 in this dissertation) suggests that in cardiac 

fibroblasts, protective NF-κB effects outweigh their potentially destructive consequences. In 

accordance with this, non-myocarditic reoviruses induce expression of pro-inflammatory 

cytokines in cardiac fibroblasts (233), many of which are regulated at least partially by NF-

κB and can play beneficial roles in limiting viral replication. Although infections with non-

myocarditic reoviruses results in the loss of cardiac fibroblasts (233), this population of cells 

is readily replenishable and the temporary loss of infected fibroblasts would likely be 

beneficial to the heart by limiting viral spread. Altogether, regulation of NF-κB activation by 

different reovirus-induced signaling cascades contributes to cell death, but the outcome is 

cell type-specific and likely reflects evolutionary advantages for reovirus replication and 

survival in different organs. 
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In addition to apoptosis, reovirus induces an alternate form of necrotic cell death 

known as necroptosis in some cell types (103). This cell death pathway is similar to apoptosis 

in that it also involves death receptor engagement and disruption of membrane potential, but 

the activation of effector caspase-3 and caspase-7 is not required (233). Instead, this type of 

cell death requires the activity of receptor interacting protein 1 (RIP1) or RIP3 (233, 234). In 

L929 cells, reovirus strain T3D induces more cell death and greater caspase-3/7 activity 

compared to strain T1L independent of NF-κB and caspases but dependent on RIP1, thus 

implicating necroptosis in reovirus-induced cell death (103). Moreover, reovirus-induced 

necroptosis is dependent on viral RNA and protein synthesis (103, 235), while these events 

are dispensable for reovirus-induced apoptosis (104, 138, 213). In addition to apoptosis, the 

attachment protein σ1 is a determinant of necroptosis through its engagement with sialic acid, 

which serves to potentiate viral gene expression (235). Thus, it appears that reoviruses that 

are strong inducers of apoptosis are similarly potent stimulators of necroptosis. However, the 

requirements to activate either or both pathways are likely to be activated at different 

temporal stages of the virus replication cycle and are dependent on cell type-specific 

expression or activation of specific cellular pathways. Evidence for necroptosis in cardiac 

cells is lacking, yet could represent a mechanism by which reovirus strains induce different 

types of cell death in a cell type-specific manner. 

 

CONCLUDING REMARKS 

 Viral myocarditis continues to present a burden for the human population in the 21st 

century. Although the development of novel technologies and therapeutics have been 
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developed for early diagnosis and amelioration of myocarditis, respectively, a definite 

treatment is lacking. Reovirus offers an excellent tractable model for studying non-immune 

mediated myocarditis in vivo and the dissection of the viral determinants of pathogenesis and 

the specific host signaling pathways that are involved in the control of viral replication 

specifically in cardiac cells in vitro. Extensive research has demonstrated that different 

cardiac types in the heart respond differently after a viral encounter through activation of cell 

type-specific molecular pathways. Moreover, the population of bystander non-infected cells 

also respond differently to secreted paracrine factors and the consequences are also specific 

to the stimulated cell type. The extent of natural variation between reovirus strains coupled 

with the biological tools available for the genetic mapping and/or bioengineering of desirable 

traits in the reovirus genome allows for the characterization of both viral and host 

determinants of pathogenesis in a relatively straight-forward manner. Nonetheless, many 

unanswered questions remain involving viral activation and/or manipulation of host factors 

and the cellular responses that occur as a result. 

 Despite the small genome of reovirus, several viral proteins are of particular 

importance for understanding reovirus pathogenesis in the heart. The µ2 protein has been 

identified as a determinant of several reovirus properties in cardiac cells that range from 

induction of IFN-β, sensitivity to the antiviral effects of IFN-β signaling, viral replication, 

cytopathic effect in cardiac myocytes after viral spread, and modulation of myocarditis (112, 

113, 115, 139, 150, 151). At least a subset of these phenotypes could be explained by the 

strain-specific ability of µ2 to repress induction of ISGs (116, 139), a cellular response 

critical for reovirus myocarditic potential (115, 116, 139, 164). Although repression of IFN-β 
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signaling is associated with altered IRF9 localization, the exact mechanism by which µ2 is 

able to dampen host antiviral responses remains undescribed. Recent evidence from our 

laboratory implicates the mRNA splicing factor SRSF2 as necessary for maximal induction 

of ISGs and for µ2-dependent mis-localization of IRF9; suggesting that SRSF2 directly or 

indirectly act upstream of reovirus repression of IFN-β signaling (Chapter 5 in this 

dissertation). The observation that µ2 associates with SRSF2 and that the critical amino acid 

residue necessary and sufficient for repression of IFN-β signaling is similarly essential for µ2 

co-localization with SRSF2 provides further evidence for the involvement of SRSF2 in this 

response. It is likely that the downstream effects in changes of the host mRNA splicing 

landscape create a suitable cellular environment for viral replication. Importantly, SRSF2 

expression in the heart has been shown to be necessary for proper cardiac myocyte 

physiology and cardiac function (236). Lastly, the hypothesis of viral myocarditis resulting as 

a consequence of viral targeting of SR proteins or its regulators has been already proposed 

(236), although experimental data in the context of infection in cardiac cells to answer this 

paradigm is currently lacking. 

 The other two proteins that have been genetically associated with strain-specific 

differences in induction of and sensitivity to IFN-β in cardiac cells are λ2 and σ2 (115). 

Although µ2 appears to be both necessary and sufficient for these responses, the possibility 

of λ2 and σ2 to act together with µ2 during infection remains plausible. The rate of viral 

RNA synthesis correlates with strain-specific differences in myocarditic potential (114). 

Because the 5’-pp moieties in the reovirus RNA serve as agonists for RIG-I (170), one could 

hypothesize that differences in rates of viral transcription would consequently results in 
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different amounts of RNA ligand species to be recognized by cytoplasmic RNA sensors. The 

µ2, λ2, and σ2 proteins all localize to the core of the reovirus virion and thus could act 

together, for example, in regulating dynamics of viral RNA transcription. Additionally, the 

observation that these three proteins share in common the presence of an ITAM domain 

(105) raises the question of whether they engage similar or different signaling intermediates. 

To date, only the functionality of the µ2 ITAM through Syk has been characterized (105), 

leaving the role of the λ2 and σ2 ITAMs largely undescribed. Lastly, the role of post-

translational modifications on these viral proteins, such as the acetylation and 

phosphorylation status of µ2 (105, 201), could also be involved in the regulation of these 

responses. 

 The recent evidence for the role of capsid stability in controlling viral replication in 

multiple organs, including the heart, and dissemination adds a new chapter for the diverse 

array of mechanisms that viruses employ to survive and spread from host-to-host (190). The 

existing data supports a model where the rate of virion disassembly modulates reovirus 

myocarditic potential by increasing innate immune responses and necrosis of cardiac 

myocytes in the heart. While reovirus-mediated cell death in most cells requires NF-κB 

activation (207), this is not the case in the heart (148). As a result, the consequences of 

reovirus activation of NF-κB on cell fate and viral replication are cell type-specific and can 

be either beneficial or detrimental to the host (105). The apparent dispensability of NF-κB for 

reovirus-mediated cell death in the heart are likely the result of the minimal capacity of NF-

κB activation that is characteristic of cardiac myocytes (Chapter 4 in this dissertation, (237-

239)). Interestingly, while reovirus myocarditic potential correlates with induced cell death in 
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cardiac myocytes but not cardiac fibroblasts (144), non-myocarditic reoviruses are more 

cytopathic in cardiac fibroblasts (232). Because cardiac fibroblasts can readily activate NF-

κB during infection with a non-myocarditic reovirus (Chapter 4 in this dissertation), its 

activation can lead to control of viral replication by promoting IFN-β responses and/or 

inducing apoptosis in the infected fibroblast. Thus, one can hypothesize that genetic or 

pharmacological inhibition of NF-κB activation in cardiac fibroblasts could be protective to 

reovirus-induced cell death similar to cardiac myocytes.  

 Altogether, the simplicity of the reovirus genome and the feasibility to employ 

forward and reverse genetic approaches to study its pathogenesis offers an excellent tractable 

model to study non-immune myocarditis in the mouse model. The critical role of the non-

specialized IFN-β response in determining reovirus myocarditic potential similarly opens 

new avenues for the discovery of novel determinants of pathogenesis from both the host and 

the virus side that could be extrapolated to other systems. Moreover, the differences in 

responsiveness, and subsequent consequences, to reovirus infection in distinct cardiac cell 

populations has provided many insights in how these different cell types establish an 

integrated network of signaling pathways that ultimately contribute to the control of viral 

replication. Further studies will continue to expand our knowledge on the impact of virus-

mediated damage to cardiac cells and the innate immune responses that are critical for their 

antiviral protection. This information is critical for the development of novel cardiac 

regenerative therapeutics by, for example, maintaining the cellular identity of cardiac cells 

from an innate immunity perspective.  
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TABLE 2.1. Reovirus proteins and their functions*. 

Gene Protein Localization in virion Function(s) 

L1 λ3 
Minor inner-capsid 

protein 

(a) Catalytic subunit of the viral RNA-dependent RNA polymerase 

(RdRp) 

L2 λ2 Core spike protein 
(a) Addition of a 5’ methylated cap to mRNAs; (b) forms 

pentameric turret for insertion of the attachment protein, σ1. 

L3 λ1 
Major inner-capsid 

protein 

Putative roles as an (a) RNA helicase and in the (b) removal of 

terminal phosphate from nascent mRNA species prior to 5’ capping. 

M1 µ2 
Minor inner-capsid 

protein 

(a) Stabilization of microtubules; (b) determines morphology of viral 

factories; (c) non-specific RNA-binding protein; (d) interferon 

signaling antagonist; (e) activates NF-κB signaling; putative 

functions as an (f) RNA polymerase co-factor, and in the (g) 

removal of terminal phosphate from nascent mRNA prior to 5’ 

capping, (h) binds to host mRNA splicing factor SRSF2. 

M2 µ1 
Major outer-capsid 

protein 

(a) Important for penetration of viral core into endosomal 

membranes; (b) induction of cell apoptosis; (c) may regulate late 

mRNA synthesis. 

M3 

µNS Non-structural protein 

(a) Associates with viral mRNA; (b) induces formation of and serves 

as scaffolding protein in viral factories; (c) associates with λ1, λ2, 

λ3, µ2, σ2, and σNS. 

µNSC Non-structural protein (a) Unknown; (b) not required for viral replication in cell culture. 

 

 



 

131 

Table 2.1. Continued 

S1 

σ1 Attachment protein 

(a) Binds to cell-surface glycans and junctional adhesion molecule A 

(JAM-A); (b) determines tropism and (c) routes of spread in the 

host. 

σ1s Non-structural protein 

(a) Required for virus-induced cell-cycle arrest; (b) required for 

virus hematogenous dissemination; (c) influences caspase-3-

dependent apoptosis in the brain and heart. 

S2 σ2 
Major inner-capsid 

protein 
(a) Binds to dsRNA (weak interaction) 

S3 σNS Non-structural protein 

(a) ssRNA-binding protein; (b) recruits components of the 43S 

translation pre-initiation complex to margins of viral factories; (c) 

associates with eIF3A and the ribosomal subunit pS6R. 

S4 σ3 
Major outer-capsid 

protein 

(a) Non-specific dsRNA-binding protein; (b) influences efficiency 

of translation; (c) inhibits activation of PKR. 

*Modified and updated from (1).  
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Figure 2.1. Generation of reassortant and recombinant reoviruses. A) Reassortment 

occurs as the result of exchange of one or more genomic dsRNA segments during single-cell 

co-infection with two different reovirus strains. The hybrid progeny virus population is then 

experimentally used to define the gene segment(s) associated with the phenotype of interest. 

B) Synthesis of recombinant reoviruses by the plasmid-based expression of all ten cloned 

gene segments. Expression and translation of viral genes results in the production of 

recombinant reoviruses that are then rescued and isolated. 
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Figure 2. Functional domains and critical amino acids of the reovirus μ2 protein. The 

736 amino acid in length protein is characterized by regions that are either highly conserved 

(green) or variable (red) between different reovirus isolates. The eight different amino acids 

between strains T1L and T3D are indicated by yellow triangles and the position of each 

residue. The µ2 protein harbors domains that can function as a partial nuclear localization 

signal (NLS), an immunoreceptor tyrosine-based activation motif (ITAM), and enzymatic 

NTPase activity. The amino acid residue 208 determines the levels of polyubiquination on μ2 

and, as a consequence, the stability of the protein. Polymorphism in amino acid 208 has been 

associated with strain-specific differences in microtubule binding, repression of IFN-β 

signaling, and µ2 localization to nuclear speckles. The amino acids 347 and 383 have been 

identified as important for viral replication in MDCK cells and VF morphology in L929 

cells, respectively.    
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ABSTRACT 

Viral myocarditis is a leading cause of sudden death in young adults as the limited 

turnover of cardiac myocytes renders the heart uniquely 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- expression. 

Together, results provide the first mechanism for spontaneous high expression of the antiviral 

cytokine IFN- in a poorly replenished and essential cell type. 

 
INTRODUCTION 

 
Viral myocarditis is recognized as the second leading cause of sudden death in young 

adults (1, 2) and is found in approximately 10% of patients with unexplained heart failure 

(3). Although most cases resolve spontaneously, viral myocarditis can progress to dilated 

cardiomyopathy and cardiac failure (1, 4); the latter representing one of the major causes of 

morbidity and mortality worldwide (5). The unimpeded cardiac access afforded to viruses 

during viremia as well as the severely limited capacity of cardiac myocytes to enter the 

mitotic cycle (6) contribute to the unique vulnerability of the heart to viruses.  
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Type I interferon (IFN-α/β) treatment can be an effective therapeutic for human 

myocarditis (7-10), and defects in the host or cardiac myocyte IFN-α/β response aggravate 

virus-induced damage in mouse models of myocarditis or in primary cultures of cardiac 

myocytes (11-15). While viral myocarditis can reflect immune-mediated damage to cardiac 

myocytes, most myocarditic viruses, including reovirus, induce direct cytopathic effects in 

these cells (1, 3) and can induce myocarditis in the absence of the adaptive immune response 

(16-19). For reovirus, the primary determinant of protection against virus-induced cardiac 

damage is the host IFN-α/β response (11, 13, 14, 16, 19-23). 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 (13, 

14, 16).  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 (20, 24, 25). This integrated signaling network helps to pre-arm poorly 

replenishable cardiac myocytes and amplify antiviral signaling in cardiac fibroblasts to 

eliminate the viral infection (25). 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) (26-

28). RLRs then translocate from the cytosol to intracellular membranes to interact with the 

adapter mitochondrial antiviral-signaling (MAVS; also known as IPS-1, Cardif, and VISA) 

protein and promote MAVS oligomerization (29-33). MAVS localizes primarily to the outer 
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mitochondrial membrane (29), but also to peroxisomes (34) and to specialized domains of the 

endoplasmic reticulum (ER) that are in constant communication with the mitochondria (31). 

These mitochondrial-associated ER membranes (MAM) are an important site for induction of 

IFN-α/β expression and inflammatory signaling (31, 35, 36). When components of the 

MAVS pathway translocate to the MAM they induce IFN-α/β expression (31, 35, 37). In 

contrast, peroxisomal MAVS plays a role in induction of IFN-λ expression in mucosal and 

epithelial cells (31, 38-41). Interactions of MAVS at the MAM activates the E3 ubiquitin 

ligase tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3) (42-44), which 

activates TANK-binding kinase 1 (TBK1) (45-47) and members of the IκB kinase (IKK) 

family (48-50). 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 (51, 52). 

Secreted IFN-α/β then binds its receptor and induces expression of IFN-stimulated genes 

(ISGs), most of which have direct antiviral properties (53, 54). 

The identification of MAVS as a critical mitochondrial adapter for IFN-β expression 

introduced mitochondria as essential components in the IFN-β response (29, 30, 55, 56). 

While MAVS is ubiquitously expressed, its expression is much higher in cardiac and skeletal 

muscle compared to other organs and tissues (30), 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 (29, 30, 56). 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. 
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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.  Together, results provide the first mechanism for 

spontaneous high expression of the antiviral cytokine IFN- in a poorly replenished and 

essential cell type, and highlight a novel role for mitochondrial abundance in antiviral 

protection. 

 

RESULTS 

 Cardiac myocytes express high basal levels of IFN-β compared to cardiac 

fibroblasts and skeletal myotubes. 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 (13, 14, 24, 25). 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 

(Figure 3.1A) were analyzed for their expression of basal levels of IFN-β by qRT-PCR 

(Figure 3.1B). Cardiac myocytes expressed two- to four-fold more IFN-β than cardiac 
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fibroblasts did, and three- to nine-fold 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.  

 Mitochondria and MAVS are more abundant in muscle cells than cardiac 

fibroblasts. Given that mitochondria are key organelles in innate immune signaling (55, 57) 

and that cardiac myocytes display the highest mitochondrial density among cell types (58), 

we asked whether spontaneous signaling originating in this organelle was responsible for 

high expression of IFN-β in cardiac myocytes. Importantly, the mitochondrial MAVS 

adaptor protein is highly expressed at the transcript level in muscle tissues (30). Total levels 

of TOM20, a marker of outer mitochondrial proteins, and MAVS were evaluated by 

immunofluorescence (Figures 3.2A-B) and immunoblot (Figure 3.2C) 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-. 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 (Figure 3.2D).  

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

muscle cells did not express high basal levels of IFN-β (Figure 3.1B) but they did contain 

abundant mitochondria and express high levels of MAVS (Figure 3.2A-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 
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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 (Figure 3.3A-B), but not with peroxisomes (Figure 

3.S1). Furthermore, the level of MFN2, a protein involved in mitochondrial fusion and ER-

mitochondria tethering (59, 60), was significantly higher in cardiac myocytes than the other 

cell types (Figures 3.3C and 3.S2), 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 (Figure 3.S2). 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.   

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 (Figure 3.4A-B). Not surprisingly, 

the association of MAVS with either the MAM or peroxisomes in unstimulated cardiac 

fibroblasts was minimal and reflected the mitochondrial localization of MAVS in these cells 

(Figure 3.3A-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 (Figure 3.4B), indicating that activation of RLRs in cardiac fibroblasts induces 
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association of MAVS specifically with the MAM. Remarkably, MAVS co-localized 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 (Figure 3.3A-B) or upon RNA virus 

infection (data not shown). 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.  

 MAVS is intimately associated with TRAF3 in unstimulated cardiac myocytes 

independent of RIG-I and MDA5 expression. Activated MAVS oligomerizes (32, 33) and 

associates with members of the TRAF family, including the E3 ubiquitin ligase TRAF3 (31, 

61-64), and this interaction occurs as part of the MAVS signalosome at the MAM (31, 37). 

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 (65). 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 (Figure 3.5). 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-/-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 
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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. 

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 (Figure 3.5) prompted us to ask whether TRAF3 is 

spontaneously activated. 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 (61). Intracellular distribution of TRAF3 was used as a 

marker of its activation status in our primary cultures (Figure 3.6). 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 (Figure 3.6A). Infection of cardiac fibroblasts with reovirus 

T3D, a strong inducer of the RIG-I/MAVS pathway (12, 14, 24, 66), induced a similar 

redistribution of TRAF3, and this redistribution was dependent on MAVS (Figure 3.6B). 

Remarkably, TRAF3 localized to similar punctate bodies in perinuclear compartments in 

unstimulated cardiac myocytes, suggesting spontaneous activation of TRAF3 in these cells. 

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 (Figure 3.6C) but independent of the upstream sensors RIG-I and MDA5 

(Figure 3.6D), consistent with results for MAVS-TRAF3 association (Figure 3.5). Together, 

results demonstrate that TRAF3 is spontaneously activated in unstimulated cardiac myocytes 
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and this activation requires the expression of MAVS but not the upstream viral RNA sensors 

RIG-I and MDA5. 

 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 (67) by either TBK1 itself or IKKβ 

(68). To determine whether the spontaneous activation of MAVS-dependent signaling in 

cardiac myocytes (Figures 3.5-6) resulted in activation of TBK1, the phosphorylation status 

of TBK1 was probed in our primary cultures (Figure 3.7). 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 

(Figure 3.6C). Together, results indicate spontaneous activation of MAVS-dependent 

signaling in cardiac myocytes for phosphorylation of TBK1. 

MAVS is a determinant of high basal expression of IFN-β in cardiac myocytes. 

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 qRT-PCR (Figure 3.8A). 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. Together, results demonstrate spontaneous activation of the MAVS 

signaling pathway in cardiac myocytes but not cardiac fibroblasts or skeletal muscle cells 

(Figure 3.1) leading to spontaneous high basal expression of IFN-β (Figure 3.8B).  
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DISCUSSION 

Cardiac myocytes constitute over 90% of the adult heart yet in contrast to the vast 

majority of cell types, they rarely enter the cell cycle and display limited turnover throughout 

adulthood (69, 70). 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 unique 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 (13, 14, 24, 25). 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.   

Cardiac myocytes express higher basal levels of IFN-β, IFN-α4, and a subset of ISGs 

than do cardiac fibroblasts (20, 24, 25). Accordingly, cardiac myocytes express basal 

activation of the IFN-β signaling pathway as a pre-arming mechanism against viral infections 

(25). The transcription factor IRF7 is an ISG that functions in a positive feedback loop to 

further induce IFN (71) and is expressed at higher basal levels in cardiac myocytes (24, 25). 

However, IRF7 function requires phosphorylation events that are triggered by viral infection 

(71-73) and, thus, IRF7 expression alone would likely be insufficient to induce strong 

expression of basal IFN in cardiac myocytes. However, given that TBK1 is one kinase 
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responsible for this phosphorylation (46), the MAVS-dependent spontaneous activation of 

TBK1 in cardiac myocytes (Figure 3.7) could well be sufficient to activate IRF7 for 

amplification of basal IFN- β expression. Regulation of IRF7 function is complex (74, 75), 

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 (58). Given that cardiac myocytes and skeletal 

myotubes have comparable levels of mitochondrial MAVS (Figure 3.4A-C) but express 

significantly different basal levels of IFN-β (Figure 3.1B), 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 these two organelles (76-

79). Our results suggest that the intrinsic association of the SR and mitochondria in cardiac 

myocytes likely facilitates the synthesis of basal IFN-β (Figures 3.3-4). The association of 

these two organelles in cardiac myocytes may reflect the greater expression of the tethering 

factor MFN2 (Figure 3.3D), although the role of MFN2 in ER-mitochondria interactions 

(59) has been recently debated (80-82). Unfortunately, the essential roles of SR-

mitochondrial contacts in regulating cardiac myocyte fate (83-85) 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 
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(31). 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. 

During viral infection, MAVS interacts with its downstream partner TRAF3 at the 

MAM (31). Given that mitochondrial MAVS is highly associated with the MAM in 

unstimulated cardiac myocytes (Figure 3.3-4), it is likely that the observed association 

between MAVS and TRAF3 (Figure 3.5) 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 

(61). These punctate structures are reminiscent of the ones present in unstimulated cardiac 

myocytes and in stimulated cardiac fibroblasts (Figure 3.6). However, we were unable to 

detect co-localization of TRAF3 with the cis-Golgi marker GM130 (data not shown) as 

reported by others (61) and thus the origin and identity of these punctate bodies in cardiac 

cells remain unconfirmed. Importantly, the distribution of TRAF3 to these compartments in 

cardiac myocytes is dependent on MAVS but not RIG-I and MDA5 (Figure 3.6B-C), 

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 (Figure 3.S3) but not for the association of the mitochondria and the ER 

(Figure 3.S2). 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. 
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To date, the only other cells that express high basal levels of type I IFN and ISGs are 

the neurons of the hippocampus (86, 87), 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 (86, 88, 89).  The specific type I IFN 

subtypes expressed at higher basal levels in these neurons are, however, different from the 

ones expressed in cardiac myocytes (20, 24, 87). Despite these differences, cardiac myocytes 

and hippocampal neurons share striking similarities, including lower basal levels of latent 

STATs and reduced responsiveness to exogenous IFN-β compared to cardiac fibroblasts and 

mouse embryonic fibroblasts, respectively (25, 87). 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 (31, 35, 57, 90), 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 uniquely vulnerable cardiac myocytes.  

 

MATERIALS and METHODS 

Primary cardiac 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 
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Assessment and Accreditation of Laboratory Animal Care. Wild-type C57BL/6, MAVS-/- 

(91), and RIG-I-/-MDA5-/- (92) mice were maintained as an in-house colony and used for 

timed matings. All animal procedures were approved by the North Carolina State University 

Institutional Animal Care and Use Committee (IACUC). Primary cardiac myocyte cultures 

were generated as previously described (93) 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 g/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 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 myocytes and cardiac fibroblasts cultures were 

≥ 90% and ≥ 95% pure, respectively, as estimated by immunostaining against sarcomeric 

actin (alpha Sr-1) and vimentin (data not shown). For all experiments, cultures were 

incubated at 37˚C in 5% CO2 for two days post-seeding before use, and were never passaged. 

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 less than 24 h old was dissected away from other tissues into 

Hanks’ balanced salt solution (HBSS; Corning, #21-023-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 
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every 10 min. Cells were pelleted by centrifugation at 1800 × g for 5 m at room temperature, 

resuspended in HBSS, and re-pelleted as above. Cells were resuspended in DMEM 

supplemented to contain 6% FCS, 2 mM L-glutamine (Corning #25-005-Cl), and 10 g/ml 

gentamycin, and passed through a 100 m cell strainer (Falcon, #352360). Cells resuspended 

to 4 × 105 per ml in supplemented DMEM were plated at 8 × 105 cells per well in 24-well 

clusters for RNA or protein harvest, 2.8 × 105 cells per chamber in 8-well poly-D-lysine-

coated 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. 

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 (14, 20, 24) through the RIG-I/MAVS pathway (12, 66). 

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. 

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.  
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Antibodies. Antibodies used for immunoblotting and their corresponding dilutions 

were anti-MAVS (Santa Cruz Biotech sc-365334; 1:500), anti-TOM20 (Santa Cruz Biotech 

sc-11415; 1:300), anti-alpha Sr-1 (Abcam ab28052; 1:1,500), anti-β-actin (Santa Cruz 

Biotech sc-1615-hrp, 1:2,000), anti-MFN2 (Cell Signaling #9482; 1:800), anti-TBK1 (Cell 

Signaling #3504; 1:1,000), 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-365334; 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),  anti-TRAF3 (Santa Cruz Biotech sc-1828 or Thermo Fisher 

Scientific PA1-41107; 1:50), anti-alpha Sr-1 (Abcam ab28052; 1:50), anti-vimentin (Thermo 

Fisher Scientific PA1-16759; 1:2,000), anti-GM130 (BD Biosciences #610822; 1:250), and 

anti-reovirus σ1 5C6 and G5 ((94); mix of 1:2,500 each). 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). 

Indirect immunofluorescence. Cells in 8-well poly-D-Lysine-coated chamber slides  

were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences) in phosphate-

buffered saline (PBS) for 20 min, and permeabilized with 0.25% Triton X-100 (Sigma, 

#X100) 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 
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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). 

Quantitative (real‐time) reverse transcription‐PCR (qRT‐PCR). Cells in 24-well 

clusters were lysed 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 real-time PCR, 10 or 20 percent 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 IFN-β 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 (24). 

SDS-PAGE and immunoblotting. Whole cell protein extracts were obtained by 

lysing cells plated in 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 
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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 minutes and centrifuged at 14,000 x 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 minutes at 15 volts 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 StudioTM Lite Software 

(version 5.x); and the intensity value of each band of interest was normalized to the 

corresponding band intensity of β-actin. 
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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.  

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. 

Confocal microscopy and image analysis. A Zeiss LSM 710 confocal microscope 

equipped with a 40× C-apochromat / 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 Fluor® 647, and 405 nm/407-507 nm for 
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DAPI. Images were processed for presentation using Photoshop® CS4. Intensity plot profiles 

were generated using ImageJ software (95). 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 (96). 

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. 
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Figure 3.1. Basal IFN-β expression is higher in cardiac myocytes than in cardiac 

fibroblasts and skeletal muscle cells. (A) Primary cultures of murine cardiac and 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 skeletal muscle cell primary 

cultures, analyzed by qRT-PCR, and copy number was normalized to GAPDH. Data are 

representative of means for two independent experiments from two independently generated 

primary cultures. *, Significantly different than all others (P < 0.05). 
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Figure 3.2. 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 

SDS-PAGE, 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.  
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Figure 3.3. 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 co-

localization 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. 
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Figure 3.4. 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 cells per condition) of 

pixel overlap between MAVS and FACL4 or PMP70. *, Significantly different from cardiac 

fibroblasts and skeletal muscle cells (P < 0.05).  
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Figure 3.5. MAVS and TRAF3 are intimately associated in unstimulated cardiac 

myocytes independently of RIG-I and MDA5 expression. Primary cardiac cultures 

generated from either RIG-I-/-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). 
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Figure 3.6. 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. 
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Figure 3.7. TBK1 is activated in unstimulated cardiac myocytes and its activation is 

MAVS-dependent. Whole-cell protein lysates obtained from the indicated primary cultures 

were resolved by SDS-PAGE and immunoblotted with antibodies against TBK1 (total) or 

phosphorylated TBK1. Densitometry values for normalized phosphor-TBK1 band intensities 

are expressed relative to the band intensity of wild-type cardiac fibroblasts. 
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Figure 3.8. MAVS is a determinant of high basal levels of IFN-β expression in cardiac 

myocytes. A) Primary cardiac myocytes and fibroblasts were generated from wither wild-

type or MAVS-/- mice. RNA was harvested and analyzed by qRT-PCR, and IFN-β copy 

number was normalized to GAPDH. Data are representative of means for two independent 

experiments from two independently generated primary cultures. *, Significantly different 

than all others (P < 0.05). B) 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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Figure 3.S1. Minimal association of mitochondria with peroxisomes. A) Primary cultures 

were immunostained with antibodies against TOM20 (mitochondria) and PMP70 

(peroxisomes); 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 TOM20 and PMP70. 
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Figure 3.S2. MAVS is not required for mitochondria-MAM association nor the high 

levels of MFN2 in cardiac myocytes. A) Primary cultures derived from MAVS-/- mice were 

immunostained with antibodies against TOM20 (mitochondria) and FACL4 (MAM); and 

nuclei were counterstained with DAPI. Histograms display measured fluorescence intensity 

along the drawn line in the inset panels. B) Primary cultures derived from MAVS-/- mice 

were immunostained with antibodies against MFN2 and vimentin (fibroblast marker); and 

nuclei were counterstained with DAPI. Scale bar = 10 µm 
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Figure 3.S3. MAVS is required for integrity of the cis-Golgi in cardiac myocytes. 

Primary cultures derived from either MAVS+/+ or MAVS-/- mice were immunostained using 

an antibody against GM130 (cis-Golgi marker); and nuclei were counterstained with DAPI. 

Scale bar = 10 µm 
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ABSTRACT 

Viral myocarditis is common and has the potential to progress to dilated 

cardiomyopathy and cardiac failure as a result of cardiac myocyte loss and chronic 

inflammation. During acute infection, cardiac cell pro-inflammatory responses are critical for 

promoting viral clearance and cardiac remodeling. However, sustained inflammatory 

responses contribute to cardiac damage and disease progression. The transcription factor NF-

κB regulates expression of many pro-inflammatory cytokines. Although the detrimental roles 

of exacerbated inflammatory responses in the heart have been studied extensively, basal NF-

κB activation and the NF-κB responses in different cardiac cell types have not been 

compared. Here, we used primary cultures of murine cardiac myocytes and cardiac 

fibroblasts to identify cardiac cell type-specific events. We show that cardiac myocytes are 

largely recalcitrant to NF-κB activation, while cardiac fibroblasts in contrast are readily 

stimulated for NF-κB activation and expression of pro-inflammatory cytokines. Moreover, 

we show that cardiac myocyte subpopulations differ in their NF-κB subcellular localization 

and identify the cis-Golgi as a cardiac myocyte-specific host compartment. Together, results 

indicate that NF-κB-dependent signaling in the heart is cardiac cell type-specific, likely 

reflecting mechanisms that have evolved to balance cardiac responses that can be either 

protective or damaging to the heart.  

 

INTRODUCTION 

Viral myocarditis is a leading cause of sudden death in young adults and occurs in 

approximately 10% of patients with unexpected heart failure (1-4). Although most cases of 
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myocarditis are asymptomatic and resolve spontaneously through regulated pro-

inflammatory responses, incomplete viral clearance and/or autoimmune responses against 

cardiac autoantigens can result in chronic inflammation, dilated cardiomyopathy (DCM) and 

cardiac failure (2-4). Thus while cytokines expressed in the heart help maintain normal 

cardiac function and repair, their over-production can result in heart disease (5-7). 

The expression of many cytokines is regulated by the family of transcription factors, 

NF-κB, which differ depending on their subunit composition (8). NF-κB is held inactive in a 

cytoplasmic complex with its inhibitor, IκB. Cell stimulation phosphorylates and inactivates 

IκB, inducing NF-κB translocation to the nucleus (9). There, NF-κB induces the expression 

of hundreds of genes that regulate processes including cell survival, apoptosis, inflammation, 

and antiviral responses (9-11). The consequences of NF-κB activation are cell type-specific 

and depend on the type, magnitude, and duration of the stimulus (12, 13).  

 The role of the NF-κB family of transcription factors in cardiac health and disease has 

been well-studied, particularly during acute ischemia/reperfusion injury (8, 12).  In primary 

cultures of rat cardiac myocytes, the extent of NF-κB activation upon pro-inflammatory 

stimulation is dependent on both the developmental stage of the mice used to generate the 

cultures, as well as the age of the cultures (14). These results likely reflect a developmental 

impairment of the IκB kinase β (IKKβ) in cardiac myocytes after birth that dampens NF-κB-

dependent expression of pro-inflammatory genes (14). Accordingly, conditional or 

constitutive expression of recombinant IKKβ in cardiac myocytes is highly damaging and 

can result in their apoptosis, cardiac inflammation, DCM, and heart failure (15, 16). Cardiac 

damage is also induced by over-expression of TRAF3 interacting protein 2 (TRAFIP2), 
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another activator of NF-κB (17). Thus NF-κB activation can be highly deleterious to the 

heart. However, NF-κB activation can also be critical to maintain cardiac health. For 

example, one important NF-κB-regulated cytokine is IFN-β (18, 19), and the increased virus 

damage induced in mice lacking NF-κB can be ameliorated by treatment with IFN-β (20). 

The balance between positive and negative impacts of NF-κB therefore must be tightly 

regulated.   

The heart achieves balance for many functions by segregating tasks between its two 

predominant cell types: cardiac myocytes and cardiac fibroblasts. Cardiac myocytes are 

highly specialized muscle cells that are poorly replenished, while cardiac fibroblasts, found 

directly adjacent to cardiac myocytes, maintain cardiac structure and are readily replenished 

after injury (21). We found that these two cardiac cell types differ dramatically in both their 

basal and virus-induced IFN-β responses, and together form an integrated network to protect 

the heart from viral damage (22-26). Importantly, NF-κB activation in cardiac myocytes has 

never been compared to any other cardiac cell type, leaving the relative consequences in 

cardiac myocytes and cardiac fibroblasts entirely unexplored. 

 Here, we compared basal and stimulated NF- κB activation between primary cultures 

of cardiac myocytes and cardiac fibroblasts. Results identified cardiac myocytes as 

recalcitrant to NF-κB activation relative to cardiac fibroblasts, and identified an unusual 

localization of NF-κB to the cis-Golgi in cardiac myocytes. It is likely that these distinct cell 

type-specific phenotypes aid the heart in balancing the positive and negative impacts of NF-

κB activation. 
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RESULTS 

 TNF-α-induced activation of NF-κB is cardiac cell type-specific. To compare the 

kinetics of NF-κB activation between cardiac cell types, primary cultures of murine cardiac 

fibroblasts and cardiac myocytes were stimulated with TNF-α. Lysates were probed in 

immunoblots to detect degradation of IκBα and phosphorylation of the NF-κB subunit p65 

(also known as RelA), two critical steps required for NF-κB activation (27) (Figure 4.1A). In 

cardiac fibroblasts, TNF-α induced rapid and transient proteolytic degradation of IκBα with 

concomitant IKKβ-dependent phosphorylation of p65. In cardiac myocytes, however, neither 

IκBα degradation nor p65 phosphorylation was detected at any time point. Results suggest 

that TNF-α readily induces activation of NF-κB in cardiac fibroblasts as it does in most cell 

types, but does not do so in cardiac myocytes. To determine downstream consequences, qRT-

PCR was used to quantitate expression of several genes known to be regulated by NF-κB 

following TNF-α stimulation (28). Following TNF-α stimulation, expression of NF-κB-

responsive genes (IL-1β, CCL2/MCP-1, CXCL1, IκBα, and A20) was 2- to 3-fold higher in 

cardiac fibroblasts than in cardiac myocytes (Figure 4.1B). Notably, GM-CSF, a leukocyte 

growth factor whose induction by TNF-α is NF-κB-independent (29), was induced similarly 

in the two cell types. Finally, several biosynthetic enzymes whose expression is induced at 

later stages post-TNF-α stimulation (PGES and COX-2), were induced minimally and 

similarly in the two cell types. Together, results indicate that the kinetics and magnitude of 

NF-κB activation is cardiac cell type-specific, with cardiac myocytes displaying an 

attenuated response to TNF-α stimulation.  
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NF-κB localizes to perinuclear compartments in a subset of cardiac myocytes. 

The differences in NF-κB activation between the two cardiac cell types (Figure 4.1) 

suggested that subcellular localization might also differ. Accordingly, the NF-κB subunit p65 

was immunostained in primary cultures of cardiac myocytes, cardiac fibroblasts, and 

undifferentiated and differentiated skeletal muscle cells as additional muscle cell types for 

comparison (Figure 4.2A). Cultures were also immunostained for the intermediate filament 

protein vimentin as a marker that is expressed well in cardiac fibroblasts but minimally in 

cardiac myocytes (30). As expected, p65 localized to the cytoplasm in unstimulated cardiac 

fibroblasts and readily translocated to the nucleus upon treatment with TNF-α. However, 

cardiac myocytes displayed two different phenotypes: some displayed a classic cytoplasmic 

p65 localization while others also displayed a dramatic perinuclear p65 localization. 

Perinuclear p65 localization was specific to cardiac myocytes and was never observed in 

cardiac fibroblasts or skeletal muscle cells.  

Cardiac myocytes express high basal levels of IFN-β and a subset of ISGs compared 

to cardiac fibroblasts that pre-arms them against viral infection (23-25). While NF-κB 

activation is typically required for IFN-β expression, it can also be activated by the ISG PKR, 

thereby providing a positive amplification loop for NF-κB activation. We hypothesized that 

cardiac myocytes may have evolved perinuclear NF-κB localization as an IFN-β-dependent 

mechanism to sequester NF-κB and avoid deleterious effects. However, NF-κB remained 

perinuclear in primary cardiac myocyte cultures generated from mice lacking the IFN-α/β 

receptor (Figure 4.2B) or the upstream cytosolic viral RNA sensors RIG-I and MDA5, 
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indicating that basal IFN signaling is not responsible for the unusual localization of NF-κB in 

cardiac myocytes.  

Given the precedent for post-natal attenuation of NF-κB signaling in rat cardiac 

myocytes (14), we compared NF-κB localization in cardiac myocytes generated from fetal 

and neonatal mice to those from one- and two-day-old mice (Figure 4.2C). Results showed 

no difference in the distribution of the two populations of cardiac myocytes. Similarly, while 

prolonged culture conditions can also attenuate NF-κB signaling in cardiac myocytes (14), 

we found no difference in the localization of NF-κB when comparing two-day-old cultures to 

four-day-old cardiac myocyte cultures (data not shown). Together, results indicate that the 

unusual NF-κB localization in cardiac myocytes is not dependent on basal IFN signaling or 

post-natal changes in the heart. 

 Perinuclear NF-κB in cardiac myocytes co-localizes with cis-Golgi membranes 

and is present in the adult murine heart. To identity the subcellular compartments 

containing NF-κB, we immunostained cardiac myocyte cultures with antibodies against p65 

and markers for subcellular organelles. Perinuclear NF-κB structures corresponded to the cis-

Golgi, based on p65 co-localization with GM130 (31) (Figure 4.3A) but not with 

peroxisomal or mitochondrial markers (data not shown). To further confirm the 

compartments as cis-Golgi, cultures were treated with the pharmacological agent Brefeldin A 

(BFA), which reversibly redistributes most Golgi-resident proteins to intermediate 

compartments (31-33). Indeed, BFA treatment induced the expected redistribution of GM130 

but, remarkably, also eliminated perinuclear localization of NF-κB in cardiac myocytes 

(Figure 4.3B), confirming association of NF-κB with the cis-Golgi in these cells. Moreover, 
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this association was evident in a subset of cardiac myocytes in cardiac sections of adult mice 

(Figure 4.4), indicating maintenance of NF-κB in the cis-Golgi in situ throughout adulthood.  

 Differential kinetics in basal nucleocytoplasmic shuttling of NF-κB in cardiac 

cells. Many but not all cardiac myocytes in culture (Figures 4.2A and 4.3B) and in situ 

(Figure 4.4) displayed perinuclear NF-κB. The existence of two populations of cardiac 

myocytes distinguished by their ability to activate NF-κB has been proposed previously 

where one subset hosts a functional NF-κB system while the other expresses NF-κB that is 

resistant to IKKβ-dependent activation and constitutively shuttles between the nucleus and 

cytoplasm (8). To investigate NF-κB nucleocytoplasmic shuttling, cultures were treated with 

the irreversible CRM1-specific inhibitor Leptomycin B (LMB) which prevents nuclear 

export (34, 35) (Figure 4.5). In cardiac fibroblasts, LMB induced rapid accumulation of p65 

in the nucleus as early as 1 h post-treatment, indicating that NF-κB undergoes constant 

nucleocytoplasmic shuttling in these cells. In contrast, nuclear accumulation of p65 in cardiac 

myocytes was only minimal and most evident at later times post-LMB treatment. In addition, 

p65 nuclear intensity was greater in cardiac fibroblasts than in cardiac myocytes at equivalent 

time points.  Overall, results suggest that nucleocytoplasmic shuttling of NF-κB in cardiac 

myocytes is minimal compared to cardiac fibroblasts and likely present in only a fraction of 

the cardiac myocyte population.  

 NF-κB nuclear translocation in cardiac myocytes is largely resistant to the 

stimulatory effects of TNF-α and Poly(I:C). The minimal NF-κB nucleocytoplasmic 

shuttling in cardiac myocytes (Figure 4.5) suggested they might be poorly responsive to 

stimuli. To address this possibility, cultures were stimulated with either TNF-α or Poly(I:C), 



 

186 

a synthetic double-stranded RNA that mimics viral infection (Figure 4.6A). As anticipated, 

stimulation resulted in efficient nuclear translocation of p65 in cardiac fibroblasts. In 

contrast, nuclear translocation of p65 was almost undetectable in stimulated cardiac 

myocytes. To assess possible transient translocation, cardiac cultures were stimulated with 

Poly(I:C) and simultaneously treated with LMB to inhibit nuclear export (Figure 4.6B). As 

expected, p65 in all fibroblasts was strictly nuclear. Strikingly, nuclear p65 was evident in 

approximately two-thirds of the LMB-treated, Poly(I:C)-stimulated cardiac myocytes, albeit 

at a lower intensity than in cardiac fibroblasts. Results indicate that while most cardiac 

myocytes support IKKβ-dependent NF-κB activation, translocation is transient and can be 

captured only when p65 nuclear export is inhibited. 

 Viral infection induces nuclear translocation of NF-κB in cardiac fibroblasts but 

not in cardiac myocytes. To determine whether cardiac myocytes are recalcitrant to virus-

induced NF-κB nuclear translocation, cultures were infected with reovirus type 3 Dearing 

(T3D), a serotype known to activate NF-κB in different cell types (20, 36-38) (Figure 4.7). 

T3D induced p65 nuclear translocation frequently in infected cardiac fibroblasts but only 

very rarely in infected cardiac myocytes. Furthermore, while LMB alone or in combination 

with T3D infection induced p65 nuclear translocation in all cardiac fibroblasts, nuclear 

translocation of p65 occurred in many fewer cardiac myocytes. Indeed, nuclear translocation 

of p65 in LMB-treated cardiac myocytes was not further increased by T3D infection, 

suggesting that cardiac myocytes are largely resistant to virus-induced NF-κB activation. 

 Pharmacological disruption of the Golgi is insufficient to support virus-induced 

NF-κB nuclear translocation in cardiac myocytes. To determine whether the cis-Golgi 
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localization of p65 specifically prevents its stimulus-induced nuclear translocation, cultures 

were treated with BFA to disrupt Golgi structure and challenged with T3D. (Figure 4.8A). In 

cardiac fibroblasts, reovirus induced efficient activation of p65 independent of a functional 

cis-Golgi (Figure 4.8B). Notably, BFA activated NF-κB even in uninfected cardiac 

fibroblasts, likely through the unfolded protein response upon prolonged BFA exposure (39, 

40). In contrast, NF-κB was not activated in either uninfected or infected BFA-treated 

cardiac myocytes despite their loss of Golgi-localized p65 (Figure 4.8C). Together, results 

indicate that activation of NF-κB in cardiac myocytes is resistant to sustained ER stress and 

disruption of the Golgi is insufficient to support NF-κB activation upon viral infection. 

 

DISCUSSION 

Chronic cardiac inflammation is a major issue in cardiovascular health and disease. 

The role of NF-κB activation in the heart and its critical role in the regulation of cardiac 

function has been the focus of research for over two decades (8). Cardiac myocytes constitute 

the majority of cardiac mass and cell number in the heart, however cardiac fibroblasts 

represent a significant and important population (21, 41). Moreover, while cardiac myocytes 

have a lifetime turnover estimated to be less than 5% (42-44), cardiac fibroblasts are readily 

replenished after injury (21). Despite the important role cardiac fibroblasts play in cardiac 

structure and function and despite the profound differences between the two cell types, most 

studies of NF-κB activation in the heart have left cardiac fibroblasts unexplored and none 

have compared them to cardiac myocytes. Here, we show that cardiac myocytes are largely 

recalcitrant to NF-κB activation, while in contrast, cardiac fibroblasts are readily stimulated 
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for NF-κB activation and expression of pro-inflammatory cytokines. Moreover, we show that 

cardiac myocyte subpopulations differ in their NF-κB subcellular localization and identify 

the cis-Golgi as a cardiac myocyte-specific host compartment. Together, results indicate that 

NF-κB-dependent signaling in the heart is cardiac cell type-specific, likely reflecting 

mechanisms that have evolved to balance cardiac responses that can be either protective or 

damaging to the heart. 

The NF-κB dimer can be comprised of different subunits and in cardiac myocytes, the 

p65 subunit is the predominant activated subunit in health (45) and following myocardial 

infarction (46). Activation of NF-κB has been demonstrated to promote adverse cardiac 

remodeling, hypertrophy, endoplasmic reticulum stress, and apoptosis (46-50). Not 

surprisingly, cardiac myocytes have evolved at least one mechanism to limit NF-κB 

activation: impaired activation of the IKK complex (14). Accordingly, its constitutive 

activation in cardiac myocytes results in myocarditis and heart defects (15-17). Here, results 

indicate that only a minority of cardiac myocytes (~20-30%) permit basal NF-κB 

nucleocytoplasmic shuttling, and that even in those cells, nuclear NF-κB is minimal (Figure 

4.5). IKKβ-dependent stimulation induces a larger fraction of cardiac myocytes (~70%) to 

support NF-κB nuclear translocation but it is remarkably transient (Figure 4.6). Results are 

consistent with a previously proposed model for two populations of cardiac myocytes in the 

heart that differ in their capacities to support NF-κB activation (8, 51). The identification of a 

population of cardiac myocytes characterized by Golgi-associated NF-κB (Figures 4.3-4) 

suggests one possible underlying mechanism. While pharmacological disruption of the Golgi 

did not render cardiac myocytes susceptible to virus-induced NF-κB activation (Figure 4.8), 
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NF-κB may bind to a Golgi-associated protein that prevents NF-κB nuclear translocation 

independent of Golgi structure. Future studies will address the role of the Golgi in regulating 

NF-κB activation, as has been demonstrated for IFN-β expression (52). 

One important NF-κB-regulated cytokine is IFN- β (18, 19). We have previously 

shown that cardiac myocytes express high basal levels of IFN-β relative to cardiac 

fibroblasts, which serves to pre-arm the cardiac myocytes for protection against viral 

infection  (23-25). Therefore, we anticipated we would find a similar difference in basal 

activation of NF-κB. Surprisingly, we found the opposite: cardiac myocytes display minimal 

basal NF-κB activation (Figure 4.1A) and minimal basal NF-κB nuclear translocation 

(Figure 4.2). One possibility is that NF-κB is indeed activated in cardiac myocytes but that 

the specific subunit p65 is not involved in basal IFN-β expression. This seems unlikely given 

that p65 is the primary NF-κB Rel subunit in cardiac myocytes and the myocardium (45, 46). 

An alternative hypothesis is that basal activation of NF-κB that is undetectable by 

immunoblot or immunofluorescent microscopy is nonetheless sufficient to induce minimal 

IFN-β expression, which is then further amplified by the IFN-induced transcription factor 

IRF7 in an autocrine positive amplification loop (53). This possibility is consistent with the 

requirement for p65 in basal expression of IRF7 in mouse embryo fibroblasts (19, 35), and 

with the >400-fold decrease in basal IRF7 expression in cardiac myocytes lacking the IFN-

α/β receptor compared to wild type cardiac myocytes (24). Indeed, this would be an elegant 

mechanism by which cardiac myocytes could capture the protective anti-viral impact of basal 

NF-κB activation without triggering damaging effects. 
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Viral infection can activate NF-κB resulting in further induction of IFN-β and 

cytokines, and either direct or cytokine-induced apoptosis. The IFN-α/β response is the 

primary determinant of protection against reovirus-induced myocarditis (22, 26, 54) and is 

similarly critical for protection against other viruses (72). We have previously shown that 

reovirus induces IFN-β more robustly in cardiac myocytes than in cardiac fibroblasts, likely 

due to the IRF7-mediated amplification of IFN-β expression as described above (24, 25). 

Thus reovirus induction of IFN-β in cardiac myocytes would require minimal activation of 

NF-κB, consistent with our evidence that cardiac myocytes are recalcitrant to NF-κB 

activation (Figures 4.1 and 4.6-8).  While IFN-β plays an important antiviral role, pro-

inflammatory cytokines recruit cells that clear viral infection. Cardiac fibroblasts are 

exquisitely responsive to stimulation of NF-κB and secrete a wide range of cytokines to 

regulate cardiac function (55-59). Indeed, reovirus induction of pro-inflammatory cytokines 

in cardiac fibroblasts correlates inversely with the capacity to induce myocarditis (60). Thus 

activation of NF-κB in cardiac fibroblasts can be protective to the heart. Accordingly, we 

found that TNF-α activated NF-κB (Figure 4.1A) and induced NF-κB-dependent cytokine 

responses (Figure 4.1B) more readily in cardiac fibroblasts than in cardiac myocytes. The 

detectable TNF-α induction of cytokines in cardiac myocytes despite the undetectable 

activation of NF-κB in those cells could reflect effects of ATF-2 and c-Jun, which are known 

to be activated by TNF-α and to stimulate pro-inflammatory gene expression (61). Finally, 

reovirus-induced myocarditis is the result of a direct viral cytopathic effect to cardiac 

myocytes (62), which is largely apoptotic (60). Reovirus-induced apoptosis requires 

activation of NF-κB in most cell types (20, 36-38, 63-65) but not cardiac myocytes (20, 38). 
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Thus reovirus-induced myocarditis does not require activation of NF-κB in cardiac myocytes, 

consistent with evidence here that cardiac myocytes are recalcitrant to NF-κB activation 

(Figures 4.1 and 4.6-8). Instead, the minimal activation of NF-κB in cardiac myocytes is 

sufficient to stimulate a protective IFN-β response while the robust activation of NF-κB in 

cardiac fibroblasts stimulates a protective cytokine response. 

In sum, both basal and stimulated activation of NF-κB differ remarkably between 

cardiac myocytes and cardiac fibroblasts, and within subsets of cardiac myocytes themselves. 

These cell type-specific differences have likely evolved as a balance between the protective 

and damaging effects of NF-κB activation on the heart. 

 

MATERIALS and METHODS 

Primary cardiac cultures. C57BL/6, RIG-I-/- MDA5-/- (66), and IFN-α/β-R-/- (67) 

mice were maintained as an in-house colony in a facility accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care. All animal procedures were 

approved by the North Carolina State University Institutional Animal Care and Use 

Committee (IACUC). Primary cardiac myocyte cultures were generated as previously 

described (68) from 1‐day‐old neonatal and term fetal mice (unless otherwise indicated) 

resulting from timed pregnancies. Cardiac myocyte and fibroblast cultures were plated in 

Dulbecco MEM (DMEM; Gibco #11965-092) supplemented to contain 7% fetal calf serum 

(FCS; Atlanta Biologicals) and 10 g/ml gentamycin (Sigma, #G1272) in 24-well or 48-well 

clusters for RNA or protein harvest, or in 8-well poly-D-lysine-coated chamber slides 

(Corning) for immunofluorescent microscopy. Cardiac myocyte cultures were also 
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supplemented to contain 0.06% thymidine (to inhibit cardiac fibroblast growth). Cardiac 

myocytes and cardiac fibroblasts cultures were ≥ 90% and ≥ 95% pure, respectively, as 

estimated by immunostaining against sarcomeric actin (alpha Sr-1) and vimentin (data not 

shown). For all experiments, cultures were incubated at 37˚C in 5% CO2 for two days post-

seeding before use, and were never passaged. 

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 less than 24 h old was dissected away from other tissues into 

Hanks’ balanced salt solution (HBSS; Corning, #21-023-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 m at room temperature, 

resuspended in HBSS, and re-pelleted as above. Cells were resuspended in DMEM 

supplemented to contain 6% FCS, 2 mM L-glutamine (Corning #25-005-Cl), and 10 g/ml 

gentamycin, and passed through a 100 m cell strainer (Falcon, #352360). Cells were 

resuspended in supplemented DMEM and plated in 8-well poly-D-lysine-coated chamber 

slides for immunofluorescent 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. 
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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 

NF-κB activity (20, 36-38, 63, 64). Unless stated otherwise, cardiac cultures plated in 8-well 

chamber slides were inoculated with reovirus T3D at 50 plaque forming units (PFU) per cell 

and were fixed at the indicated times post-infection. Mock-infected cultures were treated 

similarly but received supplemented DMEM as the inoculum. 

Stimulants of NF-κB activation and chemical treatments. For stimulation of NF-

κB activation, cardiac cultures were treated with 50 ng/ml of mouse TNF-α (Sigma-Aldrich; 

#T7539) diluted in supplemented DMEM or transfected with 50 µg/ml Poly(I:C) (Invivogen; 

#tlrl-pic) using Lipofectamine 3000 (Thermo-Fisher; #L3000) according to the 

manufacturer’s instructions and fixed at the indicated times. For disruption of Golgi 

structure, cells were treated for 6 h with 10 µg/ml Brefeldin A (Sigma-Aldrich; #B7651) 

maintained as a 5 mg/ml stock in ethanol and diluted in supplemented DMEM. For the 

irreversible inhibition of Crm1-dependent nuclear export, cells were incubated with 20 nM 

Leptomycin B (Sigma-Aldrich; #L2913) diluted in supplemented DMEM and fixed at the 

indicated times. 

Quantitative (real‐time) reverse transcription‐PCR (qRT‐PCR). Cells were lysed 

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 reverse transcription in a total reaction volume of 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 
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avian myeloblastosis virus reverse transcriptase (Promega Corp.). For real-time PCR, 1.5% 

of the reverse transcription product was amplified on a LightCycler® 480 fluorescence 

thermocyler (Roche Life Science) in 96-well plates. Each biological 25 μl sample reaction 

contained 1× Quantitech SYBR green master mix (Qiagen, Inc.) and 0.3 μM (each) forward 

and reverse primers. The primers used were: IL-1β (forward: 5’–

TCACAGCAGCACATCAACAA–3’; and reverse: 5’–TGTCCTCATCCTGGAAGGTC–3’), 

CCL2/MCP-1 (forward: 5’–CCCAATGAGTAGGCTGGAGA–3’; and reverse: 5’–

TCTGGACCCATTCCTTCTTG–3’), CXCL1 (forward: 5’–TGTTGTGCGAAAAGAAG 

TGC–3’; and reverse: 5’–TACAAACACAGCCTCCCACA–3’), A20 (forward: 5’–AAAA 

AGGACCAGCCCAGATT–3’; and reverse: 5’–TCCTTGAGCTCCTCCACTGT–3’), IκBα 

(forward: 5’– CTCCAGATGCTACCCGAGAG–3’; and reverse: 5’– TAGGGCAGCTCATC 

CTCTGT–3’), PGES (forward: 5’– GTACACACCGTGGCCTACCT–3’; and reverse: 5’– 

GCCATGGAGAAACAGGAGAA–3’), COX-2 (forward: 5’– TGCAGAATTGAAAGCCCT 

CT–3’; and reverse: 5’– CCCCAAAGATAGCATCTGGA–3’), GM-CSF (forward: 5’– GGC 

AGCAGATGGAAAACCTA–3’; and reverse: 5’– CTGGAAGGCAGAAGTGAAGG–3’), 

and GAPDH (forward: 5’– GGGTGTGAACCACGAGAAAT–3’; and reverse: 5’– CCTTC 

CACAATGCCAAAGTT–3’). Relative mRNA abundance for all genes was normalized to 

the expression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and TNF-α-

mediated fold-induction of mRNA expression was calculated relative to mock-treated cells 

for each cell type. 

Antibodies. Antibodies used for immunoblotting and their corresponding dilutions 

were anti-p65/RelA (Santa Cruz Biotech #sc-372; 1:500), anti-phospho-RelA/p65 (Ser468) 
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(Cell Signaling #3039; 1:500), anti-IκBα (Santa Cruz Biotech #sc-371; 1:300), anti-β-actin 

(Santa Cruz Biotech #sc-1615-hrp, 1:2,000 dilution), goat anti-rabbit IgG-HRP (Millipore 

#12-348; 1:2000), and goat anti-mouse IgG-HRP (Millipore #12-349; 1:2000). Primary 

antibodies used for immunofluorescence were anti-p65/RelA (Santa Cruz Biotech #sc-372; 

1:50), anti-GM130 (BD Biosciences #610822; 1:250), anti-vimentin (Thermo-Fisher #PA1-

16759; 1:2,000), and mouse anti-reovirus antisera (generated in the Sherry laboratory; 

1:5,000). Secondary antibodies were Alexa 488-, Alexa 594- or Alexa 647-conjugated goat 

anti-mouse, rabbit or chicken IgG (Thermo-Fisher; 1:1000). 

SDS-PAGE and immunoblotting. Whole-cell protein extracts were obtained by 

lysing the cells two days post-plating in 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 minutes and centrifuged at 14,000 x g at 4°C for 10 

minutes 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 1X Laemmli sample buffer and resolved using 7.5-10% 

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 40-45 minutes at 

15 volts in a semi-dry transfer apparatus (Bio-Rad). Membranes were then blocked for 1-3 h 
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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 hours. 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 StudioTM Lite Software (version 5.x); and the intensity value of each 

band of interest was normalized as indicated. 

Indirect immunofluorescence of primary cardiac cultures. Cells in poly-D-

Lysine-coated chamber slides (BD Biosciences) were fixed in 4% paraformaldehyde 

(Electron Microscopy Sciences) in phosphate-buffered saline (PBS) and permeabilized with 

0.25% Triton X-100 (Sigma, #X100). Slides were blocked with normal goat serum (Sigma; 

#G9023), incubated in DAPI (4’,6-diamidino-2-phenylindole; Sigma; #D8417), 

immunostained with the indicated primary and secondary antibodies, and preserved with 

ProLong Gold (Invitrogen).  

Indirect immunofluorescence of heart sections from adult mice. Hearts from adult 

C57BL/6 mice were excised, snap frozen in liquid nitrogen-cooled isopentane, and stored at 

–35˚C. Transverse cryosections (1 µm) were collected on SuperFrost/Plus slides and stored at 

–35˚C. Sections were thawed and permeabilized in 0.25% Triton X-100 in PBS for 10 min 
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prior to blocking in 20% normal goat serum (Sigma-Aldrich) in PBS for 2 h at room 

temperature. Primary antibodies were diluted in 0.1% IgG- and protease-free BSA and 

samples were incubated simultaneously overnight at 4˚C in a humidity chamber. Samples 

were washed with PBS and incubated with a mix of Alexa 488-conjugated goat anti-rabbit 

IgG, Alexa 594-conjugated goat anti-mouse IgG, and Alexa 647-conjugated goat anti-

chicken IgG (1:1,000 each; Thermo-Fisher) diluted in 0.1% IgG- and protease-free BSA for 

1 h at room temperature. Samples were washed with PBS and coverslips were mounted with 

ProLong Gold Antifade (Thermo-Fisher). 

Confocal microscopy and image analysis. A Zeiss LSM 710 confocal microscope 

equipped with a 40× C-apochromat / 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, 633 nm/650-709 nm for 

Alexa Fluor® 647, and 405 nm/407-507 nm for DAPI. Images were processed for 

presentation using Photoshop® CS4, and intensity plot profiles were generated using ImageJ 

software (69). The number of cells displaying nuclear NF-κB were scored manually and, for 

each quantitation, cell identity was assessed by vimentin co-immunostaining (i.e. cardiac 

fibroblasts were identified by their high levels of vimentin, and cardiac myocytes by their 

lack of vimentin expression) and only the cell type in question was scored for each condition 

analyzed. 
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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. 
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FIGURE 4.1. The magnitude of NF-κB activation after TNF-α stimulation is cardiac 

cell type-specific. (A) Primary cardiac myocyte or cardiac fibroblast were stimulated with 50 

ng/ml TNF-α or media (‘mock’) and whole-cell protein lysates were harvested at the 

indicated times post-stimulation. Protein lysates were resolved by SDS-PAGE, transferred to 

a nitrocellulose membrane, and immunoblotted using the indicated antibodies. (B) Primary 

cardiac myocyte and fibroblast cultures were stimulated with TNF-α as in panel A for 60 min 

prior to mRNA harvest. Levels of mRNA expression for the indicated genes was analyzed by 

qRT-PCR and normalized to GAPDH expression. Fold induction by TNF-α is expressed 

relative to ‘mock’ for each culture (mean ± SD) for a representative of at least two 

independent experiments. *, Significantly different than cardiac fibroblasts (P < 0.05).  
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FIGURE 4.2. NF-κB localizes to perinuclear compartments in cardiac myocytes. (A) 

Primary cardiac myocyte, cardiac fibroblast, or skeletal muscle cultures were fixed for 

immunofluorescent microscopy using antibodies against p65 and vimentin. Nuclei were 

counterstained with DAPI. Scale bar = 20 µm. (B) Primary cardiac myocyte cultures 

generated from the indicated mouse strain were immunostained as in panel A and the 

percentage of cardiac myocytes (defined as ‘vimentin negative’) were scored according to the 

localization of p65 in each cardiac myocyte (n = 104 - 214 per case) for a representative 

experiment. (C) Cardiac myocyte cultures were generated from either ‘fetal and neonatal’ or 

‘one- and two-day-old’ wild-type mice and scored as in panel B. 
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FIGURE 4.3. NF-κB perinuclear compartments are associated with the cis-Golgi. (A) 

Primary cardiac myocytes were fixed for immunofluorescent microscopy using antibodies 

against p65 and GM130. Nuclei were counterstained with DAPI. Histograms display 

measured fluorescence intensity along the drawn line in the overlay panel. (B) Cardiac 

myocytes were treated with DMSO (vehicle) or 10 µg/ml BFA for 6 h. Cells were then fixed 

and immunostained as in panel A in addition to vimentin. Scale bar = 10 µm 
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FIGURE 4.4. NF-κB is associated with the cis-Golgi in the adult heart. 

Immunofluorescent microscopy of a cross section of mouse myocardium using antibodies 

against p65, GM130, and vimentin. Nuclei were counterstained with DAPI. Scale bar = 10 

µm 
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FIGURE 4.5. The magnitude and kinetics of basal NF-κB nucleocytoplasmic shuttling is 

cardiac cell type-specific. Primary cardiac fibroblast or myocyte cultures were treated with 

20 nM LMB or media alone (‘mock’) and fixed at the indicated times post-treatment and 

immunostained as indicated. Scale bar = 10 µm. The percentage of cardiac fibroblasts (n = 31 

– 112 cells per condition) or cardiac myocytes (n = 32 – 61 cells per condition) displaying 

nuclear p65 is indicated for a representative of two independent experiments.  
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FIGURE 4.6. NF-κB activation in cardiac myocytes is resistant to the stimulatory 

effects of TNFα and Poly(I:C). (A) Primary cardiac fibroblast or myocyte cultures were 

stimulated with 50 ng/ml TNF-α for 1 h or transfected with 50 µg/ml Poly(I:C) for 4 h, fixed, 

and immunostained as indicated. (B) Primary cardiac cultures were treated with 20 nM LMB 

or media and simultaneously transfected with Poly(I:C) as in panel A. Scale bar = 10 µm. 

The percentage of cardiac fibroblasts (n = 55 – 156 cells per condition) or cardiac myocytes 

(n = 15 – 131 cells per condition) displaying nuclear p65 is indicated for a representative of 

two independent experiments. 
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FIGURE 4.7. Virus-induced NF-κB activation is cardiac cell type-specific. Primary 

cardiac cultures were infected with reovirus T3D or media alone (‘mock’). After incubation 

for 2 h, the inoculum was removed and replaced with either media alone or media containing 

20 nM LMB. Cells were incubated for another 6 h prior to fixation and immunostained as 

indicated. The apparent co-localization of RelA within reovirus viral factories is due to cross-

reactivity of the p65 antibody with a reovirus protein (data not shown). Scale bar = 10 µm. 

The percentage of cardiac fibroblasts (n = 8 – 104 cells per condition) or cardiac myocytes (n 

= 18 – 48 cells per condition) displaying nuclear p65 is indicated for a representative of two 

independent experiments. For cases that received reovirus inoculum, only cells positive for 

reovirus antigen were scored.  
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FIGURE 4.8. Pharmacological disruption of the Golgi is insufficient to support virus-

induced NF-κB activation in cardiac myocytes. (A) Experimental strategy. Primary cardiac 

cultures were treated with either control media or media containing 10 µg/ml BFA for 6 h. 

Disruption of the Golgi at this time was confirmed by GM130 immunostaining. Cells were 

subsequently inoculated with reovirus in either media alone (‘mock’) or BFA-containing 

media and fixed 7 h later. Cardiac fibroblast (B) or cardiac myocyte (C) cultures were fixed 

and immunostained as indicated. Images are representative of at least 20 cells analyzed per 

condition. Scale bar = 10 µm.  
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ABSTRACT 

The type I interferon-α/β (IFN-α/β) system is an immediate host innate antiviral 

response and plays a crucial role in the control of viral replication by regulating the 

expression of interferon-stimulated genes (ISGs), many of which have direct antiviral 

activity. We previously reported that the reovirus protein μ2 from strain T1L, but not strain 

T3D, represses IFN-β signaling and induces a concomitant nuclear hyper-accumulation of 

IRF9, a component of the heterotrimeric transcription factor complex necessary for IFN 

induction of ISGs. We report here that T1L μ2 co-localizes with but does not directly bind to 

IRF9. Instead, we demonstrate that nuclear T1L but not T3D μ2 localizes to nuclear speckles 

where it binds to the mRNA splicing factor SRSF2 and alters its localization. Furthermore, 

we found that SRSF2 is required for maximal IFN induction of ISGs and for T1L μ2 

modulation of IRF9 localization. Reovirus T1L replication and cytopathic effect were 

enhanced in SRSF2-depleted cells, consistent with SRSF2 augmenting the antiviral response. 

Transcriptomic analyses revealed that reovirus T1L but not T3D infection generates unique 

splice variants for host genes involved in mRNA post-transcriptional modifications. This 

provides the first report for the involvement of SRSF2 in innate antiviral responses and its 

antagonism by a viral protein. Modulation of mRNA splicing, processing, and maturation 

represents a novel mechanism by which viruses can manipulate cellular pathways for their 

survival in the host. 
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IMPORTANCE 

The efficiency of viral replication depends on the ability of the virus to create 

favorable cellular conditions and to overcome cellular antiviral responses. Here we 

demonstrate that the protein µ2 of mammalian reovirus, an RNA virus that replicates strictly 

in the cytoplasm, localizes to nuclear speckles where it targets the cellular mRNA splicing 

factor SRSF2. Expression of SRSF2 was found to be required for events associated with 

reovirus repression of the host interferon response, and important for regulating reovirus 

replication and cytopathic effect. This provides the first evidence for a role of SRSF2 in 

antiviral responses and the first evidence that it can be antagonized by viruses to control their 

cellular environment.  

 

INTRODUCTION 

The type I interferon (IFN-α/β) response is an immediate innate defense elicited by 

viral infection of virtually any cell type. Pattern recognition receptors (PRRs) in the infected 

cell recognize specific viral nucleic acid moieties to trigger the transient expression and 

secretion of IFN-α/β (1). Engagement of secreted IFN with its receptor on primary infected 

and neighboring uninfected cells activates the plasma membrane-associated kinases JAK1 

and Tyk2, which in turn promote the phosphorylation of the transcription factors STAT1 and 

STAT2 in the cytoplasm. Phosphorylated STAT1 and STAT2 bind IRF9 to form the 

heterotrimeric transcription factor complex IFN-stimulated gene factor 3 (ISGF3). ISGF3 

translocates to the nucleus to stimulate the expression of many IFN-stimulated genes (ISGs), 

whose products have antiviral effects (2, 3). The importance of IFN-α/β signaling in the 
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control of viral infection has been extensively demonstrated for many viruses in many 

species, including mice and humans (2, 3). As obligate intracellular parasites, viruses have 

evolved numerous strategies to evade the IFN-α/β response (4). Specifically, viruses can 

prevent IFN synthesis, block activation of STATs and/or formation of the ISGF3 complex, 

and even interfere with the antiviral actions of specific ISG products (2, 4). The rapid 

mutation rate of RNA viruses contributes to these evasion strategies, and viral mutations that 

affect repression of the IFN response can determine differences in virulence between virus 

strains (4, 5).  

Mammalian reoviruses are double-stranded RNA (dsRNA) non-enveloped viruses 

that replicate in membrane-associated cytoplasmic viral factories (VFs) (6, 7).  Reoviruses 

infect virtually all mammals (6), and in neonatal mice, reoviruses induce virus strain-specific 

pathologies. One of these, myocarditis, reflects direct cytopathic effect to cardiac myocytes 

and protection against damage is largely determined by the IFN- response (8-10). Our 

laboratory previously reported that the reovirus protein μ2, encoded by the M1 gene, can 

antagonize IFN-β signaling. This antagonism is virus strain-specific and correlates with an 

unusual hyper-accumulation of IRF9 in the nucleus (11). A single amino acid polymorphism 

in the μ2 protein dictates strain-specific differences in repression of IFN-β signaling, and 

modulates viral spread through primary cardiac myocyte cultures and myocarditis in mice 

(12). The protein μ2 is a minor capsid protein but is expressed abundantly in infected cells, 

and has RNA binding (13) and NTPase activity (14, 15). It also determines virus strain-

specific differences in the morphology of VFs through its capacity to bind and stabilize 

microtubules (14, 16). During infection, μ2 localizes predominantly to VFs (14, 16-18), but 
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can also be visualized diffusely throughout the cytoplasm and in the nucleus (15, 16, 19). The 

role(s) of μ2 in the nucleus and the mechanism for μ2-mediated subversion of the IFN-β 

response remain to be elucidated. 

Here, we show that μ2 from reovirus strains that inhibit IFN-β signaling bind to the 

pre-mRNA splicing factor SRSF2 (previously known as SC35 (20)) in nuclear speckles and 

generate novel transcript splice variants for genes involved in RNA processing and 

maturation. Moreover, we find that SRSF2 function is required for maximal IFN-β signaling 

and that depletion of SRSF2 enhances viral replication. This provides the first report of a role 

for an mRNA splicing factor in IFN-β signaling and the first evidence that it can be 

antagonized by a virus that replicates in the cytoplasm. 

 

RESULTS 

 Expression of T1L μ2 is sufficient to induce nuclear hyper-accumulation of 

IRF9, but not through a direct physical interaction. Reovirus strain Type 1 Lang (T1L) 

represses IFN-β signaling while Type 3 Dearing (T3D) does not (11). Strain-specific 

differences in reovirus repression of IFN-β signaling are determined by a polymorphism in 

amino acid 208 of the μ2 protein (11, 12), encoded by the M1 gene. The M1 gene, and 

specifically amino acid 208 of μ2, similarly determines the ability of reovirus infection to 

induce nuclear hyper-accumulation of IRF9 (Figures 5.1A and 5.S1, (11)), a transcription 

factor necessary for IFN induction of ISGs (21-24). We previously reported that ectopic 

expression of T1L μ2, but not T3D μ2, is sufficient to inhibit IFN induction of an IFN-

responsive reporter plasmid in HEK293 cells (11). To determine whether expression of T1L 
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μ2 alone is also sufficient to induce nuclear hyper-accumulation of IRF9, we transfected 

L929 cells with hemagglutinin- (HA-) tagged μ2 and identified the intracellular localization 

of endogenous IRF9 by immunofluorescence and confocal microscopy (Figure 5.1B). As 

anticipated, expression of T1L μ2-HA resulted in nuclear hyper-accumulation of IRF9, 

whereas IRF9 remained mainly cytosolic in cells expressing T3D μ2. Notably, we found that 

the predominant intracellular localization of μ2 is strain-specific. T1L-μ2-HA localized 

primarily to the nucleus, where it co-localized with IRF9, whereas T3D-μ2-HA localized in 

the cytoplasm. Thus, expression of μ2 alone recapitulates the effects of reovirus infection in 

its ability to repress IFN-β signaling (11) and to induce nuclear hyper-accumulation of IRF9. 

 The observation that T1L μ2-HA co-localized with IRF9 in the nucleus prompted us 

to ask whether the two proteins interact. Myc-tagged IRF9 and HA-tagged μ2 were co-

expressed in AD-293 cells and the ability of IRF9 to co-immunoprecipitate μ2 was 

determined (Figure 5.1C). Despite strong protein expression, neither T1L μ2 nor T3D μ2 co-

immunoprecipitated with IRF9. Similarly, we failed to detect μ2 interaction with endogenous 

IRF9 in the context of reovirus infection in multiple cell types or by in situ proximity ligation 

assays (data not shown). Together, our results indicate that expression of T1L μ2 is sufficient 

to induce hyper-accumulation of IRF9 in the nucleus, but the mechanism is likely not to be 

through direct or indirect μ2-IRF9 interactions. 

μ2 undergoes constant CRM1-dependent nuclear shuttling but the predominant 

intracellular localization is strain-specific. Given that reovirus replication is exclusively 

cytoplasmic (6) and that virus strain-specific differences in μ2 nuclear localization correlate 

with IRF9 nuclear hyper-accumulation (Figure 5.1B), we probed μ2 intracellular localization 
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further.  To obtain better resolution, we used AD-293 cells which are larger and which 

recapitulate strain-specific differences in µ2 effects on IRF9 localization (data not shown). 

Interestingly, nuclear T1L μ2 localized to intranuclear filamentous structures reminiscent of 

microtubules and also to discrete aggregates (Figure 5.2A, arrows). T1L μ2 nuclear 

localization is dependent on the nuclear export signal (NES) receptor protein CRM1/exportin 

1 (15). To determine whether T3D μ2 has the ability to transiently shuttle to the nucleus and 

associate with similar sub-nuclear structures, we inhibited CRM1 with the irreversible 

inhibitor Leptomycin B (LMB) (25) for five hours prior to immunostaining (Figure 5.2A). 

Treatment with LMB revealed that T3D does indeed shuttle into the nucleus, but the 

predominant localization is cytoplasmic under normal nuclear protein export conditions. To 

further probe nuclear-cytoplasmic shuttling, eGFP-CRM1 or an eGFP empty vector control 

was co-expressed with µ2 (Figure 5.2B). As expected, T1L µ2 was found mainly in the 

nucleus when co-expressed with eGFP, but was found in the cytoplasm in cells 

overexpressing CRM1. Together, the results indicate that µ2 undergoes constitutive CRM1-

dependent nuclear-cytoplasmic shuttling, but the predominant localization is reovirus strain-

specific. Interestingly, even when T3D μ2 accumulated at high levels in the nucleus upon 

CRM1 inhibition (Figure 5.2A), it never associated with sub-nuclear structures like those 

seen for T1L μ2. T1L μ2 is known to bind and stabilize microtubules in the cytoplasm (16), 

but association with sub-nuclear aggregates has not been previously described. While the role 

of intranuclear bodies in the life cycle of several viruses is of increasing interest (26), a role 

for μ2 in the nucleus has not been previously identified.  
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 Intranuclear μ2 localizes to nuclear speckles. To determine the nature of the 

intranuclear T1L μ2 structures, AD-293 cells were transfected with μ2-HA and 

immunostained for proteins known to localize specifically to different intranuclear structures. 

We first assessed whether these aggregates corresponded to promyelocytic leukemia (PML) 

bodies, as there are many precedents for viral modulation of PML body function, particularly 

relating to the IFN system (reviewed in (27, 28)). However, T1L μ2 did not co-localize with 

PML bodies (Figure 5.3A). Similarly, μ2 did not co-localize with coilin (Figure 5.3B), a 

well-known marker of Cajal bodies which are sites of modification or assembly of several 

small nuclear ribonucleoproteins (snRNPs) that form part of the eukaryote spliceosome and 

are critical for the removal of introns in pre-mRNA molecules (29). T1L μ2, however, co-

localized with the serine/arginine-rich splicing factor 2 (SRSF2, previously known as SC35 

(20)), a marker of nuclear speckles also known as interchromatin granule clusters or SC35 

domains (Figure 5.3C). In metazoans, nuclear speckles correspond to domains enriched in 

mature snRNPs, non-snRNP pre-mRNA splicing factors, and poly-adenylated RNA; yet 

contain little or no DNA (30-32). Association of μ2 with nuclear speckles was specific to 

T1L μ2, as T3D μ2 failed to associate with SRSF2 even following LMB treatment to induce 

its nuclear localization (Figure 3D).  

 μ2 alters the localization of SRSF2 in a microtubule-dependent manner. Given 

that T1L μ2 localizes to filamentous structures in the nucleus (Figure 5.2A), we further 

probed μ2 impacts on SRSF2 subnuclear localization. Ectopic expression of T1L μ2 resulted 

in the mis-localization of SRSF2 to filamentous structures in approximately half of L929 and 

AD-293 cells (Figures 5.4A and 5.4E). This effect was specific for SRSF2, as T1L μ2 did 
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not affect the localization of the nuclear speckle matrix protein Son (Figure 5.4B). T1L μ2 

binds to and stabilizes cytoplasmic microtubules (16), and not unexpectedly, T1L μ2 co-

localized with nuclear alpha-tubulin in nuclear filaments (Figure 5.4C). To determine 

whether T1L μ2-induced changes in SRSF2 localization were a consequence of μ2 

association with nuclear microtubules, we used nocodazole and paclitaxel to inhibit 

polymerization of or to stabilize microtubules, respectively (33). The effects of these drugs 

were confirmed in our system (Figure 5.4D).  Importantly, depolymerization of microtubules 

with nocodazole reduced the fraction of T1L μ2-expressing cells that displayed mis-localized 

SRSF2 (Figures 5.4E and 5.4F). Conversely, stabilization of microtubules with paclitaxel 

did not result in mis-localized SRSF2 in T3D μ2-expressing cells. Together, results 

demonstrate that T1L μ2, but not T3D μ2, alters the localization of SRSF2 to filamentous 

nuclear structures, likely by interactions with both microtubules and SRSF2.  

 μ2 interacts with the pre-mRNA splicing factor SRSF2. To determine whether 

T1L μ2, but not T3D μ2, interacts with SRSF2, we used two methods. First, we expressed 

T1L- and T3D-µ2-HA in AD-293 cells and performed an in situ proximity ligation assay 

(PLA) using antibodies against HA and SRSF2 (Figure 5.5A). This technology is based on 

ligation and rolling circle amplification of oligonucleotides conjugated to secondary 

antibodies when the target epitopes of interest are at a maximum distance of 30-to-40 nm 

apart, allowing the spatial visualization of individual protein-protein interaction events in the 

form of PLA signals (34). As expected, T1L μ2-HA generated much greater PLA signals 

than T3D μ2-HA did using antibody against tubulin (Kruskal-Wallis non-parametric test; P < 

0.001), consistent with the known differences in their capacities to bind this cell protein (16). 
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Importantly, T1L μ2-HA also generated much greater PLA signals than T3D-HA did with 

endogenous SRSF2 in the nucleus (Kruskal-Wallis non-parametric test; P < 0.001), likely 

representing the association of μ2 and SRSF2 in both nuclear speckles and filamentous 

structures. Consistent with the lack of μ2-mediated changes in Son localization (Figure 

5.4B), PLA experiments demonstrated that T1L μ2-HA does not interact with Son (data not 

shown). Next, we confirmed the interaction between μ2 and SRSF2 biochemically by co-

immunoprecipitation of lysates from AD-293 cells co-transfected with T1L-M1-HA and 

myc-tagged SRSF2 or myc-tagged IRF9 as a negative control (Figure 5.5B). Myc-tagged 

SRSF2, but not myc-tagged IRF9, co-immunoprecipitated with T1L μ2-HA, validating 

results obtained in the in situ PLA experiments. Together, results demonstrate that T1L- but 

not T3D-μ2 interacts with both tubulin and SRSF2 in the nucleus.  

Amino acid 208 in μ2 determines μ2 localization to nuclear speckles during 

infection. We previously reported that amino acid 208 in the μ2 protein determines 

repression of IFN-β signaling (12), and here we showed that the same residue determines the 

ability of reovirus to induce IRF9 nuclear hyper-accumulation during infection (Figures 

5.1A and 5.S1). Thus, we asked whether this amino acid in μ2 was also a determinant of μ2 

localization to nuclear speckles in the context of viral infection. AD-293 cells were infected 

with either the parental reovirus strains T1L or T3D, or recombinant mutant viruses and then 

immunostained using antibodies against SRSF2 and μ2 (Figure 5.6). As expected, μ2 

localized to cytoplasmic viral factories that displayed either a filamentous or globular 

morphology during T1L or T3D infection, respectively, as has been previously described 

(16). Additionally, T1L μ2 co-localized with SRSF2 in nuclear speckles, whereas T3D μ2 
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did not, consistent with our results using plasmid-derived μ2 (Figures 5.3-4). Remarkably, 

substitution of the T3D μ2 amino acid 208 with that of T1L (T3D-S208P) conferred μ2 with 

the ability to localize to nuclear speckles, demonstrating that this polymorphism is sufficient 

for μ2 localization to nuclear speckles. Additionally, a T3D virus expressing the μ2 from 

T1L but with amino acid 208 reverted to that of T3D (T3D T1L-M1 P208S) abolished μ2 

localization to nuclear speckles. Together, results demonstrate that strain-specific differences 

in amino acid 208 in μ2 are both required and sufficient for μ2 localization to nuclear 

speckles during reovirus infection. 

 SRSF2 is required for maximal IFN-induced ISG expression and for μ2-induced 

hyper-accumulation of IRF9 in the nucleus. A single amino acid determines the capacity 

of μ2 to repress IFN-β induction of ISGs (12), induce nuclear hyper-accumulation of IRF9 

(Figures 5.1A and 5.S1), and associate with SRSF2 in the nucleus (Figure 5.6), suggesting 

linkage of the three events.  To identify a possible role for SRSF2 in IFN-β signaling, SRSF2 

expression in L929 cells was reduced using siRNA (Figure 5.7A) and IFN-β induction of 

ISGs was assessed by qRT-PCR. IFN-induced expression of two representative ISGs (IRF7 

and STAT1) was decreased in the absence of SRSF2 (Figure 5.7B), suggesting that SRSF2 

acts as a positive regulator of IFN-β signaling. IFN-induced phosphorylation and nuclear 

translocation of STAT1 and STAT2 were unaltered in SRSF2-depleted cells (data not 

shown), suggesting that the effects on ISG expression are downstream of ISGF3 complex 

formation. Because depletion of SRSF2 reduced IFN-β induction of ISGs, its impact on 

reovirus repression of IFN signaling could not be assessed in this system. Instead, SRSF2 

was depleted and T1L-induced hyper-accumulation of IRF9 in the nucleus was assessed as a 
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marker of reovirus repression of IFN-β signaling (Figure 5.7C). SRSF2 depletion did not 

alter IRF9 localization in mock-infected cells. As anticipated, T1L induced nuclear hyper-

accumulation of IRF9 in cells transfected with a control non-targeting siRNA whereas T3D 

did not. Importantly, this consequence of T1L infection was abolished in SRSF2-depleted 

cells, demonstrating that SRSF2 is required for T1L-induced IRF9 nuclear hyper-

accumulation. Similar results were obtained in cells infected with the single amino acid 

recombinant reovirus T3D-S208P: nuclear hyper-accumulation of IRF9 was lost when 

SRSF2 was depleted (Figure 5.7D). Together, results show that SRSF2 is required for 

maximal IFN-induced ISG expression and for reovirus-induced IRF9 nuclear hyper-

accumulation, a marker for reovirus repression of IFN-β signaling. 

µ2 nuclear localization requires SRSF2 expression. Given that SRSF2 is required 

for reovirus-induced IRF9 nuclear hyper-accumulation (Figure 5.7C-D), we next asked 

whether this reflects an SRSF2 impact on µ2 nuclear localization. Importantly, while SRSF2 

depletion did not appear to alter µ2 nuclear localization by immunoblot (Figures 5.7C-D), 

we have found that reovirus cytoplasmic viral factories pellet with the nuclear fraction 

(Figure 5.S2) and therefore immunoblots cannot be used to assess reovirus protein 

localization.  SRSF2 was depleted by siRNA in L929 cells, T1L- or T3D-M1-HA were 

transfected, and µ2 localization was assessed instead by immunofluorescence (Figure 5.8). 

As expected, in control siRNA-transfected cells, T1L µ2 and T3D µ2 localized primarily to 

the nucleus and the cytoplasm, respectively. However, T1L µ2 localization became primarily 

cytoplasmic in cells with reduced SRSF2 expression, mimicking T3D µ2. Thus, SRSF2 is 

required for T1L µ2 nuclear localization.  



 

226 

Depletion of SRSF2 increases reovirus replication and cytopathic effect and 

impact is strain-specific. Given results that SRSF2 is required for maximum IFN-induced 

ISG expression (Figure 5.7B), we next asked whether SRSF2 depletion affects viral 

replication and cytopathic effect. L929 cells were depleted of SRSF2 and then infected with 

T1L or T3D under conditions that would assess SRSF2 impact on primary infection 

(multiplicity of infection (MOI) 5; harvest at 24 or 48 h post-infection) or secondary 

infections following spread (MOI 0.1; harvest at 5 days post-infection). SRSF2 depletion 

increased T1L but not T3D replication and cytopathic effect in both primary (Figures 5.9A-

B) and secondary infections (Figures 5.9C-D). The absence of an effect of SRSF2 depletion 

on T3D is consistent with previous results that anti-IFN-/ antibody has no impact on T3D 

replication and spread in L929 cells (35). The increased T1L replication and cytopathic effect 

suggest that T1L µ2 does not inhibit SRSF2 activity entirely and that further depletion of 

SRSF2 is beneficial to the virus.      

 Reovirus T1L alters cellular mRNA splicing. SRSF2 is a pre-mRNA splicing 

factor, but reovirus replication is exclusively cytoplasmic and there is no evidence that any 

reovirus RNAs are spliced (6).  Changes in the host alternative splicing landscape during 

reovirus T3D infection have been recently reported, however they did not identify an impact 

on viral replication nor did they assess T1L (36). We used RNA-seq to ask whether reovirus 

alters cellular mRNA splicing in a strain-specific manner and under conditions of reovirus 

repression of IFN-β signaling (Figure 5.10). Because T3D induces significantly more IFN-β 

than T1L does (10-12) and because IFN-β alone alters mRNA splicing of some ISGs (3), we 

compared mock-infected, untreated cells to mock-infected or reovirus-infected cells 
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stimulated with IFN-β. This allowed us to identify differences in T1L and T3D effects on 

splicing separate from differences in their induction of IFN-β. Importantly, we used the same 

experimental conditions that we standardly use to assess reovirus T1L repression of IFN-β 

signaling (11, 12), and confirmed expected phenotypes in these RNA-seq samples by qRT-

PCR:  IFN-β induced IRF7 expression 200  3 -fold; T1L infection repressed IFN-β 

stimulation of IRF7 expression 6.8-fold, and T3D infection failed to repress IFN-β 

stimulation of IRF7 expression (data not shown). Results from RNA-seq were analyzed by 

the mixture-of-isoforms (MISO) statistical model (37) to assess changes in mRNA 

alternative splicing (Figure 5.10A, Tables 5.1-3). IFN-β stimulation generated 42 novel 

splicing variants in 41 different genes relative to untreated cells. Excluding those IFN--

induced variants, T3D infection (followed by IFN-β stimulation; “T3D+IFN”) generated 142 

novel splicing variants while, remarkably, T1L+IFN generated 369.  Only 35 of these 

variants were found to overlap between the two reovirus strains, resulting in a total of 334 

and 107 unique splicing events induced in 297 and 97 genes by T1L+IFN and T3D+IFN, 

respectively. Splicing events that were induced only in T1L+IFN were confirmed by qRT-

PCR for two cases identified by MISO analysis (Figure 5.10B). Thus, while both reovirus 

strains induce unique splicing variants, T1L+IFN induces greater than three times more than 

T3D+IFN does (Chi square, P < 0.001).  

 To gain further insights into reovirus-induced global changes in host mRNA splicing, 

we used Ingenuity Pathway Analysis (IPA) and gene ontology (GO) analysis to identify 

pathways, gene networks, cell processes, and broad categories of cell components most 

affected by the genes whose splicing was altered by reovirus infection. Specifically, we 
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performed IPA on the 297 and 97 genes whose splicing was altered uniquely by T1L+IFN or 

by T3D+IFN, respectively. Given our evidence that T1L binds SRSF2 and represses IFN 

signaling, that SRSF2 is required for maximal IFN signaling, and that T1L alters cellular 

mRNA splicing, we predicted that T1L would alter mRNA splicing in pathways related to 

IFN signaling. Instead, the molecular and cellular processes and predicted networks most 

affected by T1L+IFN effects on splicing involved RNA post-transcriptional modifications 

(Figure 5.10C). Moreover, the top five predicted upstream regulators for altered splicing 

events induced by T1L+IFN included SRSF1, another SR family member that is important 

for the organization and assembly of splicing components to nuclear speckles (38). 

Importantly, the minimal changes in splicing that occurred during T3D+IFN did not cluster 

in any of these categories with a strong statistical significance and there was no overlap with 

those obtained for T1L+IFN. Lastly, we used the network of genes affected by T1L+IFN 

with the highest statistical significance to create a web according to their known and 

predicted interactions (Figure 5.10D). This network depicted the changes in mRNA splicing 

for genes that are themselves involved in mRNA splicing and maturation. These IPA results 

were supported by GO analysis of the same datasets comparing the number of genes with 

altered splicing to the number of genes indicated in each process. Specifically, the top two 

processes for T1L+IFN were “mRNA processing” and “ribonucleoprotein complex 

assembly” whereas those were 47th and 8th in priority for T3D+IFN, respectively (T1L+IFN 

different from T3D+IFN at P < 0.001 and P < 0.05, respectively).  In sum, results suggest 

that SRSF2 is required for T1L μ2 nuclear localization whereupon T1L μ2 binds SRSF2 and 

antagonizes the organization of nuclear speckles, resulting in dysregulated splicing of other 
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splicing factors and regulators of mRNA at the post-transcriptional level (Figure 5.10E). 

These changes could, in turn, contribute to cellular conditions with impaired IFN-β signaling 

similar to those seen in cells with reduced SRSF2 expression (Figure 5.7 and 5.9). 

 

DISCUSSION 

Successful viral infection requires that the virus overcome numerous physical, 

environmental, chemical, and host immunological barriers. The protective IFN-α/β system is 

among one of the first antiviral responses a virus must subvert. As a consequence, viruses 

have evolved specialized mechanisms to antagonize viral induction of IFN-α/β and IFN-α/β 

induction of antiviral genes. Here, we report that the intracellular localization of the reovirus 

μ2 protein, encoded by the M1 gene, is strain-specific and correlates with its ability to 

antagonize IFN-β signaling. The μ2 protein from strain T1L, a strong repressor of IFN-β 

signaling, localizes to nuclear speckles where it binds to and alters the localization of the pre-

mRNA splicing factor SRSF2. Infection with reovirus T1L alters mRNA splicing of genes 

involved in mRNA processing and maturation, likely as a consequence of T1L µ2 

antagonistic effects on SRSF2. We demonstrate that SRSF2 is required for maximal IFN 

induction of ISG expression, and that T1L replication and cytopathic effect are enhanced in 

SRSF2-depleted cells. This provides the first evidence that SRSF2 contributes to the cell 

innate protective response and that it can be a target for viral subversion of antiviral 

responses. 

Reovirus μ2 repression of IFN-β signaling correlates with hyper-accumulation of 

IRF9 in the nucleus, and this repression is determined by a single amino acid polymorphism 
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in the μ2 protein (11, 12). Here, we demonstrate that this amino acid similarly determines 

reovirus-induced IRF9 nuclear hyper-accumulation (Figures 5.1A, 5.7D, and 5.S1) and µ2 

localization to nuclear speckles (Figure 5.6). The N-terminus of μ2 includes a polybasic 

region that can function as a nuclear localization signal (NLS) (15) and, interestingly, 

domains that are rich in basic amino acids have been identified as nuclear speckle-targeting 

signals (39). However, this μ2 polybasic region is conserved between T1L and T3D strains, 

indicating that the primary protein sequence alone does not predict its localization and that 

other factors contribute to the differential localization of μ2. This complexity in determinants 

of μ2 localization to intracellular compartments is highlighted by the observation that SRSF2 

is required for μ2 nuclear localization (Figure 5.8) and that T3D μ2 does not associate with 

nuclear speckles even when concentrated in the nucleus after inhibition of nuclear export 

(Figure 5.3D). The requirement for SRSF2 could reflect an impact on nuclear import or 

export processes or on cell proteins that affect μ2 itself (Figure 5.10E). Post-translational 

modifications of μ2 including acetylation (40) and phosphorylation (35) have been reported, 

yet the impact(s) of these modifications on μ2 function have not been fully elucidated. Future 

studies will address the roles of SRSF2 and post-translational modifications on μ2 subcellular 

localization. 

Multiple viruses regulate the cell splicing machinery to generate alternative viral 

RNA products. Several DNA viruses  (41-44), and in particular tumor-inducing DNA viruses 

(45),  employ extensive alternative splicing of their mRNAs.  In addition, influenza A virus 

infection or ectopic expression of its NS1 protein disorganizes intranuclear structures 

including nuclear speckles and Cajal bodies (41, 46). NS1 binds members of the snRNP 
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family of splicing factors (47, 48) and proteins required for 3’-terminal polyadenylation of 

host transcripts (49). These events are important for splicing of influenza A virus RNAs (41).  

Retroviruses also regulate the cell splicing machinery to balance the generation of viral 

mRNAs with maintenance of unspliced RNA for production of viral progeny (50-53).  There 

is no evidence for splicing of viral RNA for the cytoplasmically-replicating reovirus (6). 

Reovirus RNAs also lack modifications at their 3’ termini (6); another RNA-modification 

function associated with nuclear speckles (54-56). Finally, we did not detect any re-

distribution of splicing factors to cytoplasmic VFs during reovirus infection (data not 

shown). Thus, there is no evidence that reovirus modulation of SRSF2 affects viral RNAs, 

and instead results suggest that reovirus has evolved this function to modulate the cell 

transcriptome to its benefit. 

Alternative splicing of cell mRNAs can affect cell function and disease (57-59), and 

several viruses modulate cell splicing machinery to alter the cell transcriptome.  The 

adenovirus E4-ORF4 antagonizes the function of SRSF1 and SRSF9 by binding their hyper-

phosphorylated forms and protein phosphatase 2A (PP2A) to promote their 

dephosphorylation (60-62). The herpes simplex virus ICP27 protein binds the SR protein 

kinase 1 (SRPK1) resulting in its relocalization from the cytoplasm to the nucleus to 

dephosphorylate SR proteins and regulate host mRNA splicing events (63-65). Other viral 

proteins, such as the vaccinia virus VH1 phosphatase, appear to directly dephosphorylate SR 

proteins (66). Instead, Epstein-Barr virus (EBV) encodes a splicing factor, SM, that 

influences splicing and processing of host pre-mRNAs (67, 68). Splice variants that alter 

gene function, including those that encode dominant negative proteins, have been described 
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for several genes involved in the IFN-α/β response (69-76). Notably, the EBV SM protein 

skews the mRNA splicing patterns of STAT1, enhancing the production of the dominant-

negative STAT1β isoform (68). Very recently, it has been shown that the NS5 protein of 

dengue virus binds to components of the U5 snRNP particle, interferes with spliceosome 

complexes, and alters mRNA splicing of several antiviral factors (77). In contrast to our 

results for reovirus, dengue NS5 does not appear to affect the intranuclear localization of its 

splicing targets (77). Finally, in a recent report reovirus T3D was shown to alter cell mRNA 

splicing, but the impact on viral replication and the underlying mechanism were not 

investigated (36). Given that a single μ2 amino acid polymorphism between reovirus strains 

T1L and T3D determines both μ2 repression of IFN signaling (12) and μ2 association with 

SRSF2 (Figure 5.6), given that SRSF2 is required for maximal IFN signaling (Figure 5.7), 

and given that that T1L induces greater than three times the novel splicing events that T3D 

does (Figure 5.10), we anticipated that T1L would alter the splicing of genes in the IFN 

signaling pathway. The result that not a single gene known to be involved in the IFN 

signaling pathway is uniquely spliced in T1L-infected cells (Table 5.3) suggests three points. 

First: the impact of SRSF2 on the IFN signaling pathway is likely indirect, i.e. SRSF2 alters 

splicing of mRNAs whose products affect IFN response genes. Second: SRSF2 may well 

affect genes involved in other processes that benefit the virus. And third: T1L effects on 

SRSF2 may have consequences in addition to altered splicing that benefit the virus.  

Several SR proteins play roles in addition to those in splicing that affect mature 

mRNA expression and nuclear export (78). For example, SRSF1 participates in the 

organization of nuclear speckles and in promotion of decay of aberrantly spliced transcripts 
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(38, 79, 80), whereas SRSF2 influences transcriptional elongation of some mRNAs (81). 

With the exception of SRSF2, mammalian SR proteins constitutively shuttle between the 

nucleus and cytoplasm (82). Once in the cytoplasm, SRSF1 impacts translation by 

modulating mRNA entrance into polyribosomes (83, 84). Lastly and perhaps most 

intriguingly, SRSF1 has been associated with RIG-I and RNA polymerase III (RNA Pol III) -

dependent sensing of transfected non-self cytosolic DNA to facilitate IFN-β production (85), 

however its role during viral infection remains unclear. Similarly, the spliceosomal protein 

SNRNP200 can also translocate to the cytoplasm where it modulates viral induction of IFN-β 

(86).  While T1L did not affect splicing of SRSF1 or SNRNP200 mRNA, loss of SRSF2 can 

affect SRSF1 function (87) and the regulation of snRNPs is complex leaving open the 

possibility that T1L alters cytoplasmic function of spliceosomal proteins to benefit the virus.  

T1L infection alters SRSF3 splicing (Figure 5.10, Table 5.3), suggesting another 

possible mechanism by which T1L binding to SRSF2 could impact cell RNA function.  

SRSF3 (previously known as SRp20 (20)), is involved in 5’ cap-independent internal 

ribosome entry site (IRES)-mediated translation of picornavirus transcripts through its 

binding to Poly(rC) binding protein 2 (PCBP2) and viral RNA (88, 89). The 2A proteinase 

(2Apro) of several picornaviruses, including poliovirus, induce a change in localization of 

SRSF3 from the nucleus to the cytoplasm and stress granules (89-91), and depletion of 

SRSF3 impacts the efficiency of poliovirus IRES-mediated translation (88). Reovirus 

transcripts are 5’-capped and undergo 5’-cap dependent translation in ribosomes within 

membrane-associated VFs (6, 7, 92). Thus, it is unlikely that reovirus modulation of SRSF3 

splicing is related to IRES-dependent translation. 
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Reovirus is the first virus demonstrated to target SRSF2 and alter its localization 

(Figures 5.3-4), resulting in alternative splicing of genes involved in pre-mRNA processing 

and maturation (Figure 5.10, Table 5.3). T1L infection induces novel splice variants of 

SRSF3, SRSF6, SRSF7, and SRSF11 (Figure 5.10D), all of which have specialized roles in 

post-transcriptional regulation (78). Thus, it remains possible that reovirus repression of the 

antiviral response is indirectly mediated through a dysregulation of ISG mRNA nuclear 

export, processing, nonsense-mediated decay, and/or efficient translation through the 

targeting of SRSF2 and changes in the isoforms of other SR proteins. 

Lastly, reovirus 2 repression of the IFN- response is a determinant of reovirus 

induction of myocarditis (10, 12), and the same 2 amino acid polymorphism that determines 

this repression and severity of myocarditis (12) determines 2 association with SRSF2 

(Figure 5.6). Together, these results suggest that SRSF2 could participate in protecting the 

heart against viral myocarditis. While this could reflect SRSF2 effects on the IFN response, it 

has been shown that mutations and/or decreased expression of splicing factors results in 

cardiac development defects (57), and cardiac tissue-specific ablation of SRSF2 results in  

dilated cardiomyopathy (93). The fact that viruses known to induce myocarditis (94) such as 

adenoviruses, herpesviruses, and reoviruses can modulate splicing factors raises the 

intriguing possibility that altered splicing represents yet another mechanism by which viruses 

induce cardiac damage. 
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MATERIALS and METHODS 

Cells. Mouse L929 cells were maintained in minimal essential medium (MEM; SAFC 

Biosciences) as a suspension culture supplemented to contain 5% fetal calf serum (FCS; 

Atlanta Biologicals) and 2 mM L-glutamine (Corning #25-005-Cl). Unless stated otherwise, 

exponentially growing L929 cells were plated at 6 × 105 or 1.5 × 104 cells per well in 6-well 

clusters or 8-well poly-D-lysine-coated chamber slides (BD Biosciences), respectively, and 

incubated for 3 – 4 hours (h) prior to infection or transfection. AD-293 cells, a derivative of 

HEK-293 cells with improved adherence, were maintained in high glucose Dulbecco MEM 

(DMEM; Gibco) supplemented to contain 10% FCS and 1% of sodium pyruvate (Corning 

#25-000-Cl). Trypsinized AD-293 cells were plated at 6 × 105 or 2.2 × 104 cells per well in 

6-well clusters or 8-well poly-D-lysine-coated chamber slides (BD Biosciences), 

respectively, and incubated for at least 3 – 5 h prior to transfection or infection.  

Viruses. All viruses were maintained as low-passage laboratory stocks originating 

from either cultured virus or virus generated by reverse genetics (95) as previously described 

(11, 12). For wild type T1L and T3D virus, results were the same regardless of the virus 

source, but viruses generated by reverse genetics were always used in experiments directly 

comparing wild type to recombinant viruses.    All viruses were plaque-purified, amplified in 

L929 cells, purified by CsCl-gradient centrifugation (96), and stored at – 80˚C. 

Plasmids and plasmid transfections. A plasmid expressing C-terminus 

hemagglutinin (HA)-tagged T1L μ2 in a pCAGGs backbone was described previously (35). 

The C-terminus HA-tagged T3D μ2 was generated from pCAGGs-M1-T3D (11) using a 

similar strategy and the primer 5’-CCCGGGTCAGCTAGCGTAATCTGGAACATCGTAT 
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GGGTACGCCAAGTCAGATCGAAAGCTAGTC-3’. The Myc-DDK-IRF9 plasmid was 

custom-cloned by OriGene Technologies, Inc. using the murine IRF9 cDNA 

(NM_001159417) in a pCMV6 expression vector, and correct amplicon was confirmed by 

sequencing. The eGFP-N1 and eGFP-HsCRM1 plasmids were obtained from Clontech 

Laboratories (#6085-1) and GeneCopoeia (#EX-T0446-M29), respectively. The HsSRSF2-c-

Myc in a pcDNA3.1 backbone plasmid (97) was a gift from Kathleen Scotto (Addgene; 

plasmid #44721). Plasmids were transfected at a total input of 2.5 μg/well or 0.5 μg/well in 

6-well clusters or 8-well chamber slides, respectively, using Lipofectamine® 3000 (Thermo 

Fisher Scientific) according to the manufacturer’s instructions for 20 – 24 h. 

siRNAs and siRNA transfections. L929 cells were plated at 6 × 105 cells (for qRT-

PCR, plaque assay, or MTT assay) or 3 × 105 cells (for immunoblot) per well in 6-well 

clusters and transfected 3 – 4 h post-plating for a final 60 nM concentration of either a 

control non-targeting siRNA (GE Dharmacon; #D-001810-10) or an siRNA against murine 

SRSF2 (GE Dharmacon; #L-044306) using the transfection reagent RNAiMAX® (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. At 24 h post-transfection, 

overlaying media was replaced with fresh media. 

Antibodies. The following antibodies and dilutions were used for immunoblotting: 

anti-IRF9 (Abcam #ab51639; 1:500 or Santa Cruz Biotech #sc-10793; 1:100), anti-μ2 

(generated against two μ2 peptides by Open Biosystems; 1:1,000), anti-Sp1 (Santa Cruz 

Biotech #sc-14027; 1:500), anti-β-actin (Santa Cruz Biotech #sc-1615-hrp; 1:3,000), anti-α-

tubulin (Sigma #T6199; 1:10000), anti-c-Myc (Santa Cruz Biotech #sc-40; 1:3,000), anti-

SRSF2 (Millipore #04-1550; 1:1000), anti-SRSF1 (Abcam #ab129108; 1:350), mix of anti-
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reovirus T1L and anti-reovirus T3D rabbit antisera (B. Sherry, unpublished; 1:10,000 each), 

goat horseradish peroxidase- (HRP) conjugated anti-rabbit immunoglobin (Ig; Millipore #12-

348; 1:2,000), and goat HRP-conjugated anti-mouse Ig (Millipore #12-349; 1:2,000). For 

immunoprecipitation experiments, secondary antibodies were either TrueBlot® anti-rabbit 

IgG-HRP or TrueBlot® Ultra anti-mouse Ig-HRP (Rockland Immunochemicals #18-8816-33 

and #18-8817-33; 1:1,000). Primary antibodies used for immunofluorescence and PLA were 

anti-IRF9 (Abcam #ab61539; 1:50), anti-PML (Bethyl Laboratories #A301-167A, 1:100), 

anti-coilin (Cell Signaling Technology #14168; 1:800), anti-SRSF2/SC35 (Abcam #ab11826, 

1:1,000), anti-Son (Abcam #ab109472; 1:200), anti-HA epitope tag (GeneTex #18181; 

1:1200 or Sigma #H6908; 1:1,000 or 1:1,200 for PLA), anti-α-tubulin (Sigma #T6199; 

1:2,000), rabbit anti-μ2 antisera ((98); 1:1,000), and a mix of anti-reovirus T1L and anti-

reovirus 8B mouse antisera (B. Sherry, unpublished; 1:5,000 each). Secondary antibodies 

were Alexa Fluor® 488- or Alexa Fluor® 594-conjugated goat anti-mouse or anti-rabbit IgG 

(Thermo Fisher Scientific; 1:1000). 

Chemical treatments. The CRM1-inhibitor leptomycin B (LMB, Sigma; #L2913) 

was used at a final concentration of 20 nM in supplemented DMEM. The microtubule-

binding drugs nocodazole (Sigma; #M1404) and paclitaxel (Sigma; #T7191) were 

maintained as a stock solution in dimethyl sulfoxide (DMSO) and diluted to 10 μM in 

supplemented DMEM prior to use. Recombinant mouse interferon-β (PBL Assay Science; 

#12410-1) was used at 1000 U/ml diluted in supplemented MEM. 

SDS-PAGE and immunoblotting. Whole cell protein extracts were obtained by 

lysing cells two days post-plating in 24-well clusters using radioimmunoprecipitation assay 
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(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; #P8340 and #P2850), and 1 mM 

phenylmethylsulfonyl fluoride (PMSF; Sigma, #P7626). Cells were rocked on ice for 20 

minutes and centrifuged at 14,000 x g at 4°C for 10 min to remove cellular debris. 

Cytoplasmic and nuclear protein fractions were obtained using a NE-PER kit (Thermo Fisher 

Scientific, #78833) according to the manufacturer’s instructions. A bicinchoninic acid (BCA) 

protein assay (Thermo Fisher Scientific) was used to calculate protein concentrations. A total 

of 10-40 µg of protein from each lysate was boiled for 5 min in 1× Laemmli sample buffer 

and resolved using 7.5-10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The 

resolved proteins were transferred to a nitrocellulose membrane (GE Healthcare) in transfer 

buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, and 20% methanol) for 35-40 min at 15 

volts 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 horseradish 

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 Prime 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 
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BioSciences Image StudioTM Lite Software (version 5.x); and the intensity value of each 

band of interest was normalized to the corresponding band intensity of β-actin. 

Co-immunoprecipitation. AD-293 cells were plated at 3 × 105 cells per well in 6-

well clusters and transfected with plasmids 3 – 4 hours post-plating. At 24 h post-

transfection, cells were harvested, centrifuged at 500 × g for 8 min, and lysed using a 

modified RIPA buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, 1% 

Triton X-100) supplemented with 20 mM N-ethylmaleimide (Sigma; #E3786) and a cocktail 

of protease and phosphatase inhibitors (Sigma; #P8340 and #P2850) while rotating for 20 

minutes at 4˚C. Lysates were centrifuged at 16,000 × g to remove cellular debris, and 

supernatants were stored at 4˚C. Protein concentrations were determined using BCA protein 

assay and 800 μg was added to EZviewTM Red anti-HA affinity gel (Sigma-Aldrich, #E6779) 

according to the manufacturer’s instructions, and incubated at 4˚C for 1 h while rotating. 

Beads were centrifuged at 8,200 × g for 1 min, supernatant was discarded, and beads were 

washed five times with ice-cold TBS-X (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 2 mM 

EDTA, 1% Triton X-100). After the final wash, beads were resuspended in 50 μl of 2× 

Laemmli sample buffer, boiled for 5 min, and centrifuged at 8,200 × g for 1 min. Supernatant 

was removed and subjected to SDS-PAGE (10% polyacrylamide gel) and immunoblotting as 

described above. 

Indirect immunofluorescence. Cells in 8-well poly-D-Lysine-coated chamber slides 

(BD Biosciences) were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in 

phosphate-buffered saline (PBS) for 20 min, and permeabilized with 0.25% Triton X-100 

(Sigma, #X100) in PBS at room temperature for 10 min. Slides were rinsed in PBS and 
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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 (4’,6-diamidino-2-phenylindole; 

Sigma; #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). For immunostaining of μ2 and SRSF2 during reovirus 

infection, cells were fixed in 100% methanol for 5 minutes at – 20˚C and immunostained as 

described above. 

In situ Proximity Ligation Assay (PLA). Transfected cells in poly-D-Lysine-coated 

8-well chamber slides were fixed with 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 the HA tag and either SRSF2/SC35 or α-tubulin diluted in 0.1% IgG- and protease-

free BSA in PBS for 1 h each at room temperature. For the PLA, 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 as Z-stacks by confocal microscopy. 

Quantitative (real‐time) reverse transcription‐PCR (qRT‐PCR). To determine the 

impact of SRSF2 on IFN- induction of ISGs, L929 cells were transfected with siRNA as 
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described above. At 24 post-media change, cells were trypsinized, re-plated in 24-well 

clusters at 4 × 105 cells per well and incubated for an additional 24 h prior to treatment with 

either 1000 U/ml of IFN-β or medium only (‘mock’) for an additional 5 h. Cells were lysed 

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. One-third of the RNA from each sample was converted to cDNA by reverse 

transcription in a total reaction volume of 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 real-time PCR, 5% of the reverse transcription product 

was amplified on a LightCycler® 480 fluorescence thermocyler (Roche Life Science) in 96-

well plates. Each biological 25 μl sample reaction contained 1× Quantitech SYBR green 

master mix (Qiagen, Inc.) and 0.3 μM (each) forward and reverse primers. Primer sequences 

were as previously described (99). Relative mRNA abundance for IRF7 and STAT1 were 

normalized to the expression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and 

IFN induction of mRNA expression was calculated relative to mock-treated cells for the 

corresponding siRNA-transfected cells. For confirmation of MISO results, oligonucleotide 

primers for the two representative genes were designed to amplify either the full length 

transcript or specifically the alternative splice variant. Primers sequences for these genes are 

as follows: RanBP3 standard transcript (Forward: 5’-ACAGGAACAGGAGGCCAAG-3’; 

Reverse: 5’-AGCCAGAACAGCATCCTCAT-3’), RanBP3 splice variant: (Forward: 5’-

CGACCGTCTGTCTTTGTGTTT-3’; Reverse: 5’-AAACATGACCCCATCAAAA-3’), 
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SRSF3 standard transcript (Forward: 5’-CCGAGCAGGTCACTTTCTA-3’; Reverse: 5’-

CGAGACGGCTTGTGATTTCT-3’), and SRSF3 splice variant (Forward: 5’-

TGATTACCGCAGGAGGAGTC-3’; Reverse: 5’-TGACGCTGAAAGGGCTAGTT-3’). 

Cytoplasmic and nuclear fractionation of siRNA-transfected cells. L929 cells 

were transfected with siRNA as described above. At 48 post-media change, cells were either 

harvested for whole cell protein to assess gene knockdown or infected with reovirus at a 

multiplicity of infection (MOI) of 50 plaque-forming units (PFU) for 25 h. Cytoplasmic and 

nuclear protein fractions were obtained using a NE-PER kit according to the manufacturer’s 

instructions.  

Viral replication and cytopathic effect in siRNA-transfected cells. L929 cells were 

transfected with siRNA as described above. At 24 post-media change, cells were trypsinized, 

re-plated in 96-well clusters at 4 × 104 cells per well and incubated for an additional 24 h. For 

single cycle replication assays, cells were then infected with reovirus at an MOI of 5 PFU per 

cell for viral replication or 100 PFU per cell for cytopathic effect (CPE). After incubation at 

37˚C in 5% CO2 for 1 h, the inoculum was removed and cells were overlaid with 200 µl of 

supplemented media and incubated for 24 or 48 h. For multi cycle viral replication and CPE 

assays, cells were infected as for single cycle replication but at an MOI of 0.1 PFU per cell 

for 5 days. The siRNA-mediated knockdown efficiency of SRSF2 was maintained 

throughout the experiment as confirmed by immunoblotting (data not shown). For viral 

replication, infected cells were stored at – 80˚C and subjected to two freeze-thaw cycles prior 

to lysis with 0.5% NP-40. Viral replication was assessed by plaque assay using serial 

dilutions of the lysates to infect monolayers of L929 cells as previously described (100). 
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Virus-induced CPE was determined using an MTT assay as previously described (10). 

Viability was expressed as a percentage relative to mock-infected cells for the corresponding 

siRNA used. 

Confocal microscopy and image analysis. A Zeiss LSM 710 confocal microscope 

equipped with a 40× C-apochromat / 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 and PLA Duolink® Red, and 

405 nm/407-507 nm for DAPI. Images were processed for presentation using Photoshop® 

CS4. Intensity plot profiles were generated using ImageJ software (101). Quantification of in 

situ PLA signals per cell was performed using the particle analysis tool of ImageJ. 

RNA-sequencing (RNA-seq). L929 cells were plated at 5 × 105 cells per well in 24-

well clusters, incubated for 3 h, and then infected at an MOI of 100 PFU per cell. After 

incubation at 37˚C in 5% CO2 for 1 h, additional supplemented media was added for a final 

volume of 1200 µl. After 20 h additional incubation, overlays were removed and 500 µl 

supplemented media or mouse IFN- diluted in supplemented media to 1000 units / ml was 

added. After 5 h incubation, overlays were removed and total RNA was harvested, 

contaminating DNA removed, and an aliquot of the RNA was converted to cDNA using 

AMV reverse transcriptase as described above. T1L repression of IFN- signaling was 

confirmed by qRT-PCR using a method previously described (11) (data not shown). 
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Total RNA samples were submitted to the North Carolina State University Genomic 

Sciences Laboratory (Raleigh, NC, USA) for Illumina RNA library construction and 

sequencing. Prior to library construction, RNA integrity, purity, and concentration 

were assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent 

Technologies, USA). Purification of messenger RNA (mRNA) was performed using the 

oligo-dT beads provided in the NEBNExt Poly(A) mRNA Magnetic Isolation Module (New 

England Biolabs, USA). Complementary DNA (cDNA) libraries for Illumina sequencing 

were constructed using the NEBNext Ultra Directional RNA Library Prep Kit (NEB) and 

NEBNext Mulitplex Oligos for Illumina (NEB) using the manufacturer-specified protocol. 

Briefly, the mRNA was chemically fragmented and primed with random oligos for first 

strand cDNA synthesis. Second strand cDNA synthesis was then carried out with dUTPs to 

preserve strand orientation information. The double-stranded cDNA was then purified, end 

repaired and “A-tailed” for adaptor ligation. Following ligation, the samples were selected 

for a final library size (adapters included) of 250-400 bp using sequential AMPure XP bead 

isolation (Beckman Coulter, USA). Library enrichment was performed and specific indexes 

for each sample were added during the protocol-specified PCR amplification. The amplified 

library fragments were purified and checked for quality and final concentration using an 

Agilent TapeStation with a High Sensitivity DNA chip (Agilent Technologies, USA). The 

final quantified libraries were pooled in equimolar amounts for clustering and sequencing on 

an Illumina NextSeq 500 DNA sequencer, utilizing a 75x2 bp paired end sequencing reagent 

kit (Illumina, USA). The software package Real Time Analysis (RTA), was used to generate 
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raw bcl, or base call files, which were then de-multiplexed by sample into fastq files for data 

submission.    

Annotation and clustering of changes in alternative splicing during reovirus 

infection. Reads for each sample were trimmed for adapter sequence and quality using 

Trimmomatic (102) keeping only those reads with a minimum of 50 bp. The fastx_trimmer 

tool from the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was then used to trim 

all remaining reads to exactly 50 bases. These trimmed paired-end reads were mapped to the 

mm10 mouse reference genome using TopHat2 (103) and the results merged to create a 

single bam file for each sample. Picard Tools’ “CollectInsertMetrics” 

(http://picard.sourceforge.net) was run on each of these bam files to obtain insert size mean, 

median and standard deviation for each sample. MISO (Mixture of Isoforms) software (37) 

was run using the 50 bp mappings and the individual insert metrics for each of the 4 samples 

to calculate the isoform expression “Percent Spliced Isoform” (ψ) value. The mm1v2 known 

skipped exon events provided on the MISO website were included in the run. The ψ values 

calculated for the exons for each sample were compared and a Bayes Factor computed. 

Bayes Factor results were filtered requiring at least one read supporting each isoform and at 

least a total of 10 reads across all isoforms. Additionally, the absolute difference in ψ values 

must be ≥ 0.20 and the Bayes Factor > 10. The functional and network analyses were 

generated using Ingenuity Pathway Analysis (IPA; www.ingenuity.com). Briefly, genes 

whose mRNA splicing patterns were found to be different through MISO analysis and that 

were both absent from “Mock” and “Mock + IFN” samples and different between “T1L + 

IFN” and “T3D + IFN” samples were used to identify virus strain-specific alternative 
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splicing events. These gene lists were used to obtain cellular and molecular pathways, 

predicted upstream regulators, and network analyses. The gene interaction network analysis 

was generated using the network identified by IPA with the highest score and number of 

focus molecules for ‘T1L + IFN’. These same gene lists were used to identify affected 

processes using a generic gene ontology (GO) term mapper (http://go.princeton.edu/cgi-

bin/GOTermMapper).  

Statistical analysis. Unless stated otherwise, 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. 
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Figure 5.1. Reovirus µ2 amino acid 208 determines nuclear hyper-accumulation of 

IRF9, but they do not physically interact. (A) L929 cells were infected with the indicated 

reoviruses at an MOI of 50 PFU per cell for 20 h and treated with 1000 U/ml of IFN-β or left 

untreated for 5 h. Cytoplasmic and nuclear protein fractions were resolved by SDS-PAGE for 

transfer and immunoblotting with the indicated antibodies. Purity of the cytoplasmic and 

nuclear fractions was determined by α-tubulin and Sp1 immunoblotting. Densitometry values 

for normalized IRF9 band intensities are expressed relative to the band intensity of “mock 

infected, mock IFN-β” in cytoplasmic or nuclear fractions. (B) L929 cells were transfected 

with M1-HA from reovirus T1L or T3D, fixed after 20 h, and immunostained with antibodies 

against HA and IRF9. Nuclei were counterstained with DAPI. Scale bar = 10 μm. The graph 

shows the percentage of M1-HA-transfected cells (n  20 cells) displaying predominantly an 

IRF9 nuclear localization for a representative of two independent experiments. (C) AD-293 

cells were transfected with the indicated plasmids and whole-cell lysates were 

immunoprecipitated using anti-c-Myc-conjugated agarose beads. A fraction of the input (20 

µg) and the immunopreciptated proteins (500 µg) were resolved by SDS-PAGE for transfer 

and immunoblotting with the indicated antibodies. Results are representative of at least two 

independent experiments. 
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Figure 5.2. µ2 undergoes constant CRM1-dependent nuclear shuttling but the 

predominant intracellular localization is strain-specific. (A) AD-293 cells were 

transfected with reovirus T1L- or T3D-M1-HA for 20 h and treated with media alone (mock) 

or the CRM1 inhibitor Leptomycin B (LMB) for 5 h. Arrows depict μ2 localization to 

intranuclear bodies. Scale bar = 20 μm. The graph shows the percentage of transfected cells 

(mean ± SEM; n = 46 – 197 cells per condition) with nuclear µ2 from two-to-four 

independent experiments. (B) AD-293 cells were co-transfected with reovirus T1L- or T3D-

M1-HA and either an eGFP or eGFP-CRM1 plasmid. Scale bar = 10 μm. The localization of 

μ2-HA in co-transfected cells was scored and presented as percentage of cells (mean ± SEM; 

n = 18 – 71 cells per condition) displaying nuclear μ2 for two independent experiments. *, 

Significantly different (P < 0.05). 
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Figure 5.3. Intranuclear T1L µ2 specifically localizes to nuclear speckles. AD-293 cells 

were transfected with reovirus T1L- or T3D-M1-HA for 20 h, fixed, and immunostained with 

antibodies against HA and markers of either (A) PML bodies (PML), (B) Cajal bodies 

(coilin), or (C) nuclear speckles (SRSF2). (D) AD-293 cells were transfected with T3D M1-

HA for 18 h, treated with LMB for 5 h, and immunostained as in panel C. Nuclei were 

counterstained with DAPI. Histograms display measured fluorescence intensity along the 

drawn line in the overlay inset panels. Scale bar = 10 μm 
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Figure 5.4. T1L µ2 alters the localization of SRSF2 in a microtubule-dependent 

manner. (A) L929 and AD-293 cells were transfected with T1L M1-HA for 20 h, fixed, and 

immunostained using antibodies against the HA epitope and SRSF2. Nuclei were 

counterstained with DAPI. (B) AD-293 cells were transfected as in panel A and 

immunostained using antibodies against HA and Son. (C) 3D-reconstruction of z-stacks were 

generated from T1L M1-HA-transfected AD-293 cells immunostained with antibodies 

against HA and alpha-tubulin. (D) AD-293 cells were treated with either media alone 

(‘mock’), 10 µM nocodazole, or 10 µM paclitaxel for 6 h. Morphology of microtubules was 

visualized by immunostaining against α-tubulin. (E) AD-293 cells were transfected with T1L 

M1-HA for 20 h and treated with the indicated drugs as in panel D. Cells were 

immunostained as in panel A. (F) Quantitation of panel E represented as the percentage of 

µ2-HA transfected cells (mean ± SEM; n = 141 – 489 cells per condition) with SRSF2 

localizing to intranuclear filamentous structures for two independent experiments. Results are 

representative of at least two independent experiments. All scale bars = 10 μm 
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Figure 5.5. T1L µ2 interacts with the pre-mRNA splicing factor SRSF2 in the nucleus. 

(A) AD-293 cells were transfected with T1L M1-HA for 20 h, fixed, and subjected to a 

proximity ligation assay (PLA) using the indicated primary antibodies. Cells were imaged by 

confocal microscopy to obtain z-stack images of PLA signals (red) and nuclei (blue) 

representative of the total volume of the cell in the z-axis. Scale bar = 10 μm. Quantitation of 

PLA results expressed as number of PLA dots per cell (n = 66 – 82 cells per condition) for a 

representative of at least three independent experiments. *, Significantly different from T3D 

µ2-HA (P < 0.001). (B) AD-293 cells were transfected with the indicated plasmids and 

whole-cell lysates were immunoprecipitated using anti-HA-conjugated agarose beads. 

Lysates (input) and immunoprecipitated extracts (IP) were resolved by SDS-PAGE for 

transfer and immunoblotting with anti-µ2 or anti-c-Myc antibodies. Results are 

representative of at least two independent experiments.  
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Figure 5.6. A single amino acid in µ2 determines µ2 localization to nuclear speckles 

during reovirus infection. AD-293 cells were infected with the indicated viruses for 20 h, 

fixed, and immunostained for µ2 and SRSF2. Nuclei were counterstained with DAPI. 

Histograms display measured fluorescence intensity along the drawn line in the overlay inset 

panels. Results are representative of at least two independent experiments. Scale bar = 10 μm 
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Figure 5.7. SRSF2 is required for maximal IFN-induced ISG expression and for 

reovirus-mediated IRF9 nuclear hyper-accumulation. (A) L929 cells were transfected 

with either a control non-targeting siRNA or an SRSF2-specific siRNA for 72 h, and 

efficiency of SRSF2 knockdown was assessed by immunoblotting. Densitometry values for 

normalized SRSF1 (negative control) or SRSF2 band intensities are expressed relative to the 

band intensity of control siRNA-transfected cells.  (B) L929 cells previously transfected with 

either control non-targeting siRNA or an SRSF2 siRNA for 3 days were stimulated with 

1000 U/ml IFN-β for 5 h prior to mRNA harvest for qRT-PCR. Fold induction is expressed 

as IFN-treated cells over mock-treated cells for the corresponding siRNA used. The fold 

decrease in IFN-mediated induction of ISG expression in SRSF2 siRNA-transfected cells 

relative to control siRNA-transfected cells is indicated. Results are representative of three 

independent experiments. (C-D) L929 cells were transfected with the indicated siRNA for 72 

h, and infected with the indicated strain of reovirus at an MOI of 50 PFU per cell for 24 h. 

Cytoplasmic and nuclear protein fractions were resolved by SDS-PAGE for transfer and 

immunoblotting with the indicated antibodies. Densitometry values for normalized IRF9 

band intensities are expressed relative to the band intensity of “control siRNA, mock 

infected” for each panel. All results are representative of two independent experiments.  

  



 

266 

 

 

 

 

 

  



 

267 

 

 

 

 

 

Figure 5.8. SRSF2 is required for µ2 nuclear localization. L929 cells were transfected 

with either a control non-targeting siRNA or an SRSF2-specific siRNA for 72 h and 

transfected with the indicated expression plasmids for 18 h. The graph displays the 

percentage of transfected cells (n = 13 – 51 cells per condition) with nuclear µ2 for a 

representative of two independent experiments. Scale bar = 20 µm.  
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Figure 5.9. SRSF2 effects on reovirus replication and cytopathic effect are strain-

specific. (A) L929 cells were transfected with either a control non-targeting siRNA or an 

SRSF2-specific siRNA for 72 h and infected with the indicated virus at an MOI of 5 PFU per 

cell. Viral titer was determined by plaque assay at 24 or 48 h post-infection. Results are 

means of four replicate samples  SD. (B) L929 cells were transfected as in panel A and 

infected with the indicated virus at an MOI of 100 PFU per cell. Cell viability was measured 

using an MTT assay at 24 h post-infection. Results correspond to four replicate wells per 

infection and are expressed as the means  SD relative to mock-infected cultures for the 

corresponding siRNA. (C) As for panel A, but cells were infected at an MOI of 0.1 and 

harvested at 5 days post-infection. SRSF2 protein remained depleted at 5 days post-infection 

as confirmed by immunoblot (data not shown). (D) As for panel B, but cells were infected at 

an MOI of 0.1 and assessed at 5 days post-infection. All results in all panels are 

representative of at least two independent experiments. *, Significantly different from 

‘control siRNA + T1L-infected’ (P < 0.05). 
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Figure 5.10. Reovirus infection alters cellular mRNA splicing. (A) Venn diagram 

indicating differences in splicing based on MISO analysis of RNA-seq results. (B) 

Confirmation of differential expression of novel splicing variants using qRT-PCR. L929 cells 

were infected and stimulated with IFN- using conditions identical to those used for RNA-

seq and expression of standardly spliced and variant spliced mRNAs was quantitated by 

qRT-PCR for two representative genes. Results are normalized to mock (standard or variant). 

(C) IPA results for genes whose splicing was altered uniquely by either T1L (297 genes) or 

T3D (97 genes) and IFN- stimulation, excluding genes whose splicing was altered by IFN- 

stimulation alone. (D) Most statistically significant gene network identified by IPA to be 

uniquely altered by T1L infection and IFN stimulation. (E) Proposed model for the role of 

SRSF2 in antiviral responses and its targeting by reovirus µ2.  

 

  



 

271 

 

  



 

272 

 

 

Figure 5.S1. Reovirus µ2 amino acid 208 determines nuclear hyper-accumulation of 

IRF9. (A) L929 cells were infected with the indicated reoviruses at an MOI of 50 PFU per 

cell for 20 h and treated with 1000 U/ml of IFN-β or left untreated for 5 h. Cells were fixed 

and subjected to immunostaining using antibodies against IRF9 and reovirus antigen. Nuclei 

were counterstained with DAPI. Scale bar = 10 µm. Histograms display measured 

fluorescence intensity for IRF9 (green) and DAPI (blue) along the drawn line in the IRF9 

panels.  
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Figure S2. Reovirus viral factories co-segregate with both cytoplasmic and nuclear 

fractions. L929 cells were transfected with the indicated siRNA for 72 h, and infected with 

the indicated strain of reovirus at an MOI of 50 PFU per cell for 24 h. Cytoplasmic and 

nuclear protein fractions were resolved by SDS-PAGE, transferred to a nitrocellulose 

membrane and immunoblotted with reovirus antisera. Note that reovirus proteins were 

similarly abundant in both cellular fractions, including reovirus protein µ1 which is known to 

localize to the cytoplasm and to VFs. Cytoplasmic and nuclear fractions were not 

contaminated with nuclear (Sp1) or cytoplasmic (α-tubulin) markers, respectively (Figure 

1A), suggesting that results reflect inappropriate pelleting of viral factories with nuclei 

during fractionation.  
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Table 5.1. Genes with novel splicing induced by IFN. 

ID Entrez Gene Name 

Arl15 ADP ribosylation factor like GTPase 15 

Aste1 asteroid homolog 1 (Drosophila) 

Crlf1 cytokine receptor like factor 1 

Csgalnact1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 

Dcaf10 DDB1 and CUL4 associated factor 10 

Dock7 dedicator of cytokinesis 7 

Eya3 EYA transcriptional coactivator and phosphatase 3 

Fopnl FGFR1OP N-terminal like 

Icmt isoprenylcysteine carboxyl methyltransferase 

4933427D14Rik KIAA0753 

Mpv17l2 MPV17 mitochondrial inner membrane protein like 2 

Mycbp2 MYC binding protein 2, E3 ubiquitin protein ligase 

Parp9 poly(ADP-ribose) polymerase family member 9 

Plekhg2 pleckstrin homology and RhoGEF domain containing G2 

Pphln1 periphilin 1 

Ppp1r13l protein phosphatase 1 regulatory subunit 13 like 

R3hdm2 R3H domain containing 2 

Rab11fip3 RAB11 family interacting protein 3 

Rbm27 RNA binding motif protein 27 

Rev3l REV3 like, DNA directed polymerase zeta catalytic subunit 

Rhot1 ras homolog family member T1 

Rnf167 ring finger protein 167 

Rpap1 RNA polymerase II associated protein 1 

Sec24b SEC24 homolog B, COPII coat complex component 

Senp6 SUMO1/sentrin specific peptidase 6 

St6galnac6 ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 6 

Syt8 synaptotagmin 8 

Tada3 transcriptional adaptor 3 

Trnau1ap tRNA selenocysteine 1 associated protein 1 

Uba3 ubiquitin like modifier activating enzyme 3 

Vegfa vascular endothelial growth factor A 

Vrk1 vaccinia related kinase 1 

Wdfy3 WD repeat and FYVE domain containing 3 

Whsc1 Wolf-Hirschhorn syndrome candidate 1 

Xpnpep1 X-prolyl aminopeptidase (aminopeptidase P) 1, soluble 

Ythdf2 YTH N6-methyladenosine RNA binding protein 2 

Zfp142 zinc finger protein 142 

Zfp322a zinc finger protein 322 

Zfp644 zinc finger protein 644 
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Table 5.2. Genes with novel splicing induced by T3D+IFN, excluding those whose novel 

splicing was induced by IFN or by T1L+IFN. 

ID Entrez Gene Name 

2410002F23Rik RIKEN cDNA 2410002F23 gene 

AARSD1 alanyl-tRNA synthetase domain containing 1 

Acap3 ArfGAP with coiled-coil, ankyrin repeat and PH domains 3 

Anxa7 annexin A7 

Aste1 asteroid homolog 1 (Drosophila) 

Atg16l1 autophagy related 16 like 1 

Atg7 autophagy related 7 

Atp11c ATPase phospholipid transporting 11C 

Baiap2 BAI1 associated protein 2 

Brd8 bromodomain containing 8 

9030617O03Rik chromosome 14 open reading frame 159 

1600014C10Rik chromosome 19 open reading frame 12 

Ccdc97 coiled-coil domain containing 97 

Cipc CLOCK-interacting pacemaker 

Clasp1 cytoplasmic linker associated protein 1 

Clk4 CDC like kinase 4 

Crem cAMP responsive element modulator 

Crlf1 cytokine receptor like factor 1 

Cxcl16 C-X-C motif chemokine ligand 16 

Cyb5rl cytochrome b5 reductase like 

Dcaf10 DDB1 and CUL4 associated factor 10 

Dnajc5 DnaJ heat shock protein family (Hsp40) member C5 

Dnmt3b DNA (cytosine-5-)-methyltransferase 3 beta 

Dnmt3l DNA (cytosine-5-)-methyltransferase 3-like 

Dram2 DNA damage regulated autophagy modulator 2 

F730043M19Rik RIKEN cDNA F730043M19 gene 

Fam109a family with sequence similarity 109 member A 

Fam214b family with sequence similarity 214 member B 

Fam76b family with sequence similarity 76 member B 

Flt3l fms related tyrosine kinase 3 ligand 

Haghl hydroxyacylglutathione hydrolase-like 

Hps5 HPS5, biogenesis of lysosomal organelles complex 2 subunit 2 

Huwe1 

HECT, UBA and WWE domain containing 1, E3 ubiquitin protein 

ligase 

Il4ra interleukin 4 receptor 

Kars lysyl-tRNA synthetase 

Kbtbd3 kelch repeat and BTB domain containing 3 

4932438A13Rik KIAA1109 

4833439L19Rik KIAA1191 

Kif23 kinesin family member 23 
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Table 5.2. Continued 

 

Suv420h1 lysine methyltransferase 5B 

Lin54 lin-54 DREAM MuvB core complex component 

Lins1 lines homolog 1 

Manba mannosidase beta 

Mfge8 milk fat globule-EGF factor 8 protein 

Mocs1 molybdenum cofactor synthesis 1 

Mrpl24 mitochondrial ribosomal protein L24 

Mtcl1 microtubule crosslinking factor 1 

Mum1l1 melanoma associated antigen (mutated) 1-like 1 

N4bp2 NEDD4 binding protein 2 

Nav3 neuron navigator 3 

Npepps aminopeptidase puromycin sensitive 

Nrap nebulin related anchoring protein 

Obsl1 obscurin-like 1 

Osbpl9 oxysterol binding protein like 9 

Palb2 partner and localizer of BRCA2 

Parp9 poly(ADP-ribose) polymerase family member 9 

Plekhg2 pleckstrin homology and RhoGEF domain containing G2 

Pnpla7 patatin like phospholipase domain containing 7 

Ppp1r13l protein phosphatase 1 regulatory subunit 13 like 

Pramef8 PRAME family member 8 

Prr14 proline rich 14 

Ptges3l prostaglandin E synthase 3 (cytosolic)-like 

Ptk2 protein tyrosine kinase 2 

Ptk2b protein tyrosine kinase 2 beta 

Puf60 poly(U) binding splicing factor 60KDa 

R3hdm2 R3H domain containing 2 

Rbm41 RNA binding motif protein 41 

Rffl 

ring finger and FYVE-like domain containing E3 ubiquitin protein 

ligase 

Rnf38 ring finger protein 38 

Rpl13a ribosomal protein L13a 

Rsrp1 arginine/serine-rich protein 1 

Sbno1 strawberry notch homolog 1 (Drosophila) 

Senp6 SUMO1/sentrin specific peptidase 6 

Sh2b1 SH2B adaptor protein 1 

Slmap sarcolemma associated protein 

Smg1 SMG1 phosphatidylinositol 3-kinase-related kinase 

Spata5 spermatogenesis associated 5 

St3gal3 ST3 beta-galactoside alpha-2,3-sialyltransferase 3 

St6galnac6 ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 6 
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Table 5.2. Continued 

 

Stag2 stromal antigen 2 

Strn striatin 

Synrg synergin, gamma 

Syt8 synaptotagmin 8 

Tarbp2 TAR (HIV-1) RNA binding protein 2 

Tbx3 T-box 3 

Tcof1 treacle ribosome biogenesis factor 1 

Tmem164 transmembrane protein 164 

Tmem222 transmembrane protein 222 

Traf6 TNF receptor associated factor 6 

Trnau1ap tRNA selenocysteine 1 associated protein 1 

Ubn1 ubinuclein 1 

Unk unkempt family zinc finger 

Usf2 upstream transcription factor 2, c-fos interacting 

Uspl1 ubiquitin specific peptidase like 1 

Wdr35 WD repeat domain 35 

Wiz widely interspaced zinc finger motifs 

Wnk1 WNK lysine deficient protein kinase 1 

Zfp758 zinc finger protein 758 

Zmynd8 zinc finger MYND-type containing 8 
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Table 5.3. Genes with novel splicing induced by T1L+IFN, excluding those whose novel 

splicing was induced by IFN or by T3D+IFN. 

ID Entrez Gene Name 

1520401A03Rik RIKEN cDNA 1520401A03 gene 

5530601H04Rik RIKEN cDNA 5530601H04 gene 

5830444B04Rik RIKEN cDNA 5830444B04 gene 

Abhd10 abhydrolase domain containing 10 

Abi1 abl interactor 1 

Acbd5 acyl-CoA binding domain containing 5 

Adgre5 adhesion G protein-coupled receptor E5 

Agpat3 1-acylglycerol-3-phosphate O-acyltransferase 3 

Alkbh8 alkB homolog 8, tRNA methyltransferase 

Ambra1 autophagy and beclin 1 regulator 1 

Amn1 antagonist of mitotic exit network 1 homolog 

Ankrd11 ankyrin repeat domain 11 

Ap5s1 adaptor related protein complex 5 sigma 1 subunit 

Apmap adipocyte plasma membrane associated protein 

Arhgef1 Rho guanine nucleotide exchange factor 1 

Arhgef10l Rho guanine nucleotide exchange factor 10 like 

Arhgef11 Rho guanine nucleotide exchange factor 11 

Arid4b AT-rich interaction domain 4B 

Arvcf armadillo repeat gene deleted in velocardiofacial syndrome 

Aste1 asteroid homolog 1 (Drosophila) 

Atxn7l1 ataxin 7 like 1 

Azin1 antizyme inhibitor 1 

Bptf bromodomain PHD finger transcription factor 

8030462N17Rik chromosome 18 open reading frame 25 

2410004B18Rik chromosome 1 open reading frame 52 

1700088E04Rik chromosome 22 open reading frame 23 

Camta2 calmodulin binding transcription activator 2 

Ccdc88a coiled-coil domain containing 88A 

Cchcr1 coiled-coil alpha-helical rod protein 1 

Ccnc cyclin C 

Ccnl1 cyclin L1 

Ccser2 coiled-coil serine rich protein 2 

Cd44 CD44 molecule (Indian blood group) 

Cd47 CD47 molecule 

Cdc42bpa CDC42 binding protein kinase alpha 

Cdh23 cadherin-related 23 

Cdk11b cyclin-dependent kinase 11A 

Cdk2 cyclin-dependent kinase 2 

Celf1 CUGBP, Elav-like family member 1 

Cflar CASP8 and FADD like apoptosis regulator 
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Table 5.3. Continued 

 

Chd2 chromodomain helicase DNA binding protein 2 

Chtf8 chromosome transmission fidelity factor 8 

Churc1 churchill domain containing 1 

Clcn5 chloride voltage-gated channel 5 

Cnnm2 cyclin and CBS domain divalent metal cation transport mediator 2 

Cnot2 CCR4-NOT transcription complex subunit 2 

Coasy Coenzyme A synthase 

Cobll1 cordon-bleu WH2 repeat protein like 1 

Cpne1 copine 1 

Cpsf6 cleavage and polyadenylation specific factor 6 

Cpsf7 cleavage and polyadenylation specific factor 7 

Crebl2 cAMP responsive element binding protein like 2 

Crem cAMP responsive element modulator 

Crlf1 cytokine receptor like factor 1 

Csde1 cold shock domain containing E1 

Csgalnact1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 

Cstf2 cleavage stimulation factor, 3' pre-RNA, subunit 2 

Ctage5 CTAGE family member 5 

Dab2 DAB2, clathrin adaptor protein 

Dcun1d2 defective in cullin neddylation 1 domain containing 2 

Deaf1 DEAF1, transcription factor 

Dennd4a DENN domain containing 4A 

Depdc1a DEP domain containing 1 

Dis3 DIS3 homolog, exosome endoribonuclease and 3'-5' exoribonuclease 

Dnajc25 DnaJ heat shock protein family (Hsp40) member C25 

Dot1l DOT1 like histone H3K79 methyltransferase 

Dscc1 DNA replication and sister chromatid cohesion 1 

Dst dystonin 

Dzip1l DAZ interacting zinc finger protein 1 like 

Edc3 enhancer of mRNA decapping 3 

Eif4enif1 eukaryotic translation initiation factor 4E nuclear import factor 1 

Elf2 E74 like ETS transcription factor 2 

Eno2 enolase 2 

Ep400 E1A binding protein p400 

Epb41 erythrocyte membrane protein band 4.1 

Erc1 ELKS/RAB6-interacting/CAST family member 1 

Ercc6l2 excision repair cross-complementation group 6 like 2 

Esco1 establishment of sister chromatid cohesion N-acetyltransferase 1 

Fam110b family with sequence similarity 110 member B 

Fam126a family with sequence similarity 126 member A 

Fam126b family with sequence similarity 126 member B 
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Table 5.3. Continued 

 

Fance Fanconi anemia complementation group E 

Fbxo17 F-box protein 17 

Fbxw17 F-box and WD-40 domain protein 17 

Fgfr1 fibroblast growth factor receptor 1 

Fip1l1 FIP1 like 1 (S. cerevisiae) 

Fkbp14 FK506 binding protein 14 

Fmnl3 formin like 3 

Fn1 fibronectin 1 

Fntb farnesyltransferase, CAAX box, beta 

Fut10 fucosyltransferase 10 

Gapvd1 GTPase activating protein and VPS9 domains 1 

Gas2l1 growth arrest specific 2 like 1 

Ggps1 geranylgeranyl diphosphate synthase 1 

Gm11627 predicted gene 11627 

Golgb1 golgin B1 

Gopc golgi-associated PDZ and coiled-coil motif containing 

Gpr137 G protein-coupled receptor 137 

Gpr19 G protein-coupled receptor 19 

Gripap1 GRIP1 associated protein 1 

Gsk3b glycogen synthase kinase 3 beta 

Gtf2a2 general transcription factor IIA subunit 2 

Hdac7 histone deacetylase 7 

Hira histone cell cycle regulator 

H13 histocompatibility (minor) 13 

Hnrnpdl heterogeneous nuclear ribonucleoprotein D like 

Hnrnph3 heterogeneous nuclear ribonucleoprotein H3 

Hps3 HPS3, biogenesis of lysosomal organelles complex 2 subunit 1 

Hspa13 heat shock protein family A (Hsp70) member 13 

Huwe1 

HECT, UBA and WWE domain containing 1, E3 ubiquitin protein 

ligase 

Ifi203 interferon gamma inducible protein 16 

Il34 interleukin 34 

Ilf3 interleukin enhancer binding factor 3 

Immt inner membrane mitochondrial protein 

Impdh1 IMP (inosine 5'-monophosphate) dehydrogenase 1 

Iqsec2 IQ motif and Sec7 domain 2 

Irgm1 immunity-related GTPase family M member 1 

Jmjd6 arginine demethylase and lysine hydroxylase 

Josd2 Josephin domain containing 2 

Kansl1 KAT8 regulatory NSL complex subunit 1 

Kat5 lysine acetyltransferase 5 



 

281 

Table 5.3. Continued 

 

Kdm3b lysine demethylase 3B 

4933427D14Rik KIAA0753 

Kif3a kinesin family member 3A 

Klf3 Kruppel-like factor 3 (basic) 

Kmt2e lysine methyltransferase 2E 

Setd8 lysine methyltransferase 5A 

Knstrn kinetochore-localized astrin/SPAG5 binding protein 

Ktn1 kinectin 1 

Lats2 large tumor suppressor kinase 2 

Lats2 large tumor suppressor kinase 2 

Lrif1 ligand dependent nuclear receptor interacting factor 1 

Lrp8 LDL receptor related protein 8 

Lrrc40 leucine rich repeat containing 40 

Lrrc61 leucine rich repeat containing 61 

Macf1 microtubule-actin crosslinking factor 1 

Map3k10 mitogen-activated protein kinase kinase kinase 10 

Map4k4 mitogen-activated protein kinase kinase kinase kinase 4 

Mark2 microtubule affinity regulating kinase 2 

Max MYC associated factor X 

Mbd1 methyl-CpG binding domain protein 1 

Mbnl1 muscleblind like splicing regulator 1 

Mbnl2 muscleblind like splicing regulator 2 

Mdm1 Mdm1 nuclear protein 

Meaf6 MYST/Esa1 associated factor 6 

Mecp2 methyl-CpG binding protein 2 

Mef2a myocyte enhancer factor 2A 

Mgat5 

mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-

glucosaminyltransferase 

Mllt4 myeloid/lymphoid or mixed-lineage leukemia; translocated to, 4 

Mon2 MON2 homolog, regulator of endosome-to-Golgi trafficking 

Morc3 MORC family CW-type zinc finger 3 

Mpg N-methylpurine DNA glycosylase 

Msl1 male specific lethal 1 homolog 

Mtmr3 myotubularin related protein 3 

Mul1 mitochondrial E3 ubiquitin protein ligase 1 

Mycbp2 MYC binding protein 2, E3 ubiquitin protein ligase 

Myo5a myosin VA 

Naa16 N(alpha)-acetyltransferase 16, NatA auxiliary subunit 

Nab2 NGFI-A binding protein 2 

Ncor2 nuclear receptor corepressor 2 

Ndel1 nudE neurodevelopment protein 1 like 1 
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Nek1 NIMA related kinase 1 

Nfat5 nuclear factor of activated T-cells 5, tonicity-responsive 

Nfix nuclear factor I X 

Nfs1 NFS1 cysteine desulfurase 

Nprl3 NPR3 like, GATOR1 complex subunit 

Nrf1 nuclear respiratory factor 1 

Nrp2 neuropilin 2 

Numb NUMB, endocytic adaptor protein 

Ocel1 occludin/ELL domain containing 1 

Ogfod1 2-oxoglutarate and iron dependent oxygenase domain containing 1 

Osbpl9 oxysterol binding protein like 9 

Oxsr1 oxidative stress responsive 1 

Pank2 pantothenate kinase 2 

Patl1 PAT1 homolog 1, processing body mRNA decay factor 

Pbrm1 polybromo 1 

Pccb propionyl-CoA carboxylase beta subunit 

Pcmt1 protein-L-isoaspartate (D-aspartate) O-methyltransferase 1 

Pcyt2 phosphate cytidylyltransferase 2, ethanolamine 

Pdp1 pyruvate dehyrogenase phosphatase catalytic subunit 1 

Pex2 peroxisomal biogenesis factor 2 

Phc3 polyhomeotic homolog 3 

Picalm phosphatidylinositol binding clathrin assembly protein 

Pitpnm2 phosphatidylinositol transfer protein membrane associated 2 

Pld3 phospholipase D family member 3 

Plpp5 phospholipid phosphatase 5 

Pogz pogo transposable element with ZNF domain 

Pot1a protection of telomeres 1 

Ppfibp1 PPFIA binding protein 1 

Ppip5k1 diphosphoinositol pentakisphosphate kinase 1 

Ppp4r1 protein phosphatase 4 regulatory subunit 1 

Prc1 protein regulator of cytokinesis 1 

Prepl prolyl endopeptidase-like 

Prpf3 pre-mRNA processing factor 3 

Prpf38b pre-mRNA processing factor 38B 

Prpf39 pre-mRNA processing factor 39 

Prpf4b pre-mRNA processing factor 4B 

Prrc2c proline rich coiled-coil 2C 

Pym1 PYM homolog 1, exon junction complex associated factor 

Qrich1 glutamine rich 1 

Rab11fip3 RAB11 family interacting protein 3 

Rab7b RAB7B, member RAS oncogene family 
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Racgap1 Rac GTPase activating protein 1 

Rai1 retinoic acid induced 1 

Ranbp3 RAN binding protein 3 

Rbm39 RNA binding motif protein 39 

Rbm4 RNA binding motif protein 4 

Rbm7 RNA binding motif protein 7 

Rcc1 regulator of chromosome condensation 1 

Reep6 receptor accessory protein 6 

Rfc4 replication factor C subunit 4 

Rffl 

ring finger and FYVE-like domain containing E3 ubiquitin protein 

ligase 

Rhot1 ras homolog family member T1 

Rnf146 ring finger protein 146 

Rsbn1 round spermatid basic protein 1 

Rsrc2 arginine/serine-rich coiled-coil 2 

Runx1 runt related transcription factor 1 

S100pbp S100P binding protein 

Sdcbp syndecan binding protein 

Sdccag3 serologically defined colon cancer antigen 3 

Senp8 SUMO/sentrin peptidase family member, NEDD8 specific 

Sfmbt2 Scm-like with four mbt domains 2 

Sh2b3 SH2B adaptor protein 3 

Sipa1 signal-induced proliferation-associated 1 

Sirt1 sirtuin 1 

Slc22a14 solute carrier family 22 member 14 

Slc35b4 solute carrier family 35 member B4 

Slc9a8 solute carrier family 9 member A8 

Slco4a1 solute carrier organic anion transporter family member 4A1 

Slfn3 schlafen family member 12 like 

Smc5 structural maintenance of chromosomes 5 

Smox spermine oxidase 

Smurf2 SMAD specific E3 ubiquitin protein ligase 2 

Spata2 spermatogenesis associated 2 

Spen spen family transcriptional repressor 

Spopl speckle type BTB/POZ protein like 

Srr serine racemase 

Srsf11 serine/arginine-rich splicing factor 11 

Srsf3 serine/arginine-rich splicing factor 3 

Srsf6 serine/arginine-rich splicing factor 6 

Srsf7 serine/arginine-rich splicing factor 7 

Ss18 SS18, nBAF chromatin remodeling complex subunit 



 

284 

Table 5.3. Continued 

 

Stk19 serine/threonine kinase 19 

Stx16 syntaxin 16 

Sun1 Sad1 and UNC84 domain containing 1 

Supt4a SPT4 homolog, DSIF elongation factor subunit 

Suv39h2 suppressor of variegation 3-9 homolog 2 

Tank TRAF family member associated NFKB activator 

Tbl2 transducin (beta)-like 2 

Tcf12 transcription factor 12 

Terf2 telomeric repeat binding factor 2 

Tfb2m transcription factor B2, mitochondrial 

Prkrir THAP domain containing 12 

Tjap1 tight junction associated protein 1 

Tlk2 tousled like kinase 2 

Tmbim6 transmembrane BAX inhibitor motif containing 6 

Tmem168 transmembrane protein 168 

Tmem39a transmembrane protein 39A 

Tmem57 transmembrane protein 57 

Tmub2 transmembrane and ubiquitin like domain containing 2 

Trp53bp1 tumor protein p53 binding protein 1 

Tpp2 tripeptidyl peptidase 2 

Tra2a transformer 2 alpha homolog 

Tra2b transformer 2 beta homolog (Drosophila) 

Trim26 tripartite motif containing 26 

Trip10 thyroid hormone receptor interactor 10 

Trrap transformation/transcription domain associated protein 

Trub2 TruB pseudouridine synthase family member 2 

Tsc2 tuberous sclerosis 2 

Txnl4a thioredoxin like 4A 

Tyw5 tRNA-yW synthesizing protein 5 

Uba3 ubiquitin like modifier activating enzyme 3 

Ube2j2 ubiquitin conjugating enzyme E2 J2 

Ubn1 ubinuclein 1 

Ubn2 ubinuclein 2 

Ubox5 U-box domain containing 5 

Unkl unkempt family like zinc finger 

Usp2 ubiquitin specific peptidase 2 

Usp45 ubiquitin specific peptidase 45 

Usp7 ubiquitin specific peptidase 7 (herpes virus-associated) 

Uspl1 ubiquitin specific peptidase like 1 

Vegfa vascular endothelial growth factor A 

BC068281 WD repeat and coiled coil containing 
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Wdfy3 WD repeat and FYVE domain containing 3 

Wdr91 WD repeat domain 91 

Whsc1 Wolf-Hirschhorn syndrome candidate 1 

Wsb1 WD repeat and SOCS box containing 1 

Xpnpep3 X-prolyl aminopeptidase 3, mitochondrial 

Xpo4 exportin 4 

Ylpm1 YLP motif containing 1 

Ythdf3 YTH N6-methyladenosine RNA binding protein 3 

Zbtb49 zinc finger and BTB domain containing 49 

Zc3h18 zinc finger CCCH-type containing 18 

Zeb2 zinc finger E-box binding homeobox 2 

Zfp961 zinc finger protein 961 

Zmym4 zinc finger MYM-type containing 4 

Zfp384 zinc finger protein 384 

Zfp451 zinc finger protein 451 

Zfp638 zinc finger protein 638 

Zfp655 zinc finger protein 655 

Zfp846 zinc finger protein 846 
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APPENDIX 1 

 

I made critical contributions to a collaborative effort by performing immunofluorescent 

staining and confocal microscopy in the following publication: 

 

Stebbing RE, Irvin SC, Rivera-Serrano EE, Boehme KW, Ikizler M, Yoder JA, 

Dermody TS, and Sherry B. 2014. An ITAM in a Nonenveloped Virus Regulates 

Activation of NF-κB, Induction of Beta Interferon, and Viral Spread. J Virol. 88:2572-83 

 

 

This Appendix includes the Abstract and my contribution (Figure 5 in Stebbing et al; Figure 

App. 1.1 in this dissertation) to this publication.  
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ABSTRACT 

Immunoreceptor tyrosine-based activation motifs (ITAMs) are signaling domains 

located within the cytoplasmic tails of many transmembrane receptors and associated adaptor 

proteins that mediate immune cell activation. ITAMs also have been identified in the 

cytoplasmic tails of some enveloped virus glycoproteins. Here, we identified ITAM 

sequences in three mammalian reovirus proteins: μ2, σ2, and λ2. We demonstrate for the first 

time that μ2 is phosphorylated, contains a functional ITAM, and activates NF-κB. 

Specifically, μ2 and μNS recruit the ITAM-signaling intermediate Syk to cytoplasmic viral 

factories and this recruitment requires the μ2 ITAM. Moreover, both the μ2 ITAM and Syk 

are required for maximal μ2 activation of NF-κB. A mutant virus lacking the μ2 ITAM 

activates NF-κB less efficiently and induces lower levels of the downstream antiviral 

cytokine beta interferon (IFN-β) than does wild-type virus despite similar replication. 

Notably, the consequences of these μ2 ITAM effects are cell type specific. In fibroblasts 

where NF-κB is required for reovirus-induced apoptosis, the μ2 ITAM is advantageous for 

viral spread and enhances viral fitness. Conversely, in cardiac myocytes where the IFN 

response is critical for antiviral protection and NF-κB is not required for apoptosis, the μ2 

ITAM stimulates cellular defense mechanisms and diminishes viral fitness. Together, these 

results suggest that the cell type-specific effect of the μ2 ITAM on viral spread reflects the 

cell type-specific effects of NF-κB and IFN-β. This first demonstration of a functional ITAM 

in a nonenveloped virus presents a new mechanism for viral ITAM-mediated signaling with 

likely organ-specific consequences in the host. 
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Figure App 1.1. μ2 and μNS recruit Syk to viral factories and recruitment requires the μ2 

ITAM. Vero cells were cotransfected with the indicated plasmids. At 24 h posttransfection, 

the cells were fixed and immunostained, and nuclei were stained with DAPI. (A) Cells were 

transfected with GFP-μNS (green) and the indicated μ2-expressing plasmid and then 

immunostained with anti-μ2 antibody (red). (B) Cells were transfected as in panel A and 

immunostained with anti-μ2 (green) and anti-tubulin (red) antibodies. (C) Cells were 

transfected as in panel A with the addition of a Syk-expressing plasmid and immunostained 

with anti-Syk (red) and anti-μ2 (green) antibodies. The results are representative of three 

independent experiments. Scale bar, 20 μm; inset scale bar, 10 μm. 
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