
ABSTRACT 

LI, LIANNA. The Cardiac Response to Reovirus Infection. (Under the direction of Dr. 
Barbara Sherry). 
 

Viral myocarditis is a common disease in humans. Interferon-β (IFN-β) has been 

identified as critical for protection against viral myocarditis in mouse models, and IFN-α or -

β treatment is beneficial in the treatment of human viral myocarditis.  IFN-β expression and 

its antiviral effects are cell-type specific in murine cardiac myocytes and fibroblasts. 

However, expression and function of individual IFN-α subtypes in cardiac cells has not 

previously been investigated. Therefore, IFN-α subtype expression and antiviral effects were 

studied in reovirus-infected murine primary cardiac myocyte and cardiac fibroblast cultures.  

In order to quantify the thirteen highly conserved IFN-α subtypes, a quantitative Real-Time 

PCR assay was developed.  Results demonstrated that IFN-α induction by reovirus T3D in 

cardiac cells is both subtype- and cell type-specific, and that some individual IFN-α subtypes 

are likely important in the antiviral cardiac response. In brief, reovirus T3D induced five 

IFN-α subtypes in primary cultures of cardiac myocytes and fibroblasts: IFN-α1, -α2, -α4, -

α5, and -α8/6. The levels of IFN-α expression were both higher and spanned a greater range 

in cardiac myocytes than in fibroblasts. Viral induction of IFN-α1, -α2, -α5, and -α8/6 

required IFN-α/β signaling in both cell types, while induction of IFN-β and -α4 was more 

dependent on IFN signaling in myocytes than fibroblasts.  Murine IFN-α1, -α2, -α4, or -α5 

treatment induced IRF7 and ISG56 in both cardiac cell types, however induction was always 

greater in cardiac fibroblasts than in cardiac myocytes.  Finally, each IFN-α subtype inhibited 

reovirus T3D replication in both cell types, but protection was subtype-specific.  



  

To discover novel proteins or protein post-translational modifications involved in the 

IFN pathway or displaying antiviral effects against viral myocarditis, a proteomics tool, two-

dimensional difference gel electrophoresis (2D-DIGE) coupled with matrix absorption laser 

desorption ionization-time of flight-time of flight (MALDI-TOF-TOF) mass spectrometry, 

was used to investigate the reovirus-induced proteome changes in murine primary cardiac 

myocyte cultures. Results demonstrated that the 2D-DIGE technique is quantitative and 

reproducible. Whole proteome changes based on differentially expressed proteins were 

clustered according to viral pathogenic phenotypes and induction of IFN. One hundred and 

twenty-four differentially expressed proteins were identified, including those involved in 

calcium signaling, ERK/ MAPK signaling, protein ubiquitination, mitochondrial dysfunction, 

oxidative stress, amino acid metabolism, and other pathways.  Interestingly, 2D-DIGE results 

and additional studies demonstrated that heat shock protein Hsp25 is modulated differentially 

by myocarditic and non-myocarditic reoviruses, and suggested that it may play a role in the 

cardiac antiviral response. This is the eighth virus family found to modulate Hsp25 or its 

human homolog, Hsp27, suggesting that Hsp25/27 participation in the antiviral response may 

be widespread.  However, results here provide the first evidence for a virus-induced decrease 

in Hsp25/27, and suggest that viruses may have evolved a mechanism to subvert this 

protective response, as they have for IFN.      
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CHAPTER 1 

BACKGROUND 

 
Orthoreovirus (reovirus) 
 

Respiratory enteric orphan virus (reovirus) is a non-enveloped RNA virus in the 

Reoviridae family that is primarily a respiratory and enteric virus under natural 

circumstances (253). Reoviruses can be isolated from a broad range of mammalian species, 

and reovirus infection of humans is universal (42, 43). It is reported that about 23% of infants 

and young children (aged from 1 month to 5-years old) are seropositive for reovirus antibody 

and that this increases in an age-dependent manner, which peaks in 5-6 years old at about 

50% (278). Normally, reovirus infection does not cause severe consequences, and is 

frequently associated with few or no symptoms (254).  

The genome of reovirus consists of 3 large (L1, L2 and L3), 3 medium (M1, M2 and 

M3), and 4 small (S1, S2 S3 and S4) segmented linear double stranded (ds) RNA (254). Each 

viral genome consists of a single copy of each segment (258) and each viral particle contains 

8 structural proteins. To date, it is known that 8 segments encode for one protein each and 2 

segments encode for 2 proteins each (254). L1 encodes the λ3 protein, which is an inner core 

protein (33) acting as an RNA-dependent RNA polymerase (154). L2 encodes the λ2 protein, 

which is an outer capsid (74) and core spike protein with guanylyltransferase (188) and 

methyltransferase activity (30, 185). L3 encodes the λ1 protein (14), which is an inner core 

protein (74) and functions as an NTPase (218), an RNA helicase (19), an RNA 

triphosphatase (19), and has the capacity to bind to dsRNA and dsDNA (162).  M1 encodes 
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the μ2 protein (317), which is an inner core protein (74) and can bind to RNA (24). M2 

encodes the μ1/μ1c protein (138, 318), which is an outer capsid protein (74) involved in 

penetration (55) and transcriptase activation (72, 82). M3 encodes the two nonstructural 

proteins: μNS (197) and μNSC (317). μNSC is a short version of μNS missing the part of the 

N-terminus (317). μNS protein is an essential component for inclusion body formation and is 

involved in viral genome transcription and replication (25, 153). Function of μNSC is not 

clear yet. S1 encodes σ1 and σ1s proteins (85, 212, 247). σ1 is a cell-attachment protein (298) 

and serves as the viral hemagglutinin and primary serotype determinant (65). σ1s is a 

nonstructural protein, which is involved in G2/M cell cycle arrest (231). S2 encodes the σ2 

protein (197, 209), which is an inner core protein (74) with dsRNA binding ability and which 

may be involved in RNA synthesis (66). S3 encodes σNS (239), which is a nonstructural 

protein binding to single stranded RNA (127), and possesses poly(C)-dependent poly(G) 

polymerase activity probably playing roles in RNA assortment or replication (105). S4 

encodes the σ3 protein (7), which is an outer capsid protein (74) very sensitive to protease 

degradation and which can bind to dsRNA to modulate cell factors which regulate cellular 

RNA synthesis and protein translation (100, 163, 255, 257). 

Reovirus infection begins with virus attachment to the cell surface receptor, 

junctional adhesion molecule-A (JAM-A) and/or sialic acid, through the σ1 protein (15, 34, 

149). Then the reovirus virion is internalized into cells through receptor-mediated 

endocytosis (23, 77, 186). Following internalization, virions undergo stepwise acidic- and 

endocytic protease-dependent disassembly of the viral outer capsid in cellular endosomes. 

This uncoating procedure removes the major outer-capsid protein σ3, exposes the membrane-
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penetration mediator μ1 and causes a conformational change in attachment protein σ1, which 

produces infectious (or intermediate) subviral particles (ISVPs) (22). That ISVP further loses 

σ1 and autocleaved μ1 experiences further conformational changes which yields ISVP* (216), 

which can penetrate the endosomal membrane and send the virus core particle into the 

cytoplasm to begin transcription. 

Reovirus infection causes tissue damage mainly through the induction of cell 

apoptosis and different reovirus strains possess different capacities to cause apoptosis. The 

prototype Type 3 (T3) reoviruses, Dearing (T3D) and Abney (T3A), are more potent than 

prototype Type 1 (T1) reoviruses, Lang (T1L) in L929 fibroblast (42, 43). Researchers 

identified that reovirus T3 S1 and M2 genes are associated with the ability to induce 

apoptosis (47, 57, 125, 241, 290, 291). The S1 gene-encoded σ1 protein is a cell attachment 

protein with a globular head facing outside of the virion, and a fibrous tail inserted into the 

virion (85, 212, 247, 298). The σ1 protein is a determinant of the strain-specific patterns of 

viral tropism, and has the potential to induce apoptosis. Since JAM-A, a member of the 

immunoglobulin superfamily, acts as a cell receptor to recognize and bind to the head of σ1 

from both T1L and T3D (15, 149), cell surface receptor binding to the tails of T1 and T3 σ1 

may determine the difference in inducing apoptosis. In contrast to the unknown receptors for 

the T1 σ1 tail, α-linked sialic acid acts as cell surface receptor for the T3 σ1 tail (34). By 

using isogenic reovirus mutants, T3SA+, which can bind to sialic acid, and T3SA-, which 

cannot, Connolly et al (47) confirmed that T3SA+ caused a much higher rate of apoptosis 

than T3SA- in Hela and L cells, and this difference was not because of viral protein synthesis 

or yield of new virus. They further identified that the binding of σ1 to sialic acid is an 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Connolly%20JL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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essential prerequisite for reovirus-induced apoptosis since T3SA+-induced apoptosis was 

eradicated when sialic acid was removed from the cell surface, or T3SA+ was incubated with 

a trisaccharide containing lactose and sialic acid. Therefore, sialic acid binding is associated 

with reovirus strain-specific induction of apoptosis. However, this binding is not enough to 

induce apoptosis. Inhibition of σ1 binding to JAM-A diminished T3 reovirus-induced 

apoptosis (15). So σ1 binding to both JAM-A and sialic acid on the cell surface is required 

for reovirus to induce apoptosis(47).  

Though another S1-encoded protein, σ1s, a non-structural protein, was demonstrated 

to be dispensable for reovirus-induced apoptosis in L929 and HEK293 cells (48, 231, 291), it 

was discovered σ1 is “a determinant of the magnitude and extent of reovirus-induced 

apoptosis in both the heart and central nervous system (CNS)” by Hoyt et al (125). They 

injected 2-day-old neonatal mice with T3σ1s+ or T3σ1s- reovirus, and found that with 

similar virus replication, T3σ1s+ reovirus-injected mice showed much higher levels of 

caspase-3 activation. This resulted in much more severe tissue damage, and increased cell 

apoptosis in both the brain and heart. 

While the attachment of reovirus can activate the apoptosis pathway, the M2 gene, 

encoding the major viral outer capsid protein μ1/μ1c which mediates viral disassembly, was 

identified as another gene that is associated with the capacity of reovirus to induce apoptosis 

(48, 57, 290). By over-expressing T1L and T3D M2 in CHO and CV-1 cells, Coffey et al (44) 

demonstrated that the M2-encoded μ1 protein was able to induce apoptosis without reovirus 

infection. By using truncated constructs of different fragments: the amino(N)-terminal 

myristoylated fragment  μ1N (residues 2 to 41); the central fragment δ (residues 42 to 582); 
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the C-terminal fragment Φ (residues 582 to 708); μ1δ (residues 2 to 582 plus the N-terminal, 

N-myristoyl group) and μ1C (residues 42 to 708), they identified that residues 582 to 675 in 

the Φ region of μ1 is the critical region determining induction of apoptosis. Danthi et al (56) 

investigated whether JAM-A and sialic acid binding are required for reovirus infection to 

cause apoptosis. They incubated reovirus virions with monoclonal antibodies against σ1 

protein before infection of JAM-A-null, Fc-receptor-expressing CHO cells, and found that 

this antibody-mediated, σ1-independent reovirus infection can cause apoptosis, and acidic-

dependent disassembly of reovirus in the endosomes is required for this apoptotic procedure. 

In order to further identify which region of μ1 is responsible for penetration of endosomes 

and induction of apoptosis, they used reverse genetics to generate a panel of reoviruses with 

point mutations in the δ region of μ1 and identified that single amino acid mutations (A319E, 

V425F, Q440L, and I442V) can decrease reovirus membrane penetration efficiency (57). 

Reovirus infection can initiate both innate and adaptive immunity in the host. 

Adaptive immunity has been reviewed in detail (254) and is not relevant here.  Instead, this 

section will focus on innate immunity, specifically the Type I interferon (IFN-α/β) system. 

IFN-α/β is an indispensable component of the innate immune response which plays a critical 

role as the first line of the host’s defense against viral infection (279). Once an RNA virus, 

like reovirus, infects cells from a vertebrate, viral dsRNA is recognized by pattern 

recognition receptors (PRRs), such as retinoic acid-inducible gene-I (RIG-I) and melanoma 

differentiation-associated gene 5 (Mda 5) (178, 243). Recognition of viral RNA results in 

activation of IPS-1/MAVS/VISA/Cardif-mediated pathways and phosphorylation of TANK-

binding kinase 1 (TBK1) and IκK-ε. Transcription factors IRF-3 and NF-κB are activated 
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and translocate into the nucleus. Accompanied by other co-activators, a transcription factor 

complex is formed and binds to the IFNα/β promoter (positive regulatory domains (PRDs) I 

and III, and PRD-like elements (PRD-LEs)). Then IFN-β transcription is activated and 

secreted IFN-β binds to the IFN-α/β receptor (IFNAR) on the cell surface, which activates 

the tyrosine kinases Tyk2 and Jak1, followed by the phosphorylation of signal transducers 

and activators of transcription (Stat), Stat1 and Stat2. Phosphorylated Stat1 and Stat2 form 

heterodimers and recruit IRF-9 to construct a transcription factor complex: IFN-stimulated 

gene factor 3 (ISGF3). ISGF3 then translocates into the nucleus and binds to IFN-stimulated 

regulatory elements (ISRE) to up-regulate thousands of IFN-stimulated genes (ISGs). Among 

the ISGs, IRF-7 is another transcription factor and it can be activated by virus infection. 

Phosphorylated IRF-7 is capable of further inducing IFN-β and activating transcription of 

other IFN-α subtypes, and thus an amplification loop is formed to amplify IFN-α/β 

productions. 

IFN has been shown to be protective against reovirus infection in vitro and in vivo for 

a many years (61, 134, 217, 316). Nilsen et al (217) suggested that activation of RNase L, an 

endoribonuclease, following upregulation of 2',5'-oligoadenylate (2',5'-oligo(A)) by IFN 

treatment in Hela cells may contribute to IFN antiviral effects since reovirus mRNA was 

cleaved in IFN-treated cells, but not in un-treated cells. Samuel et al (245) believed that IFN-

triggered phosphorylation of the alpha subunit of protein synthesis initiation factor eIF-2 

(eIF-2α) should be associated with IFN’s antiviral effects against reovirus in mouse L929 

cells. Henry et al (121) further demonstrated that IFN induces the RNA-dependent protein 

kinase (PKR) to phosphorylate eIF2α for regulation of viral protein synthesis.  
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Reovirus sensitivity to IFN is strain-specific. Jacobs et al (134) demonstrated that 

with 1000U/ml IFN-β treatment, T3D replication decreased about 17 to 100 fold, while T1L 

replication decreased only 2 to 3 fold in mouse L cell cultures. Sherry et al (264) identified 

that myocarditic and non-myocarditic reoviruses are different in their sensitivities to IFN in 

primary murine cardiac cell cultures and neonatal mice as well. They further identified that 

reovirus sensitivity to IFN was associated with the M1, S2 and L2 genes encoding viral core 

proteins. 

Like other viruses (101, 139, 167, 232, 268, 284, 306), reovirus has also evolved 

mechanisms to counteract IFN antiviral effects. Imani et al (131) demonstrated that reovirus 

T1L can inhibit the activation of PKR in mouse L cells, and this inhibition is associated with 

the viral σ3 protein. Recently, Zurney et al (335) proposed that reovirus counteracts IFN 

antiviral effects by suppressing IFN induction of a subset of ISGs.  This suppression is 

associated with the M1-encoded μ2 protein, which can retain one of the ISGF3 components, 

IRF9 in the nucleus, thus affecting both the amplification loop and induction of ISGs. 

 

Myocarditis 

Myocarditis is a cardiac disease defined as inflammation and injury of the 

myocardium, and viruses are the most common pathogen causing myocarditis (51, 80). More 

than 5% of the human population has experienced some form of viral myocarditis (80, 321). 

It has been demonstrated that over 20 viruses can cause viral myocarditis, such as 

coxsackieviruses, adenoviruses, influenza viruses, human immunodeficiency virus, 

parvovirus, hepatitis C virus, Epstein-Barr virus, cytomegalovirus, human herpesvirus 6, and 
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others (51, 80, 107). Since cardiac myocytes, which are responsible for contraction of the 

heart, are not readily replenished, with only 1% cell renewal in the average human lifetime 

(18), damage to these cells caused by viral infection can result in a serious prognosis. 

Myocarditis can be fatal in infants and young children, and about 20% of sudden unexpected 

deaths of young children is from myocarditis (73). Moreover, >50% of sudden deaths in 

young adults are due to cardiac causes with >10% of those due to myocarditis (71, 235).  In 

addition, viral and post-viral myocarditis are the major causes of acute and chronic dilated 

cardiomyopathy (DCM) (51), for which there is no effective treatment but heart 

transplantation.  

There are three mechanisms involved in the pathogenesis of viral myocarditis: 

immune-response-mediated myocardial injury, autoimmune-mediated myocardial injury, and 

direct virus-induced myocardial injury (80). Murine cytomegalovirus (MCMV) -induced 

myocarditis likely reflects predominantly immune-mediated damage (164), reovirus-induced 

myocarditis reflects direct viral cytopathogenic effect in cardiac cells (16, 263), while 

coxsackievirus B (CVB)-induced myocarditis reflects both direct and immune-mediated 

pathology (126, 315). Esfandiarei reviews the three mechanisms in great detail (80). Here I 

will focus on reovirus-induced myocarditis. Our laboratory and others have demonstrated 

that reovirus-induced viral myocarditis is due to direct virus-induced apoptosis.  Evidence 

that damage is due to a direct viral effect rather than immune-mediated damage includes: 1) 

reovirus 8B-induced myocarditis required neither T cells (263) nor B cells (262) in either 

nude mice (deficient of cytotoxic T cells) or SCID mice (deficient of T and B cells), and 2) 

reovirus 8B induced cytopathic effect in primary cardiac myocyte cultures (16).  Evidence 
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that damage is apoptotic includes: 1) hearts from reovirus 8B-infected neonatal mice showed 

only mild to moderate inflammatory infiltrate (rather than the massive infiltrate associated 

with coxsackievirus-induced myocarditis), and the damaged area was TUNEL-positive and 

reovirus antigen-positive (63, 263); 2) DNA extracted from hearts of 8B-infected neonatal 

mice demonstrated oligonucleosomal-length ladders, strongly indicating apoptosis (63); 3) 

inhibition of calpain, a cysteine protease which is known to play an important role in 

apoptosis and is activated by reovirus infection, was protective against 8B-induced 

myocarditis in neonatal mice (63); 4) caspase-3 was activated after reovirus infection both in 

the heart and in cardiac myocyte cultures, and moreover, inhibition of caspase activity 

reduced 8B-induced myocardial cell injury both in vitro and in vivo (64); and 5) inhibition of 

caspases prevented reovirus-induced heart damage (63, 64). 

The reovirus genes and possible virus-host interaction which are responsible for 

reovirus myocarditic potentials are currently under investigation.  Using reassortant viruses 

generated between the strongly myocarditic reovirus 8B and non-myocarditic reovirus strains, 

the M1 and L2 genes, both encoding viral core proteins, were identified as determining 

reovirus myoarditic potential (261).  Additional studies using other reovirus strains identified 

those two genes, and also the L1 gene, which encodes another core protein, and the S1 gene, 

which encodes the viral attachment protein  (260).   One model was that the S1 gene 

determines the efficiency of virus attachment to cardiac myocytes, and then genes encoding 

viral core proteins determine efficiency of RNA synthesis which could affect induction of 

IFN.  Indeed, later studies demonstrated that the S1 gene does determine the efficiency of 

infection of primary cultures of cardiac myocytes, and that the genes encoding core proteins 
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are associated with different rates of viral RNA synthesis in those cells  (259).  Moreover, 

genes encoding viral core proteins determine reovirus induction of IFN in cardiac myocytes, 

and a non-myocarditic reovirus induces myocarditis in mice depleted of IFN (264).  Together, 

the data suggest that several virus-host interactions determine efficiency of infection and 

viral replication in cardiac myocytes which modulates the cardiac IFN response and 

determines viral myocarditic potential.       

Antiviral treatment of viral myocarditis in experimental animals has been carried out 

for decades. Ribavirin, an antiviral agent with broad spectrum activity, has been tested for the 

treatment of encephalomyocarditis (EMC) virus or coxsackievirus B3 virus-induced viral 

myocarditis since the 1980’s both in a mouse model in vivo (150, 195) and in heart cell 

cultures in vitro (117), and it was demonstrated to be effective in reducing virus replication 

and heart damage, elongating survival time, and increasing survival rate. However, ribavirin 

did not show therapeutic effects in the clinic in the treatment of influenza virus-associated 

fulminant myocarditis(238). Recombinant IFN-α has been used in the treatment of viral 

myocarditis as well. In animal experiments, IFN-α was effective in the therapy of 

encephalomyocarditis virus or coxsackievirus B3 virus-induced myocarditis in the mouse 

showing reduced virus replication, less heart damage, and less inflammation (150, 193, 194, 

307). IFN-α is used in the clinic and has been demonstrated to be effective. Favorable signs 

were observed in the treatment of enterovirus-induced myocarditis (54, 118). IFN-β has been 

proven to be effective in treating viral myocarditis both in animal models(307) and in the 

clinic. Injectable IFN-β was capable of reducing left ventricle (LV) end diastolic diameter 

and LV end systolic diameter in persistently virus- infected patients with chronic, stable 
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cardiomyopathy (156). Recently, a Chinese herb, Qihong, was identified as a potent antiviral 

agent in the treatment of coxsackievirus B3 (CVB3)-induced myocarditis both in vivo and in 

vitro (271). 

However, since antiviral agents are not available for the viruses most frequently 

associated with myocarditis, effective clinical therapy is still not available for myocarditis. 

Treatment of symptoms is the only choice. Patients with myocarditis presenting with acute 

dilated cardiomyopathy are required to be treated according to current guidelines from the 

American Heart Association, the American College of Cardiology, the European Society of 

Cardiology, and the Heart Failure Society of America (69, 116, 129). For acute myocarditis 

with left ventricular dysfunction, supportive therapy, including bed rest, is the major therapy. 

In both acute and chronic myocarditis, diuretic therapy, vasodilators, and inotropic support 

are used to optimize intracardiac filling pressures and increase cardiac output. It is 

recommended to start treatment with angiotensin-converting enzyme (ACE) inhibitors or 

angiotensin II (AII) receptor blockers (51, 79). For patients who do not respond to 

conventional therapy, aggressive mechanical assistance devices are adopted as a bridge to 

recovery or heart transplantation. 

 

Interferon regulatory factors (IRFs) 

IRFs are transcription factors in a growing family. Some are induced by IFN and all 

play a crucial role in regulating the induction of IFN and / or ISGs. There are a total of 10 

members in the IRF family at present (187), and they are classified into four groups 

according to their transcriptional functions (187, 215, 248, 281). Class I, which induces ISGs, 
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includes IRF-1, IRF-3, and IRF-9 (also called ISGF3γ/p48). Class II, which represses ISGs, 

includes IRF-8 (ICSBP) and vIRF (a viral homolog of IRFs encoded by some herpesviruses). 

Class III, which both activates and represses ISGs, includes IRF-2, IRF-4 

(Pip/LSIRF/ICSAT), and IRF-7.  Class IV, with unknown functions, includes IRF-5 (is not 

well characterized) and IRF-6. All of these IRFs share a significantly homologous DNA-

binding domain residing in the N-terminal 115 amino acids, which contains a characteristic 

repeat of five tryptophan residues separated by 10 -18 amino acid intervals. Through this 

DNA-binding domain, IRFs can bind to conserved DNA motifs, such as the interferon 

stimulated response element (ISRE, existing in most IFN-inducible gene promoters and 

whose conserved sequence is AGTTTCNNCNY), the interferon consensus sequence (ICS, 

which is the ICSBP recognition site found in the MHC class I promoter,  and whose 

conserved sequence is G/A G/C TTTC), and the IFN regulatory element (IRF-E or positive 

regulatory domains [PRDs] I and III in the IFN-β promoters, whose conserved sequence is 

G(A)AAAG/CT/CGAAAG/CT/C). Recently, virally encoded IRFs have been found, e.g., the 

human herpes virus 8 / kaposi sarcoma herpes virus possessing 4 open reading frames 

homologous to cellular IRFs. The following sections will focus on IRF-3, -7 and -9. 

IRF-3 was first identified as a homolog of IRF-1 and IRF-2 in a search of an EST 

database (8). It maps to 19q13.3-q13.4 in the human genome. IRF-3 is expressed 

constitutively in cells, and is not induced by virus infection or IFN treatment (8). Expression 

of IRF-3 inhibits IRF-1-induced activation of murine IRF-α4, so it was believed that IRF-3 is 

a repressor of IFN gene expression at first (249). However, it was shown that IRF-3 can 

cooperate with RelA(p65), one of the NF-kB family members, to induce IFN-β transcription 



 13

(124). Normally, IRF-3 is located in the cytoplasm. Upon virus infection, IRF-3 is activated 

by phosphorylation, translocates into the nucleus, and binds CBP/P300  to induce 

transcription of the IFN-β gene. Substitution and deletion mutation studies both showed that 

phosphorylation of Ser385 and Ser386 in the carboxyl-terminal region of IRF-3 are essential 

for its activation (330). 

IRF-7 was first discovered as a protein that binds and represses the Qp promoter of 

the Epstein-Bar Virus-encoded gene EBNA-1, which has an ISRE-like element (333). IRF-7 

maps to 11p15.5 in the human genome. It is not expressed constitutively in cells, but instead 

can be induced by virus infection, LPS and IFN (187). Like IRF-3, it is located in the 

cytoplasm and translocates to the nucleus when activated by virus-stimulated 

phosphorylation. Mutation studies showed that phosphorylation of Ser425 and Ser 426 are 

essential for the activation of IRF-7 (190). 

IRF-9 was originally referred to as ISGF3γ (interferon-stimulated gene factor-3 

gamma) or p48. It maps to 14q11.2 in the human genome. It is constitutively expressed in the 

cell and is located in both the nucleus and cytoplasm, but translocates to and accumulates in 

the nucleus upon IFN-α/β treatment (147). IFN-γ and virus infection both can induce IRF-9 

expression (145, 297). Treatment of cells with IFN-α or IFN-β  triggers phosphorylation of 

signal transducer and activator of transcription-1 (STAT1) or -2 (STAT2), which then bind to 

IRF-9 to form a trimeric transcription factor complex (ISGF3) (274). IRF-9 recognizes and 

binds to various ISREs, but does not function as a transcriptional activator except when 

complexed with STATs.  It is an essential DNA binding domain subunit of ISGF3.  

javascript:if(window.name=='') %7b%7b window.location.href='./nil'; %7d%7d else %7b%7b pm_cmb_search(0); %7d%7d
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IRF-3 and IRF-7 have been demonstrated to be key regulators of induction of IFNs 

against virus infection (248). Together with IRF-9, these three factors act cooperatively and 

form a positive feedback loop of IFN-α and IFN–β production during the cellular antiviral 

response. IFN-α and IFN–β induction is cell-type specific in IRF-9 deficient mice. In IRF-9-/- 

MEFs, NDV induction of IFN-α and IFN-β mRNA expression was reduced about 40 and 2-

fold respectively (113). The antiviral response can be divided into two phases which together 

form the positive feedback loop (248). In the early phase, upon initial virus infection, 

constitutively expressed IRF-3 in the cytoplasm is phosphorylated.  The phosphorylated IRF-

3 dimerizes and translocates to the nucleus, where it binds to other transcription factors, such 

as CBP/P300, to induce transcription of the IFN-β gene and IFN-α4 by binding to their IRF-

E / PRDI elements. IFN–β and IFN-α4 are secreted and bind to the type I IFN receptors on 

the cell surface, causing phosphorylation of STAT1 and STAT2 and their binding to IRF-9 to 

form the trimeric transcription activator ISGF3. ISGF3 translocates to the nucleus and binds 

to ISREs to induce transcription of ISGs, including IRF-7. In the late phase which occurs as 

virus spreads, IRF-7 is activated by virus-induced phosphorylation, and IRF-3 and IRF-7 are 

both translocated into the nucleus. IRF-3 continues to form homodimers and induce IFN-β 

and IFN-α4 transcription, but IRF-3 also combines with IRF-7 to form heterodimers, binding 

to the IRF-Es of other IFN-α genes and inducing their transcription. The secreted IFN-α and 

IFN–β then again bind to the type I interferon receptors and induce more ISG expression to 

amplify the antiviral response.  
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Interferon alpha (IFN-α) 

IFN-α is a cytokine belonging to the Type I interferon family, which includes IFN-α, 

-β, -ω, -κ, -δ, and –τ (114, 295). IFN-α is expressed in many if not all mammalian species 

(320). The IFN-α gene is composed of a cluster of highly conserved intron-less genes (311). To 

date, it has been found that murine IFN-α possesses 14 functional subtype genes and 3 

pseudogenes (114, 295), human IFN-α has at least 13 functional subtype genes and 1 

pseudogene (68), porcine IFN-α has 14 functional subtype genes (37), and feline IFN-α has 

at least 13 functional subtype genes (210). Individual IFN-α subtypes share extremely high 

homology, e.g., DNA sequences of porcine IFN-α subtypes share 96.0 to 99.8% conserved 

nucleotide sequence, protein sequence of feline IFN-α subtypes share 95.9 to 100% similarity, 

and murine IFN-α subtypes share >80% DNA and protein similarity (114, 295). The 

following discussion will be focused on murine IFN-α subtypes. 

Murine IFN-α genes are clustered on chromosome 4, near the central-proximal region 

(295). Van Pesch et al (295) screened the mouse genome sequence from the National Center 

for Biotechnology Information (NCBI), and found 14 functional IFN-α subtype genes and 3 

pseudogenes. They determined that the previously named IFN-α6 and IFN-α8 share more 

than 99% similarity in BALB/c or Swiss mice, as do IFN-α7 and IFN-α10. Therefore they 

concluded that IFN-α6 and –α8 are the same gene named twice, and that –α7 and –α10 are as 

well. They referred to IFN-α6 and –α8 as “IFN-α8/6”, and IFN-α7 and –α10 as “IFN-α7/10”. 

All of the IFN-α subtype genes were similar between alleles from 129/Sv and C57BL/6 mice, 

except for IFN-α1, -α-7/10, -α 8/6 and –α11, which showed significant differences. All of the 
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IFN-α subtypes were stable upon pH 2 treatment, characteristic of Type I but not other IFNs, 

and all demonstrated antiviral function against Mengo virus infection.  

Individual IFN-α subtypes display differential antiviral function. It was found that for 

antiviral activities against Mengo virus in BALB/3T3 cells,  IFN-α11 and –α12 were the 

highest, IFN-α4 was moderate, and others were about equivalent, except for IFN-α7/10, 

especially –α7/10 from C57BL/6 mice, which showed much lower antiviral effects (295). 

IFN-α4 displayed highest antiviral activity compared to IFN-α1, -α2, and -α6 when it was 

transfected into COS cells and the supernatants were tested for protection of L929 and CHO 

cells against challenge with vesicular stomatitis virus (294).  But purified recombinant 

murine IFN-α1 and -α4 showed no difference in their antiviral effect against 

encephalomyocarditis virus infection of J2E cells and L929 cells (276).  Though all of IFN-

α1, -α4 or -α9 transgenes reduced MCMV replication in mice, IFN-α1 was the most 

effective (328). When IFN transgenes were applied vaginally to mice before challenge with 

HSV-2, IFN-α1, -α5 and -β were protective while -α4, -α6 and -α9 were not (10).  Finally 

when mice were injected with constructs expressing IFN-α subtypes and challenged with 

influenza virus, -α5 and -α6 were most and -α1 least protective (136).  Together, the data 

suggest that the antiviral activity of murine IFN-α subtypes may be both virus- and tissue-

specific.  Similar differences in antiviral activity have been seen for human IFN-α subtypes 

(91, 155, 160, 251).   

Differential viral induction of IFN-α subtypes has been known for a long time. 

Newcastle disease virus (NDV) was demonstrated to induce IFN-α4, -α5 and –α6, but not –
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α1 in L cells, and IFN-α4 was the predominant subtype to be induced (146). Sendai virus 

infection can increase IFN-α5 expression in Hepatitis C virus-infected peripheral blood 

mononuclear cells (PBMC) (159). Induction of IFN-α2, -α6, -α8 and –α13/1 by NDV, 

respiratory synthytial virus (RSV) and inactivated Herpes simplex virus (HSV) in PBMC was 

monitored and IFN-α13/1 and  -α2 were the major subtypes induced, then IFN-α8, and the 

lowest was IFN-α6 (181). IFN-α1, -α4, -α8/6, and -α11 were upregulated in influenza 

A/NWS/33-infected L929 cells, and only IFN-α4 was upregulated in influenza B/Lee/40-

infected L929 cells (94). In addition, Van Pesch et al (295) found that IFN-α induction by 

NDV and Rift Valley fever virus (RVFV) was subtype-specific, with IFN-α4 as the major 

subtype, IFN-α5 and 2 as minor subtypes, and no other subtypes induced. Therefore viral 

induction of IFN-α is subtype-, virus, and cell-type-specific. 

As described above, IRF-3, -7, and -9 play critical roles in the viral induction of IFN-

α expression (45, 165, 190, 270, 327). IFN-α expression is also controlled by other 

mechanisms, such as suppression. Suppression of IFN-α expression can occur at either the 

transcriptional or translational level. It has been proposed that the proximal virus responsive 

element-A (VRE-A) and a 20 bp distal negative regulatory element (DNRE), which is 

located upstream of VRE-A, is associated with the repression of viral induction of IFN–α11 

(180). Though they identified a similar DNRE in the highly induced IFN-α4 promoter region 

as well, a central anti-silencer region between VRE-A and DNRE was also discovered in 

IFN-α4, which they believed can overcome the DNRE suppression effect. In later 

experiments, pituitary homeobox 1 (Ptx1 or Pitx1) (179) and POU transcription factor Oct-1 

(200) were demonstrated to bind to the DNRE region and suppress IFN-α11 and –α5 
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production. Moreover, physical interaction between Ptx1, IRF-3 and IRF-7 was discovered 

(132). Ptx1 was able to inhibit IRF-3 and IRF-7 transcriptional activity on IFN-α5 and –α11, 

but IRF-3 was able to bind to the central anti-silencer region of IFN-α4 to counteract the Ptx1 

suppressor activity. Though both Ptx1 and Oct-1 bind to the DNRE, direct physical 

interaction between them was not found (200). Translational suppression was also 

determined to regulate type I IFN expression. Colina et al (45) determined that translational 

repressors 4E-BP1 and 4E-BP2 play vital roles in the control of type I IFN production, 

through translational suppression of IRF-7 expression. 

 

Proteomics 

As more complete genome sequences have been made available, it has become more 

clear that the theory of one gene encoding one protein is no longer true. RNA editing, mRNA 

alternative splicing, protein post-translational modification, and additional mechanisms result 

in a more complex set of proteins than genes in an organism (110). For example, Scheler et al 

(252) demonstrated that the small heat shock protein 27kD (Hsp27) can exist as up to 59 

protein species (the smallest unit of the proteome by its chemical structure (141)) due to 

different protein modifications.  Moreover, since proteins are the functional effector and the 

direct targets for drug development, the need for studies of protein expression is becoming 

more urgent. In 1995, Wilkins proposed the concept of “proteome”, which is defined as “the 

total protein complement of a genome” (309, 319). Following that, “the study of protein 

properties (expression level, post-translational modification, interactions etc.) on a large scale 

to obtain a global, integrated view of disease processes, cellular processes and networks at 
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the protein level” was called proteomics (20). Two-dimensional (2D) polyacrylamide gel-

electrophoresis (151, 219) for protein separation and mass spectrometry (MS) (325) for 

protein identification provide two essential tools for proteomic studies. 

MS is an analytical technique for the determination of the elemental composition of a 

sample or molecule based on its mass to charge ratio. MS has become an increasingly 

sensitive and accurate technique to identify proteins (325). The mass spectrometer is 

composed of three major parts: an ion source, a mass analyzer and an ion detector. The ion 

source converts molecules into gas-phase ions. Electrospray ionization (ESI) (88) and matrix-

assisted laser desorption/ionization (MALDI) (123, 143) are two commonly applied 

ionization techniques. ESI is used for molecules from a solution and MALDI is for molecules 

from a solid phase. The mass analyzer sorts the ions based on their mass-to-charge ratio in an 

electromagnetic field. The ion detector generates data that is used for the identification of 

each ion presented. Protein identification is accomplished by peptide mass fingerprinting 

(PMF) (13) database searching, in which a series of peptide masses obtained from MS 

analysis are compared with theoretical peptide masses derived from in silico digestions using 

protein and nucleotide sequence databases. In order to achieve more accurate protein 

identifications, tandem MS (MS/MS) technology (50, 70, 128, 300), which utilizes two-stage 

MS instruments, is also used very frequently. In MS/MS, the first MS selects a random 

ionized peptide falling within parameters defined by the user, and subjects the peptide to 

collision-induced dissociation. The second MS analyzes the resulting fragments. In this way, 

MS/MS provides direct sequence information. Triple quadrupole mass spectrometry, 

http://en.wikipedia.org/wiki/Molecule
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quadrupole ion trap mass spectrometry, reflectron time-of-flight mass spectrometry, and 

matrix-assisted laser desorption ionization-time of flight-time of flight (MALDI-TOF-TOF) 

spectrometry are popular MS/MS technologies for accurate protein identification. 

Two-dimensional gel-electrophoresis (2-DE) and shotgun proteomics 

Two-DE was developed more than 30 years ago (151, 219), and provides a powerful 

tool to separate different proteins. It is still the most common choice for current applied 

proteomics projects (106, 236). The pipeline for 2DE is shown in Figure 1.1. 2-DE is based 

on separating different proteins by their charge (isoelectric point, pI) in the first dimension by 

isoelectric focusing (IEF), and by their molecular weight on the second dimension by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Visualization of protein 

spots on 2-DE gel is dependent on Coomassie blue or silver staining. 2-DE provides 

extremely powerful resolution. Each 2-DE gel can present over 10,000 individual protein 

spots (152). This can not be achieved by other protein separation methods. 2-DE is sensitive 

enough to detect less than 1 ng of protein per spot. Another advantage of 2-DE is that it can 

detect protein post-translational modifications (PTMs), such as phosphorylation. This is very 

important since some proteins, for example kinases, are not functional until they express a 

PTM. 2-DE is a high-throughput technology, allowing up to 12 different gels to be run 

simultaneously using commercially available devices. Since 2-DE has been in use for a long 

time, tremendous reagents and devices are available commercially, providing researchers 

many choices. Finally, protein identification by 2-DE is based on peptide mass fingerprinting, 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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so it does not require a high quality detection device, i.e., it does not require MS/MS for 

protein identification, and instead can work with just MS.  

However, 2-DE is not perfect. First, while 2-DE is sensitive to some extent (the more 

sensitive silver staining procedure detects 1 ng protein), it is not sensitive enough to detect 

very low abundance proteins. Second, it cannot detect hydrophobic and very high molecular 

weight proteins. They are retained near their pI during electromigration (202, 246). Third, 

proteins with extreme pIs, i.e., those that are too acidic or too basic, cannot be detected if 

they are outside of the IEF range (183, 225). Fourth, protein with molecular weights less than 

10kD are barely detectable on 2-DE gels. Fifth, it is labor-intensive to run the multiple gels 

required to compare gel spots between different gels for quantitation. Sixth, variation 

between 2-DE gels can be large, i.e., the reproducibility can be low. This can result from 

sample preparation, devices, users, the environment, and other variables. Seventh, multiple 

proteins may co-resolve in the same spot. Some modifications can be applied to solve this 

problem. For example, by using an intermediate (pH 4 to 7 or 6 to 9)-range pH gradient IEF 

gel, 2-DE can separate proteins which may comigrate on traditional 2D gels (ph 3 to 10) 

(199). Lastly, while one major advantage of 2-DE is identification of PTMs, the disadvantage 

is that it is difficult to identify all possible forms of the protein and therefore it is difficult to 

determine the total amount, including all modified forms, of a protein. 

Shotgun proteomics refers to a gel-free method which combines high performance 

liquid chromatography with mass spectrometry to identify proteins in complex mixtures 

(325). The pipeline of shotgun proteomics is outlined in Figure 1.1. In summary, shotgun 

proteomics consists of four parts: sample preparation, multidimensional chromatography, MS, 

http://en.wikipedia.org/wiki/High_performance_liquid_chromatography
http://en.wikipedia.org/wiki/High_performance_liquid_chromatography
http://en.wikipedia.org/wiki/Mass_spectrometry
http://en.wikipedia.org/wiki/Protein
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and proteomic analysis (277). Compared to traditional gel-based proteomics, shotgun 

proteomics has the advantage of enabling detection of extremely acidic or basic proteins, 

hydrophobic proteins, extremely high or low molecular weight proteins, and very low 

abundance proteins (308, 322). When the samples are chemically or metabolically labeled 

with stable isotopes before multidimensional chromatography (49, 109), shotgun proteomics 

is quantitative. However, because the complex mixture of proteins has not been separated at 

the “front” end, shotgun proteomics requires greater resolution at the “back” end. Therfore, 

shotgun proteomics requires much higher quality MS, specifically MS/MS. Another shortage 

of shotgun proteomics is that it does not allow parallel studies, i.e., 2-DE or 2D-DIGE allows 

multiple gels to be running at the same time, but shotgun proteomics does not have this 

capability. The most obvious disadvantage of shotgun proteomics is that it cannot detect 

PTMs, which is a critical component determining protein function.  

 

2D difference gel electrophoresis (2D-DIGE) 

Two-dimensional difference gel electrophoresis (2D-DIGE) is a modification of the 

traditional 2-DE first applied by Unlu et al (292).  The pipeline for 2D-DIGE is shown in 

Figure 1.2. The principle of 2D-DIGE is based on pre-labeling proteins with fluorescent dyes 

before gel electrophoresis, so that instead of each gel containing proteins from only one 

sample, it can include up to three different samples by using different fluorescent dyes (292). 

In general in 2-DE, a gel contains samples from two different treatments which are labeled 

with Cy3 and Cy5, and a pool of multiple samples which is labeled with Cy2 as an internal 

control for quantitative comparisons between different gels (4).    



 23

In addition to allowing comparisons between gels, the fluorescent dyes enable 2D-

DIGE to be more sensitive and to cover a broader dynamic range (286, 292, 324). The dyes 

are N-hydroxy succinimidyl ester derivatives of fluorescent cyanine(Cy) dyes, known as 

Cydye DIGE fluors, including Cy3, Cy5 and Cy2.  They express distinct spectra but are 

charge and mass-matched (292). Currently, Amersham Biosciences (part of GE Healthcare), 

which owns the license to the 2D-DIGE technology, provides two kinds of Cydyes: Cydye 

DIGE fluor minimal and Cydye DIGE fluor saturation (191). The Cydye DIGE fluor minimal 

dyes include Cy2, Cy3, and Cy5, and label Lysine residues to identify differentially 

expressed proteins on analytical gels when at least 50 μg total protein is loaded per gel (191). 

Cy2 minimal dye allows detection of as little as 75 pg protein, Cy3 25 pg, and Cy5 25 pg. 

For these minimal dyes, the only protein molecules detected are those that are labeled with 

only one dye molecule, therefore very small amounts of the minimal dyes are used since 

Lysine residues are abundant in most proteins.  The result is that about 3 to 5% of total 

protein is detected. In contrast, the Cydye DIGE fluor saturation dyes include Cy3 and Cy5, 

and label all available Cysteine residues in the protein and to detect differentially expressed 

low-abundant proteins on analytical gels which are loaded with only 5 μg total protein per gel. 

The saturation dyes Cy3 and Cy5 each allow detection of as little as 15 pg of protein, and are 

thus more sensitive than the minimal dyes. The dynamic range for both the minimal and 

saturation Cydyes is over 3.6 orders of magnitude, and is therefore much broader than that 

for silver staining (191).  

Use of an internal control, often labeled by Cy2, makes 2D-DIGE an accurate 

quantitative proteomics tool (4). The internal control is a pool of equal amounts of protein 
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from each sample, and is loaded onto each gel. Since each gel contains the same amount of 

the internal control, the relative amount of each protein from one sample on each gel can be 

normalized to it, allowing comparisons both within the same gel and between different gels. 

While differences between samples on the same gel would be expected to reflect mainly 

biological effects, there is significant variation between 2-DE gels.  Therefore, normalization 

to the internal standard is essential for comparisons between gels, and allows precise 

quantitation. 

A Typhoon mode imager is used to scan the gel without disassembling the glass 

plates.  This  avoids contamination and provides sensitive and linear detection in a broad 

dynamic range (324).  DeCyder 2D software is then used for data analysis. DeCyder 2D 

software is a completely automated image analysis software which enables detection, 

quantitation, matching and analysis of DIGE system gels. DeCyder 2D software includes a 

Differential In-gel Analysis module (DIA), which is for spot detection and quantitation from 

a single gel; a Biological Variation Analysis (BVA) module, which is for matching spots 

among different gels and comparing protein expression across multiple gels quantitatively; 

and a Batch Processor, which applies both the DIA and BVA modules to perform all stages 

of the 2-D DIGE analysis process. In addition to the DeCyder 2D software, the DeCyder 

Extended Data Analysis module (EDA) was developed to perform a more comparative and 

systematic data analysis for the 2D-DIGE gel. In the EDA analysis, different calculations can 

be performed, including: 1) differential expression analysis, which identifies proteins 

expressed differently between different samples;  2) principle component analysis (PCA), 

which can be calculated for any data set generated by the differential expression analysis but 
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is usually calculated only for sets where differential expression is statistically significant. 

PCA analysis provides a rough comparison of the relationship between spot maps and 

proteins, and indicates the reproducibility among 2D-DIGE gels; 3) pattern analysis, which 

groups proteins with similar expression patterns; and 4) discriminant analysis, which includes 

marker selection, classifier creation and classification.  

 

Heart Proteomics 

Heart diseases are diverse, and include coronary heart disease, cardiomyopathy, 

cardiovascular disease, ischaemic heart disease, heart failure, hypertensive heart disease, 

inflammatory heart disease, and valvular heart disease among others. Heart disease is 

currently the leading cause of death world-wide (3). Therefore there is an urgent need to 

identify the molecular mechanisms underlying these different heart diseases and to identify 

potential biomarkers for evaluation of heart health (272). Heart proteomics, which is defined 

as “a systematic study of global protein properties to gain insight into mechanisms of cardiac 

function in health and diseases” (170) is thus becoming an increasingly valuable approach.  

Heart proteomic studies started in the 1990’s. Currently, there are four 2-DE heart 

protein databases available, including HP-2DPAGE (for human ventricle) (206), HEART-

2DPAGE (for human ventricle and atrium) (228), HSC-2DPAGE (for human, rat, dog and 

mouse ventricle) (12, 81), and RAT HEART-2DPAGE (for rat heart) (169). New 2-DE 

proteomics data have been added to the  construction of these databases (84, 89, 158, 265, 

269, 314). There are about 400 proteins identified, of which most are disease-related proteins 
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(233). These databases provide useful bases for comparison for researchers who are studying 

heart proteomics. 

Heart proteomic studies can be carried out using specimens from human patients, 

animal models and cultured cardiac myocytes. Currently, proteomics studies on isolated heart 

cells, which can differentiate cell responses among different cell types, are rare and online 

databases are not available (135). Few publications have reported using mouse cardiac 

myocytes (40), neonatal (5) or adult (6) rat cardiac myocytes, and human cardiac myocytes 

(52, 293) for heart proteomic studies. Animal models provide useful tools for heart 

proteomics research. At present, several animal models mimicking human heart diseases are 

available, including a dog model for human idiopathic dilated cardiomyopathy (120), a 

bovine model for dilated cardiomyopathy (161, 310), a rat model for toxicity induced by 

chronic ethanol intake (223),  and others.  

Currently, most proteomic studies on the human heart are focused on dilated 

cardiomyopathy (DCM) (83, 199). DCM involves heart failure with an unclear etiology. 

Several factors may contribute to DCM, including genetic factors, viral infections, cardiac-

specific antibodies, and toxic agents such as alcohol. Proteomic studies on DCM started in 

the 1990’s with 2-DE (12, 140). About 100 cardiac proteins have been reported to be 

differentially expressed when comparing DCM hearts to the normal heart (198), and they can 

be classified into three major categories: cytoskeletal and myofibril proteins (such as actin 

and vimentin) (52), mitochondrial and energy production-related proteins (such as ATP 

synthase and creatine kinase) (52, 142), and stress response proteins (such as Hsp27, HSP60, 

and HSP70) (52). Proteomic studies on other heart diseases are rare. One study on ventricular 

http://en.wikipedia.org/wiki/Dilated_cardiomyopathy
http://en.wikipedia.org/wiki/Dilated_cardiomyopathy
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hypertrophy (275) and two studies on coronary artery disease in patients with heart 

transplantation (161, 313) were reported in the 1990’s.  

Some heart proteomic studies are focused on specific “subproteomes” of the heart, 

such as mitochondrial proteins (67, 283) or protein kinase C-ε (PKC-ε)-related proteins (11, 

75, 168, 226, 301, 332). Mitochondria are vital organelles in the cells playing diverse 

biological roles, such as ATP production and regulation of apoptosis. Most importantly here, 

mitochondrial changes are correlated closely with heart disease (38). Taylor et al (283) 

applied sucrose gradient centrifugation coupled with one-dimensional PAGE and MS peptide 

mass fingerprinting to identify 615 mitochondria proteins from the normal human heart. 

Except for approximately 19% of the identified proteins which are of unknown function, 

most of the proteins are involved in RNA, DNA, and protein synthesis, signaling, ion 

transportation, and lipid metabolism. Though this study was of healthy hearts, it provides a 

comprehensive resource for other researchers who study heart mitochondrial functions and 

pathways during disease. Devreese et al (67) investigated the human heart enzymes of the 

mitochondrial oxidative phosphorylation system (OXPHOS) using blue-native 

polyacrylamide gel electrophoresis (BNPAGE) (250) as the first-dimension and tricine SDS-

PAGE as the second-dimension for protein separation and MALDI TOF for protein 

identification. They detected all of the individual subunits of the five OXPHOS multienzyme 

complexes, providing valuable information for the diagnosis of diseases caused by disorders 

in the oxidative phosphorylation system. A proteomic study related to PKC-ε heart protective 

effects was carried out by Ping’s group (11, 75, 168, 226, 301, 332). They found that at least 

93 proteins in the mouse heart that interact with PKC-ε, and a complex of PKC-ε / AKT / 
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endothelial NO synthase (eNOS) are associated with heart protection. Though these 

“subproteome” studies are in their infant stage, they provide helpful information to guide 

future research on heart diseases. 

 

Heat shock proteins (HSPs) 

HSPs, which belong to the stress protein superfamily, are a group of highly conserved 

proteins produced in response to mild environmental challenges such as heat shock, heavy 

metals, infection, ischemia, and radiation (133, 174). HSPs were first identified by Ritossa et 

al in 1962 in the salivary gland in Drosophila flies as chromosome puffs (sites of active 

transcription) in response to high temperature stress (240). In 1974, studies on HSPs 

progressed to the protein level (285). Researchers demonstrated that HSPs are survival 

proteins that help cells to adjust to gradual environmental changes and to survive under lethal 

conditions. HSPs are characterized by their molecular chaperone function (31, 32) and anti-

apoptotic role (326), and most of them are involved in tumorogenesis (204) as well. 

Classification of HSPs is based on their size and corresponding function. Criteria from the 

Cold Spring Harbor Meeting of 1996 (122) state that the family name should be written in 

capital letters, e.g. HSP60, and members of a family should be written as Hsp, e.g. Hsp27. 

Mammalian HSPs are classified into six major families: HSP110, 90, 70, 60, 40 and small 

HSPs (111, 288).  Previously, HSPs were considered to be located only intracellularly, in the 

cytoplasm, nucleus, endoplasmic reticula or mitochondria (111). However recent studies 

determined that some HSPs are expressed extra-cellularly and on the cell surface membrane 

as well (208, 305). It is believed that the intracellular HSPs serve as molecular chaperones 
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and are responsible for cytoprotection, while the extracellular and membrane-bound HSPs 

play important immunological functions (208). The following sections will focus on a small 

HSP, Hsp25, which is identified in our proteomics project, and the HSP70 family, which 

plays an important protective role in the heart. 

 

Hsp25 

Rodent 25kD heat shock protein (Hsp25) and its human homolog Hsp27 belong to the 

small HSP subfamily, and are ATP-independent chaperones. They are constitutively 

expressed in the cytoplasm under physiological conditions (1) in some tissues and organs, 

such as the skin, lung, heart, and skeletal muscle, and in some cells, such as smooth, skeletal, 

and cardiac muscle cells (304). In the adult mouse heart, Hsp25 comprises approximately 

0.2% of the heart protein (99). Upon heat shock or other stress, it translocates almost entirely 

into the nucleus (1). Hsp25/Hsp27 can form oligomeric structures up to 800 kD (28), and the 

dimer of Hsp25/Hsp27 is thought to be the building block for multimeric complexes (256). 

Hsp25/Hsp27 is a survival protein, and it possesses diverse biological potentials. Its main 

chaperone function is to prevent non-native protein aggregation (78). It plays important roles 

in protecting cells and organs from heat shock or other stresses by inhibiting apoptosis 

through different mechanisms, such as sequestering both pro-caspase-3 and cytochrome c (27, 

46, 224), inhibiting cytochrome c-dependent activation of procaspase-9 (96), inhibiting 

caspase-3 proteolytic activation (302), and regulating Akt activation (237). Hsp25/Hsp27 is 

also critical in stabilizing actin microfilaments by preventing heat-induced aggregation of F-

actin by forming soluble complexes with denatured actin (227) . Hsp25/Hsp27 plays a 
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protective role in neuronal cells (92, 323) and cardiac myocytes (21, 53, 119, 157, 166, 176, 

182, 296, 331). It is involved in embryonic development (99, 280) and is correlated with 

tumorogenesis (102, 108) as well. 

Hsp25/Hsp27 can undergo phosphorylation in response  to stimuli, mainly by 

mitogen-activated protein  kinase (MAPK)-activated protein kinase-2/3 (MK2/3) and p38-

activated / regulated kinase (PRAK) through the p38-MAPK pathway (184, 214, 273), and 

sometimes through protein kinase c (144) as well. The phosphorylation sites for Hsp25 have 

been identified as Ser15 and Ser86 (95). Phosphorylation of Hsp25 results in the dissociation 

of larger oligomers into smaller ones (192, 242). Whether phosphorylation of Hsp25 is 

required for its protective and anti-apoptotic function is in conflict. Some studies found that 

large oligomers, which consist of non-phosphorylation Hsp25, are the major player in its 

anti-apoptotic effect and phosphorylation is not required (28). Moreover, phosphorylation 

can also attenuate its anti-apoptotic and chaperone action (234, 242). Others demonstrated 

that phosphorylation is required for Hsp25 to play its anti-apoptotic and protective roles (17, 

21, 35, 166).  Over-expression of Hsp25/Hsp27 provides protection against ischemia / 

reperfusion-induced cardiac dysfunction both in vitro and in vivo (157, 182, 296, 331), and 

the protection is correlated with Hsp25/Hsp27 phosphorylation (21, 166). 

Besides phosphorylation, Hsp27 can be methylglyoxal (MG) modified as well (97, 

211, 221, 244). MG is the aldehyde form of pyruvic acid (C3H4O2) and the major source of 

MG is glycolysis. It has been demonstrated that MG is the most important precursor for 

forming advanced glycation end-products (AGE) (266). MG can react with free arginine and 

lysine residues (2). For Hsp27 MG modification, MG occurs on Arg188 and to generate 
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argpyrimidine (244). In brunescent cataractous lenses, phosphorylated Hsp27 was identified 

as the major MG modified substrate to form argpyrimidine (221). MG modification can 

increase the chaperone function of both Hsp27 (211, 221) and phosphorylated Hsp27 (221), 

and can enhance their anti-apoptotic roles as well (221, 244). Oya-Ito et al further identified 

that MG modification of Hsp27 can reduce caspase-9 activity, and the same modification of 

phosphorylated Hsp27 can reduce both the caspase-9 and -3 activities (221).  

Whether Hsp25/Hsp27 expresses an anti-viral role and whether its phosphorylation is 

correlated with this anti-viral role have not been well-studied. Currently, members of seven 

different virus families were found to induce Hsp25/Hsp27 expression or phosphorylation, 

including Herpesviridae (90, 93, 103, 104), Papillomaviridae (41, 177), Hepadnaviridae (112, 

173), Paramyxoviridae (267, 329), Flaviviridae (39, 87, 172), Togaviridae (213), and 

Retroviridae (171, 303). However, only one study on HIV addressed Hsp27 anti-viral activity, 

finding that it inhibits HIV Vpr, and proposed that it may contribute to cellular intrinsic 

immunity against HIV infection (171). 

 

HSP70 

HSP70 is the most conserved HSP protein family discovered to date (174). The DNA 

sequence homology is 74% when compared between yeast and Drosophila and 85% between 

mouse and Drosophila. All eukaryotes possess multiple genes encoding highly homologous 

HSP70 proteins, for example one fungus species has 10 (98), yeast has 8 (312), and human 

has at least 11 (282). All members of the HSP70 family possess a conserved amino-terminal 

adenine nucleotide-binding domain (NBD or ATPase) and a carboxy-terminal substrate / 
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peptide-binding domain (SBD or PBD). The latter region is further split into two domains: 

the β-sandwich domain responsible for substrate binding, and the α-domain responsible for 

determining substrate-binding affinity (196). Based on the length of the loop between the β-

sandwich domain and the α-domain, HSP70s are further classified into three subfamilies: the 

classic DnaK/Hsp70, the Sse/Hsp110 and the Lhs1/Grp170 (196). Functions of HSP70s have 

been investigated widely, and are reviewed well (9, 59, 203, 207). In brief, house-keeping 

functions of HSP70s are involved in transportation, degradation, regulation, folding and 

refolding proteins, and immune responses. Interestingly, some HSP70s enhance virus 

infectivity, replication and entry into cells. Parent et al (222) found that the heat shock 

cognate protein 70 (Hsc70) interacts with the E2 envelope protein of HCV and co-localizes 

with core and E2 proteins in lipid droplets. Anti-Hsc70 antibody decreased HCV infectivity, 

and RNA interference of Hsc70 decreased lipid droplet volume. Therefore it is thought that 

Hsc70 can regulate HCV infectivity and virus release, related in some way to lipid droplets. 

Hsc70 was also demonstrated to be able to compete with viral P protein for binding with viral 

X protein of Borna disease virus to modulate virus replication (115). Hsp70 serves as a 

putative receptor for Japanese encephalitis virus (JEV) by interacting with the viral envelope 

(E) protein on mouse neuroblastoma (Neuro2a) cells (58). Pogany et al reported that Hsp70 

is required for in vitro assembly of a fully functional replicase complex of Tomato bushy 

stunt virus (TBSV) (230). 
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HSPs and the heart 

Several HSPs were identified to be involved in heart development and play cardioprotective 

roles against stress. Among these, Hsp20 (86, 334), Hsp25, and the HSP70s have been 

investigated widely. The following discussion will be focused on the cardioprotective role of 

Hsp25/Hsp27 and the HSP70s. 

Hsp25/Hsp27 is involved in cardiogenesis and myogenesis (26, 29, 60, 176). In 

Xenopus laevis, it has been demonstrated that Hsp27 possesses the capability of regulating 

actin dynamics to affect cell motility or adhesion during cardiogenesis, and is therefore 

necessary for heart tube formation (26). Hsp25 was demonstrated to play a critical role in the 

differentiation of the multipotent embryonal carcinoma cell line, P19, into cardiomyocytes 

(60).  

Hsp25/Hsp27 also plays a critical protective role in the heart. Efthymiou et al (76) 

first discovered that over-expression of Hsp27 in mice can decrease the ischemia / 

reperfusion (IR)-induced infarct size, demonstrating that Hsp27 possesses a protective role in 

lethal IR in the heart. Lu et al (182) determined that IR causes cardiac troponin I (cTnI) and 

troponin T (cTnT) degradation, which decreases myofilament responses to Ca(2+) and 

impairs cardiac contractile function. Over-expression of Hsp27 in rat heart and 

cardiomyocytes can prevent cTnI and cTnT degradation by interacting with them directly to 

inhibit their proteolytic cleavage. Different groups discovered that Hsp27 plays an important 

role in protecting against congestive heart failure induced by doxorubicin (DOX), which is 

used for cancer therapy. Ilangovan ‘s group determined that Hsp27 reduces DOX-mediated 

oxidant-induced cardiac toxicity by behaving as an anti-apoptotic protein, to decrease 
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reactive oxygen species (ROS) production and the Bax to Bcl2 ratio (299). The same group 

also found that in mouse fibroblasts and embryonic rat heart-derived cardiac H9c2 cells, 

protection effect of Hsp27 against DOX-induced cardiac toxicity is dose-dependent, and 

depletion of Hsp27 results in lower cell viability in DOX-treated cells (289). Using Hsp27 

transgenic mice, Liu et al (175) also found the same protective effects of Hsp27. They 

observed that over-expression of Hsp27 significantly decreased the 5-day mortality, cardiac 

dysfunction and cardiomyocyte apoptosis rates caused by DOX treatment compared to wild 

type mice. Moreover, they demonstrated that Hsp27 protects against endotoxin-induced 

cardiac dysfunction as well (331). 

Phosphorylation of Hsp27 is required for its cardioprotective role in some instances. 

Using a hyperglycemia rat model, Chen et al demonstrated that rats with type I diabetes 

possess higher resistance to ischemia and better heart function recovery than non-diabetic 

rats, and that this is correlated with Hsp27 phosphorylation (36). The diphosphorylated form 

of Hsp27 was found to be localized in blood vessels of cardiac transplanted patients without 

cardiac allograft vasculopathy (CAV), which is a severe complication after cardiac 

transplantation, but not in patients with CAV. Therefore it is believed that diphosphorylated 

Hsp27 plays a critical role in maintaining blood vessel health in cardiac transplantation 

patients (62). It was discovered that morphine, which is used for cardiovascular anesthesia 

and for the emergency treatment of cardiac infarction, prevents cardiac injury through 

stimulating phosphorylation of Hsp27 in a rat model (205). The phosphorylated form of 

Hsp27 was able to reduce DOX-induced cardiac toxicity by stabilizing F-actin remodeling 
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(299). Finally, Hsp27 phosphorylation induced by low doses of H2O2 is protective against 

IR injury by preventing desmin degradation (21). 

Members of the HSP70 family were demonstrated to play cardioprotective roles 

earlier than Hsp25/Hsp27, with much research carried out during the mid 1990’s (130, 189, 

201, 229, 287). Plumier et al transfected human inducible Hsp70 into mice, and monitored 

cardiac function post-IR injury. They found that Hsp27 transgenic mice demonstrated much 

better recovery of contractile force, rate of contraction and relaxation, and much lower 

creatine kinase activity, which indicates cell injury, compared to non-transgenic mice (229). 

Almost at the same time, Marber et al over-expressed rat inducible Hsp70 in mice and 

evaluated Hsp70 protective function in isolated hearts from transgenic mice after IR. They 

found that over-expression of Hsp70 reduced the infarct size and efflux of creatine kinase, 

and increased the contractile function during recovery from IR injury (189). The ability of 

Hsp70 to reduce infarct size was further confirmed in vivo in Hsp70 transgenic mice and rat 

(130, 220). Trost et al demonstrated that inducible Hsp70 in transgenic mice improved 

cardiac function after IR in vivo later as well (287). Jayakumar infused rat hearts with Hsp70 

and then transplanted them into recipient rats, and found that the over-expressed Hsp70 

improved both cardiac mechanical and endothelial cell function following IR injury (137). 

Finally, double null mice for Hsp70-3 and Hsp70-1 were much more susceptible to IR-

induced cardiac dysfunction and cell damage, further demonstrating Hsp70’s 

cardioprotective role (148).  
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Questions and approaches 

IFN-α and IFN-β belong to the type I IFN family and they bind the same cell surface 

receptor. Reovirus induction of and sensitivity to IFN-β in cardiac cells is an important 

determinant of protection against myocarditis in a mouse model. Therefore, we investigated 

reovirus induction of and sensitivity to IFN-α subtypes in cardiac cells. While previous 

studies investigated virus induction of IFN-α expression in other cell types, they focused 

mainly on the entire IFN-α family rather than differentiating between individual IFN-α 

subtypes because of their high sequence conservation. Currently, there are still no 

commercially available reagents to differentiate among the different IFN-α subtypes. In 

addition, there have been no previous investigations of viral induction of individual IFN-α 

subtypes or of their antiviral roles in cardiac cells. Here we developed a new approach by 

designing primers for quantititative Real-Time PCR, which enables the accurate and specific 

quantitation of individual IFN-α subtypes induced by reovirus infection of primary cardiac 

myocyte and cardiac fibroblast cultures. Chapter 2 will describe this method and its 

application. However, this new method did not allow us to investigate the antiviral effects of 

each IFN-α subtype. At that time, there was no source of purified IFN-α subtypes or specific 

antibodies that distinguished between IFN-α subtypes.  Therefore, we over-expressed several 

IFN-α subtypes in transfected primary cardiac myocyte and cardiac fibroblast cultures, and 

those investigations are described in Appendix I. Unfortunately, the transfection process 

itself induced genes downstream of IFN, and therefore this approach was not appropriate for 

our purposes.  Fortunately, PBL Inc. offered to provide us with purified IFN-α subtypes 
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before their commercial availability, so we were able to use those reagents to investigate 

IFN-α antiviral effects, as described in Chapter 2.  

The IFN system plays a critical antiviral role in innate immunity, and components in 

the IFN pathway have been widely investigated. However despite major progress, there has 

always remained the possibility that other players remain to be revealed. In addition, since 

the heart is a complex and vital organ that is continuously exposed to viral challenges, we 

hypothesized that there must be protective antiviral mechanisms in addition to the IFN 

system. Microarray technology offers a powerful high-throughput approach for discovery of 

new genes induced or repressed by viral infection. However, since proteins are the final 

effector molecules, and since post-translational modifications (PTMs) have proven to be very 

important in at least one innate response pathway (IFN), microarray technology, which 

detects differences in mRNA expression, seemed poorly suited for our goals. By comparison, 

proteomic approaches which can be used to detect stimulus effects on protein expression and 

PTMs, seemed a promising choice. Selection of the appropriate proteomic technology was 

critical for our investigations, which required quantitative comparison between multiple 

samples (generated using a small panel of viruses, which vary in their inductions of 

myocarditis and IFN-β), and which required the ability to detect PTMs. The technology 2D-

DIGE seemed the best option.  

All viruses induce changes in cell protein expression over time. In order to identify 

the optimal time post-infection to capture many cell protein changes, a preliminary 2D-DIGE 

experiment was conducted comparing cardiac myocyte lysates at several times post-infection 

with a single reovirus strain (T3D). This experiment is described in Appendix 2.  Based on 
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these results, a single time-point was selected for the main study which was to compare 

proteome changes induced by four reovirus strains.  Those results are discussed in Chapter 3. 

However, we found that T3D induced an interesting protein (cryptdin 4) in the first study 

(Appendix 2) but failed to induce it in the second study (Chapter 3). Therefore, in order to 

determine whether T3D induction of cryptdin 4 was reproducible, we used 1D gel 

electrophoresis followed by LC-MS/MS as a simpler approach to analyze infected lysates. 

While results indicated that T3D induction of cryptdin 4 is not reproducible, the study 

provided useful information documented in Appendix 3. Returning to our main study using 

2D-DIGE to compare cardiac myocyte lysates infected with different reovirus strains, we 

used Ingenuity Pathway Analysis (IPA) to identify pathways and protein-protein interactions 

for the proteins which were identified as differentially expressed between infections. 

Although multiple interesting pathways and protein-protein interaction networks were 

identified, these preliminary results were difficult to interpret. Therefore, instead of including 

them in Chapter 3, they are provided in Appendix 4. Finally, Chapter 3 describes our 

identification of Hsp25 as an interesting protein modulated by virus infection.  In order to 

determine whether Hsp25 or its phosphorylated form provide antiviral function, we over-

expressed Hsp25 or Hsp27D (a phospho-mimetic version of the human isoform) in 

transfected cardiac myocytes, as described in Appendix 5.  While concerns with this 

approach left results difficult to interpret, the studies provide the foundation for future 

attempts to over-express Hsp25 or its analogs in cardiac cells. 
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Figure 1.1. Comparison of proteomics coupled with traditional two-dimensional gel 
electrophoresis and shot gun proteomics.  
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Figure 1.2. Schematic steps for two-dimensional difference gel electrophoresis (2D-
DIGE). 
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ABSTRACT 

 

The interferon-β (IFN-β) response is critical for protection against viral myocarditis in 

several mouse models, and IFN-α or -β treatment is beneficial in the treatment of human 

viral myocarditis.  The IFN-β response differs between cardiac myocytes and cardiac 

fibroblasts, and evidence suggests that the two cell types together form an integrated network 

for organ protection.  However, there have been no studies comparing expression and 

antiviral effects of the different IFN-α subtypes in cardiac cells.  We developed a quantitative 

RT-PCR assay that distinguishes between thirteen highly conserved IFN-α subtypes, and 

found that reovirus T3D induced five IFN-α subtypes in primary cultures of cardiac 

myocytes and fibroblasts: IFN-α1, -α2, -α4, -α5, and -α8/6. The levels of IFN-α expression 

were both higher and spanned a greater range in cardiac myocytes than in fibroblasts. Viral 

induction of IFN-α1, -α2, -α5, and -α8/6 required IFN-α/β signaling in both cell types, 

while induction of IFN-β and -α4 was more dependent on IFN signaling in myocytes than 

fibroblasts.  Murine IFN-α1, -α2, -α4, or -α5 treatment induced IRF7 and ISG56 in both 

cardiac cell types, however induction was always greater in cardiac fibroblasts than in 

cardiac myocytes consistent with our previous reports for IFN-β.  Finally, each IFN-α 

subtype inhibited reovirus T3D replication in both cell types, but protection was subtype-

specific. This first investigation of viral induction of IFN-α in cardiac cells for any virus 

demonstrates that IFN-α is induced in cardiac cells, that it is both subtype- and cell type-

specific, and that it is likely important in the antiviral cardiac response. 
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INTRODUCTION 

 

 Many viruses infect the heart, and >5% of the human population has experienced some 

form of viral myocarditis (19, 74).  Moreover, >50% of sudden deaths in young adults are 

due to cardiac causes with >10% of those due to myocarditis (17, 53).  Unfortunately, cardiac 

myocytes are not readily replenished, with a recent report suggesting only 1% cell renewal in 

the average human lifetime (7).  This cardiac vulnerability likely necessitates a uniquely 

effective cardiac response to limit virus spread through the heart until immune defenses can 

be deployed.  The cytokine IFN-β could provide this critical first line of defense (51), and 

indeed, we have shown that IFN-β is a determinant of protection against reovirus-induced 

myocarditis in a mouse model (60).  That is, differences in the capacity of reovirus strains to 

induce myocarditis correlate with differences in viral induction of IFN-β and viral sensitivity 

to the antiviral effects of IFN-α/β in primary cultures of cardiac myocytes.  In addition, a 

non-myocarditic reovirus induces cardiac lesions in mice lacking IFN-α/β function (60).  

Reovirus-induced myocarditis reflects direct viral cytopathogenic effect in cardiac cells (5), 

while coxsackievirus B (CVB)-induced myocarditis reflects both direct and immune-

mediated pathology (31, 72), and murine cytomegalovirus-induced myocarditis (MCMV) 

likely reflects predominantly immune-mediated damage (44).  IFN-α/β provides protection 

against myocarditis induced by CVB(71) and MCMV (4, 12) as well, suggesting that 

regardless of mechanism, the IFN response plays an important antiviral role.  Importantly, 
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IFN-β treatment clears virus from the heart and improves cardiac function in patients with 

persistent viral myocarditis (40, 41). 

 IFN-β is expressed and secreted by most cell types in response to viral infection or other 

stimuli (36).  Binding to the IFN-α/β-receptor (IFNAR) stimulates a signal transduction 

cascade to induce hundreds of interferon-stimulated genes (ISGs) (37), some of which have 

antiviral function (55), and one of which is a transcription factor (IRF7) which can further 

induce IFN-β and IFN-α4 in a positive amplification loop (30, 47, 56).  However this 

signaling cascade is clearly cell type-specific (13, 68).  Previously, we found that cardiac 

myocytes and cardiac fibroblasts differ in their basal expression of components in the IFN 

pathway, resulting in differences in their IFN-β response to viral infection (63, 77).  Our 

results suggested that high basal IFN-β expression in cardiac myocytes pre-arms this 

vulnerable, non-replenishable cell type, while high basal expression of latent components in 

the IFN response path in adjacent cardiac fibroblasts renders these cells more responsive to 

IFN and prevents them from inadvertently serving as a reservoir for viral replication and 

spread to cardiac myocytes. These studies provided the first indication of an integrated 

network of cell type-specific innate immune components for organ protection, and confirmed 

the importance of investigating the IFN response in cell types relevant to the disease of 

interest. 

 Both IFN-α and IFN-β bind the IFN-α/β-receptor but with different affinities, resulting in 

induction of an overlapping but distinct set of ISGs (34).  While IFN-β is expressed by most 

cell types in response to viral infection or other stimuli, dendritic cells are likely the 
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predominant cells expressing IFN-α as an early step in maturation of the adaptive immune 

response (62).  Nonetheless, IFN-α expression has been detected in many cell types, 

suggesting that direct protection against pathogens is also an important function for IFN-α.  

Indeed, IFN-α is a component of the most effective antiviral regimen currently available for 

treatment of Hepatitis C virus infection, and IFN-α has also been beneficial to patients with 

viral myocarditis (14, 48, 64).  Given that IFN-α and IFN-β bind the same cell receptor and 

given the importance of both IFN-α and IFN-β in protection against viral myocarditis, we 

wished to investigate IFN-α expression and function in primary cultures of murine cardiac 

cells. 

 IFN-α is expressed in many if not all mammalian species (73).  While IFN-β is encoded by 

a single gene, mouse IFN-α is encoded by at least 13 functional genes which share >80% 

DNA and protein similarity (26, 70).  This has limited the reagents and technologies 

available for discernment of individual IFN-α subtypes to determine their roles in protection 

against pathogens.  To differentiate between thirteen highly conserved murine IFN-α 

subtypes, we developed a 3’-base mismatch approach to design primer pairs specific for each 

IFN-α subtype in quantitative RT-PCR.  We used this novel assay and purified preparations 

of individual IFN-α subtypes to investigate IFN-α subtype expression and function in cardiac 

myocytes and fibroblasts.  This first investigation of viral induction of IFN-α in cardiac cells 

for any virus demonstrates that IFN-α is induced in cardiac cells, that it is both subtype- and 

cell type-specific, and that it is likely important in the antiviral cardiac response. 
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MATERIALS AND METHODS 

 

 Mice.  Timed-pregnant Cr:NIH(S) mice were purchased from the National Cancer Institute. 

IFN-α/β-receptor-null mice (51) were maintained as breeding colonies to  generate neonates 

and fetuses for generation of primary cell cultures. Mouse facilities were accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care, and all procedures 

were approved by the North Carolina State University institutional animal care and use 

committee. 

 Primary cell cultures.  Primary cardiac myocyte cultures and primary cardiac fibroblast 

cultures were generated from 1- or 2-day-old neonatal or term fetal mice according to the 

method described previously (5). Briefly, the apical two-thirds of the hearts from euthanized 

neonates or fetuses were removed and trypsinized. Cells were suspended in Dulbecco’s 

modified Eagle’s medium (DMEM; Gibco BRL, Gaithersburg, MD) supplemented with 7% 

fetal calf serum and 10 μg of gentamicin (Sigma Co.) per ml (cDMEM). Cells were plated in 

6-well clusters, and incubated for 2 hours for separation by differential adhesion. Cardiac 

myocytes were harvested from the supernatant and the adherent cardiac fibroblasts were 

harvested by trypsinization. Following centrifugation, cardiac myocytes were suspended in 

cDMEM plus 0.06% thymidine (Sigma Co., St. Louis, MO), cardiac fibroblasts were 

suspended in cDMEM, and both cultures were incubated in a 37ºC, 5% CO2 incubator.  Cells 

were never passaged before use.  By immunofluorescent staining, myocyte cultures 

contained <5% fibroblasts while fibroblast cultures contained <1% myocytes (77) .  
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 Viruses and cell lines.  Reovirus type 3 Dearing (T3D (58)) was plaque purified and 

amplified in mouse L929 cells, which were maintained in a suspension system in sMEM 

(SAFC Biosciences, Denver, PA) supplemented with 5% fetal calf serum (Atlanta 

Biologicals, Atalanta, GA) and 2mM L-glutamine (Mediatech Inc., Herndon, VA). Virus was 

purified by CsCl gradient centrifugation (61) for use in all experiments.   

 Infection for T3D induction of IFN-α.  Cardiac myocytes from Cr:NIH(S) mice were 

plated at 1 × 106 cells per well and cardiac fibroblasts were plated at 5 × 105 cells per well in 

2 ml media in 24-well clusters. Cardiac fibroblasts were assumed to double after two day’s 

incubation. All cultures were washed twice, and duplicate wells were infected at an moi of 10 

pfu per cell two days post-plating. Virus suspended in 700 μl of cDMEM with or without 

thymidine was added to each well, and cells were incubated in 37ºC, 5% CO2 incubator for 1 

hour. Then an additional 1000 μl cDMEM with or without thymidine was added to each well. 

Mock-infected cells were treated identically except the inocula lacked virus.  

 Cardiac myocytes from IFN-α/β-receptor-null mice were plated at 5 × 105 cells per well 

and cardiac fibroblasts were plated at 2.5 × 105 cells per well in 1 ml media in 48-well 

clusters. Infections were as above, except that virus inoculum was 350 μl per well, and an 

additional 500 μl media was added after the 1 hour incubation. 

 Infection for T3D sensitivity to IFN-α.  Cardiac myocytes from Cr:NIH(S) mice were 

plated at 1.5 × 105 cells per well and cardiac fibroblasts were plated at 7.5 × 104 cells per 

well in 300μl media in 96-well clusters. Cardiac fibroblasts were assumed to double after two 

day’s incubation. Twenty-four hours post-plating, cells were washed once, and overlying 

medium was replaced with 300 μl of IFN-β, -α1, -α2, -α4 or -α5 at 100 or 1000U per ml in 
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cDMEM with or without thymidine in triplicate wells (IFN-β: cat # 12400-1; IFN-α subtypes: 

a gift of purified recombinant preparations quantified in a standard IFN assay measuring 

protection of L929 cells against encephalomyocarditis virus challenge; both from PBL 

Biomedical Laboratories, Piscataway, NJ ).  .  After an additional overnight incubation, cells 

were washed twice, infected with T3D at an moi of 10 pfu per cell in 100 μl inoculum, and 

incubated for 1 hour in a 37ºC, 5% CO2 incubator. Cells were washed once, and the 

appropriate IFN at 100 or 1000U per ml in 250μl cDMEM with or without thymidine was 

added to each well. Control cells lacked IFN treatment, but were infected with T3D as above. 

After 20 hours incubation, cultures were stored at -80°C, frozen and thawed an additional 

two times, and supplemented to a final 0.5% Nonidet P-40 (Sigma). Serial dilutions were 

used to infect L929 cells in a standard plaque assay (59). 

 Harvesting cultures for RNA and ELISA.  Supernatants and RNA were harvested at 

indicated times post-infection or post-treatment with IFN (from PBL as above). Supernatants 

were stored at -35ºC, and remaining cells were lysed directly on the plate using cell lysis 

buffer from an RNeasy Kit (Qiagen, Inc., Valencia, CA) supplemented with 1% β-

mercaptoethanol. Cell lysates were homogenized using Qiashredders (Qiagen, Inc.), and total 

RNA was isolated using the RNeasy Kit according to the manufacturer’s instructions. 

Genomic DNA was removed using RNase-free DNase I (Qiagen, Inc.). The isolated RNA 

was stored at -80ºC. 

 Reverse transcription (RT) and Quantitative (q)RT-PCR.  To generate cDNA, one third 

of the RNA harvested from each well in a 24-well cluster or two thirds from a 48-well cluster 

was used as template in a 100 μl reaction containing 5μM oligo(dT) (Invitrogen Corp., 
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Carlsbad, CA), 1× Taq buffer (Promega corp., Madison, WI), 7.5 mM MgCl2 (Promega 

corp.), 1 mM dithiothreitol (Promega corp.), 1 mM each dNTP (Roche, Indianapolis, IN), 

0.67 U/μl RNasin (Promega Corp., Madison, WI), and 0.20 U/μl of AMV reverse 

transcriptase (Promega Corp.).  

 Gene expression was quantified using a Sybergreen system on an iCycler iQ fluorescence 

thermocycler (Bio-Rad Laboratories, Hercules, CA). Each 25 μl reaction contained 5% of the 

RT product, 1× Quantitech master mix (Qiagen, Inc.), 10 nM fluorescein (Invitrogen Corp., 

Carlsbad, CA), and 0.3μM each of the forward and reverse primers (IFN-β forward: 5’- 

GGAGATGACGGAGAAGATGC-3’ and reverse: 5’- CCCAGTGCTGGAGAAATTGT; 

GAPDH forward: 5’- GGGTGTGAACCACGAGAAAT-3’ and reverse: 5’-

CCTTCCACAATGCCAAAGTT-3’; IFN-α as indicated in Table 2.1). iCyclerTM iQ 

Optional System Software, version 3.0 (Bio-Rad Laboratories) was used to analyze the data. 

Gene-of-interest expression was normalized to GAPDH gene expression, and standard curves 

(generated from serial dilutions of known concentrations of purified PCR products) were 

used to quantify copy number.  Individual cDNA standards for each IFN-α subtype were 

purified PCR products, using primers to generate products that contain the primers indicated 

in Table 2.1, as follows: IFN-α1 (334bp) Forward: 5’-GGAACAAGAGAGCCTTGACA-3’ 

and reverse: 5’-CTCACAGCCAGCAGGGCAT-3’; IFN-α2 (626bp) forward: 5’-

TCTGTGCTTTCCTCGTGATG-3’ and reverse: 5’-GATGCAGTTTCTAGTCCAGG -3’  ; 

IFN-α4 (295bp) forward: 5’-CTGCTGGCTGTGAGGACATA-3’ and reverse: 5’-

TTGCTCAAGATTGCTGAAACA-3’; IFN-α5 (603bp) forward: 5’-

AGAGCCTTAACCCTCCTGGT-3’ and reverse: 5’-CGCTCAAGATTGCTGAAACA - 3'; 
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IFN-α8/6 (240bp) forward: 5’-CCTGATGGTTTTGGTGGTGT-3’ and reverse: 5’-

ATCTGCTGGGTCAGCTCAG-3’. 

 Pyrosequencing to confirm qRT-PCR products.  qRT-PCR products were generated as 

above, except that one primer of the primer pair was biotinylated at its 5’ terminus 

(Invitrogen). A 50% slurry of Streptavidin Sepharose™ High Performance beads (GE 

Heathcare, Piscataway, NJ) was suspended in Binding buffer (10 mM Tris-HCl pH 7.6, 2 M 

NaCl, 1 mM EDTA, 0.1% Tween 20; Biotage, Charlottesville, VA) for a final 5% slurry. 

Primers for pyrosequencing were suspended in annealing buffer (20 mM Tris-acetate pH 7.6, 

2 mM Mg-acetate; Biotage) at a final concentration of 0.4μM. Ten μl (40%) of qRT-PCR 

products were mixed with the streptavidin beads in 96-well clusters (Corning, NY), and then 

transferred to PSQ 96 Sample Prep Thermoplates (Low; Biotage) for Pyrosequencing, using  

Pyro Gold Reagents (Biotage) according to the manufacturer’s instructions. Primers for 

pyrosequencing were: GAPDH (5’-GGTCTACATGTTCCAGTATG-3’); IFN-β (5’-

CGGAGAAGATGCAGAAGAGT-3’); IFN-α2 (5’- ATTCCCCCTGGAGAAGGTG -3’); 

IFN-α4 (5’-CTGGAGAGCCCTCTCTTCCT-3’), and IFN-α5 (5’-

AGCCTGTGTGATGCAACAGG-3’). 

 ELISA.  Expression of IFN-α protein was determined using a mouse IFN-α ELISA kit 

(PBL Biomedical Laboratories) according to the manufacturer’s instructions. Briefly, 100 μl 

supernatant from each sample (24-well clusters) was measured. A standard curve was 

constructed ranging from 0-500 pg/ml, using serial dilutions of a mouse IFN-α standard 

provided with the kit. Absorbance was detected at 450nm on a Tecan Sunrise Microplate 

Reader (Tecan Systems Inc., San Jose, CA). 
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 Statistical analysis.  A Student’s two-sample t-test (pooled variance) was applied (Systat 

9.0).  Results were considered significant at P < 0.05. 

 

RESULTS 

 

 Design of qRT-PCR primer pairs and confirmation of IFN-α subtype specificity.  To 

differentiate between thirteen highly conserved IFN-α subtypes, a 3’-base mismatch 

approach was adopted to design qRT-PCR primer pairs. This method is based on the extreme 

specificity of the 3’ terminal nucleotide for primer extension, i.e., cDNA synthesis can be 

extended only when its 3’ terminal nucleotide is complementary to the template nucleotide. 

Since IFN-α gene sequences for Cr:NIH(S) mice are unavailable, fifteen primer pairs were 

designed using alternative mouse sequences from GenBank, and then Cr:NIH(S) mouse 

genomic DNA was used in qPCR to confirm that the primer pairs could amplify products 

from this heterologous mouse strain (Table 2.1).  Each primer pair generated a single peak in 

a standard melt-curve analysis (data not shown), indicating amplification of a single product.  

Next, total cell RNA was harvested from T3D-infected primary cardiac myocyte and primary 

cardiac fibroblast cultures, and was used as template for oligo-dT-primed cDNA synthesis 

and qRT-PCR.  Finally, qRT-PCR products for IFN-α2, -α4 and α5 were sequenced using 

pyrosequencing technology, confirming the subtype-specificity for these primer pairs 

(examples in Figure. 2.1). 

 Basal and reovirus T3D-induced expression of IFN-α is subtype- and cell type-specific 

in cardiac cells.  In order to determine whether T3D infection induces IFN-α and whether 
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induction is subtype-specific in cardiac cells, primary cardiac myocyte cultures and primary 

cardiac fibroblast cultures were mock-infected or infected with T3D, and RNA was harvested 

at 8 hours post-infection for qRT-PCR. As reported previously (60, 63, 77), T3D induced 

IFN-β in both cell types.  Results indicated that five of the thirteen IFN-α subtypes were 

induced in both cell types: IFN-α1, -α2, -α4, -α5, and -α8/6 (Table 2.2). Other IFN-α 

subtypes were either undetectable or the induction was less than 2-fold relative to mock-

infected cultures.  Therefore, additional experiments focused on these five IFN-α subtypes 

only. 

 IFN-β and IFN-α4 were both expressed at higher basal levels in cardiac myocytes than in 

cardiac fibroblasts (Figure. 2.2A), suggesting that the two genes may be regulated by a 

common cell type-specific mechanism.  In contrast, IFN-α1, -α2, -α5, and -α8/6 were 

expressed at similar basal levels in the two cardiac cell types (Figure. 2.2A).  Finally, IFN-

α8/6 was expressed at significantly higher basal levels than IFN-β or any other IFN-α 

subtype (P values < 0.05 in all cases, except for IFN-α4 in myocytes), suggesting unique 

regulation of its basal expression by a mechanism common to both cardiac cell types.   

 At 8 hours post-infection with T3D, as previously seen for IFN-β (77), all five IFN-α 

subtypes were induced to higher expression in cardiac myocytes than in cardiac fibroblasts 

(Figure 2.2B).  In T3D-infected cardiac myocyte cultures (Figure. 2.2B), IFN-β expression 

was the highest and was approximately 3-fold higher than IFN-α4 expression.  All other 

IFN-α subtypes were expressed at significantly lower levels than IFN-α4, with a relative 

order of expression of IFN-α2 = IFN-α5 > IFN-α8/6 = IFN-α1.  In T3D-infected cardiac 
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fibroblast cultures (Figure 2.2B), IFN-β expression was also the highest and was 

approximately twice as high as IFN-α4 expression.  While the remaining IFN-α subtypes 

were expressed at significantly lower levels as observed for cardiac myocytes, the relative 

order of expression differed: IFN-α5 > IFN-α8/6 ≥ IFN-α1 ≥ IFN-α2.  The most apparent 

difference was for IFN-α2, which was among the most highly expressed IFN-α subtypes in 

cardiac myocytes but among the least expressed in cardiac fibroblasts.   

 To compare relative expression of the different IFN-α subtypes, expression for each IFN-α 

subtype was calculated as a percentage of IFN-β expression (Figure 2.2C).  The relative 

expression of each IFN-α subtype was significantly different between cardiac myocytes and 

cardiac fibroblasts except for IFN-α2.  Notably, while IFN-α1, IFN-α2, IFN-α5 and IFN-

α8/6 were expressed at 6 – 26% the level of IFN-β in cardiac fibroblasts, these same IFN-α 

subtypes were expressed at only 0.5 – 2% the level of IFN-β in cardiac myocytes; a ten-fold 

difference between cell types.  Together, the data suggest that the Type I IFNs induced by 

viral infection are predominantly IFN-β and IFN-α4 in cardiac myocytes, but IFN-β and 

multiple IFN-α subtypes in cardiac fibroblasts.    

 To identify possible differences in the cell response to viral infection, T3D induction of IFN 

was calculated as fold induction relative to basal expression (Figure 2.2D).  As previously 

seen for IFN-β (77), T3D infection resulted in a significantly greater fold induction for each 

of the five IFN-α subtypes in cardiac myocytes than in cardiac fibroblasts.  Moreover, while 

the range of induction in cardiac myocytes for IFN-β, -α2, -α4, and -α5 spanned a >16-fold 

difference (448-fold for IFN-α5 to 7467-fold for IFN-β), the range for those same IFN types 
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in cardiac fibroblasts spanned only a <3-fold difference (259-fold for IFN-α5 to 712-fold for 

IFN-β).  Finally, although the magnitude and range for fold induction differed dramatically 

between the two cell types the relative order was very similar.  For cardiac myocytes, the fold 

induction was IFN-β > IFN-α2 > IFN-α4 > IFN-α5 > IFN-α1 > IFN-α8/6, while in cardiac 

fibroblasts, it was IFN-β > IFN-α2 = IFN-α4 = IFN-α5 > IFN-α1 > IFN-α8/6.  Together, the 

data suggest that cardiac cell type-specific differences in the cell response to viral infection 

are likely more quantitative than qualitative.      

 To investigate IFN-α induction over time, RNA was harvested from primary cardiac cell 

cultures at 4 – 24 hours post-infection with T3D. The four most abundantly induced IFN-α 

subtypes were quantified by qRT-PCR (Figure 2.3). The trends in relative expression levels 

for the different IFN-α subtypes were very similar to the single 8 hr time-points in Figure 2.2.  

Expression peaked at 8 to 12 hrs post-infection for all IFN-α subtypes in cardiac myocytes 

and for IFN-α2, -α5 and α8/6 in cardiac fibroblasts.  Interestingly, IFN-α4 expression in 

cardiac fibroblasts continued to increase at 24 hours post-infection, in contrast to the other 

IFN-α subtypes or IFN-β (77) in that cell type, and in contrast to any IFN-α subtype or IFN-

β (77) in cardiac myocytes. Together, the data suggest again both subtype- and cell type-

specific differences for viral induction of IFN-α in cardiac cells.  

 To investigate secreted IFN-α, supernatants were harvested between 4 and 24 hours post-

infection of primary cardiac cell cultures, and total IFN-α was quantified by ELISA (Figure 

2.4).  T3D induction of secreted IFN-α was significant starting at 8 hours post-infection for 

cardiac myocytes (P < 0.001) but only at 24 hours post-infection for cardiac fibroblasts (P = 
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0.002).  Secreted IFN-α increased over time for both cultures, and was significantly higher 

for cardiac myocytes than cardiac fibroblasts at 12 and 24 hours post-infection (P = 0.05 and 

0.002, respectively).  Therefore, reovirus T3D induction of secreted IFN-α, like IFN-α 

mRNA, is cell type-specific. 

 Reovirus T3D induction of IFN is both direct and indirect, and is subtype- and cell 

type-specific in cardiac cells.  In some cell types, viral infection of cells induces initial 

synthesis and secretion of IFN-β and IFN-α4, which then signal through the IFN-α/β 

receptor and JAK-Stat to induce IRF7 for subsequent further induction of IFN-β, IFN-α4 and 

other IFN-α subtypes (30, 47, 56).  To determine whether reovirus T3D induction of IFN-α is 

direct or mediated by IFN-α or -β, primary cardiac cell cultures were generated from IFN-

α/β-receptor-null mice, and reovirus T3D induction of IFN-α and IFN-β at 8 hours post-

infection was quantified by qRT-PCR.   Basal expression of IFN mRNA was either 

undetectable or very low in IFN-α/β-receptor-null cells (data not shown) relative to wild-

type cells (Figure 2.2A), and suggested a ≥5-fold decrease in IFN-β, IFN-α4, and IFN-α8/6 

in cardiac myocytes and a ≥5-fold decrease in IFN-α8/6 in cardiac fibroblasts (data not 

shown).  Basal expression of other IFN mRNA types was too low in wild-type cells (Figure 

2.2A) to extrapolate reduction in IFN-α/β-receptor-null cells.  T3D induced IFN-β and IFN-

α4 significantly in IFN-α/β-receptor null cultures, but expression was dramatically decreased 

in both cardiac cell types relative to wild type cardiac cell cultures (Figure 2.5).  Interestingly, 

while the reduction in expression was greater in cardiac myocytes than cardiac fibroblasts for 

both IFN-β and IFN-α4, the reduction was most dramatic for T3D-induced IFN-α4 
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expression in cardiac myocytes (Figure 2.5B), resulting in an inversion where cardiac 

fibroblasts expressed more IFN-α4 than cardiac myocytes.  Reduction in expression for other 

IFN-α subtypes ranged from 10- to 100-fold (data not shown) or was not possible to 

extrapolate given the low expression in wild type cultures (Figure 2.2B).  Together the data 

suggest that IFN-mediated amplification is more critical for T3D-induced IFN-α expression, 

in particular for IFN-α4, than for IFN-β expression in cardiac myocytes.  In contrast, T3D-

induced type I IFN in cardiac fibroblasts is less dependent on IFN-mediated amplification. 

 Virus is a critical component for IFNα/β-mediated induction of IFN-α and -β in 

cardiac cells.  To determine whether IFN-α or IFN-β in the absence of viral infection 

induces Type I IFN in cardiac cells, primary cardiac myocyte and cardiac fibroblast cultures 

were treated with murine IFN-β or individual IFN-α subtypes at 1000 U/ml.  Total RNA was 

harvested at 2 and 5 hours post-treatment, and IFN-β and IFN-α subtype expression was 

assessed by qRT-PCR (data not shown).  Results from duplicate experiments indicated that 

neither IFN-β nor any of the IFN-α subtypes tested induce Type I IFN in cardiac cells in the 

absence of viral infection.   

 IFN induction of ISG expression is subtype- and cell type-specific.  To determine 

whether individual IFN-α subtypes can signal in cardiac cells, IFN-α induction of two ISGs 

was assessed by qRT-PCR.  The ISG IRF-7 was chosen for its importance as a transcription 

factor critical in the positive feedback loop for IFN induction (30, 47, 56), and the ISG 56 

was chosen as one representative antiviral ISG.  Primary cardiac cell cultures were treated 

with 1000 U/ml of the indicated IFN type, RNA was harvested between 2 and 8 hours post-
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treatment for qRT-PCR analysis (Figure 2.6). In all cases, IFN-α induction of ISGs was 

greater in cardiac fibroblasts than in cardiac myocytes, consistent with previous results for 

IFN-β in these cell types (63, 77).  At 8 hours post-treatment, the trend for IRF7 expression 

was similar in cardiac myocytes and cardiac fibroblasts, with the greatest induction by IFN-β 

and IFN-α4, followed by IFN-α1 and IFN-α5, and the lowest induction by IFN-α2.  A 

similar trend was seen for ISG 56 expression, except that expression decreased by 8 hours 

post-treatment in cardiac myocytes.  Thus cardiac myocytes and cardiac fibroblasts are 

differentially sensitive to IFN-α treatment as previously seen for IFN-β(77), and IFN 

signaling in cardiac cells is IFN-α subtype-specific.    

 Reovirus T3D sensitivity to IFN-α is subtype-specific in cardiac cells.  To determine 

whether individual IFN-α subtypes can provide antiviral protection to cardiac cells, primary 

cardiac cell cultures were treated with IFN-α1, -α2, -α4, -α5 or -β at 100 or 1000U/ml and 

then challenged with reovirus T3D 24 hours later.  After 20 hours infection, viral titers were 

determined by plaque assay (Figure 2.7).  In both cardiac myocytes and cardiac fibroblasts, 

each IFN-α subtype tested was antiviral at 1000 U/ml, with decreased effects at 100 U/ml.  

And in both cell types, IFN-β provided the greatest antiviral protection, IFN-α4 and IFN-α5 

provided the next greatest protection, and IFN-α1 and IFN-α2 provided the least protection. 
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DISCUSSION 

 

 IFN-α and IFN-β bind a shared receptor to induce expression of an overlapping set of 

antiviral genes (34), and both cytokines have been used successfully in the treatment of 

human viral myocarditis (40, 41) (14, 48, 64) .  However, the only investigation measuring 

expression of different IFN-α subytpes in the heart during murine viral myocarditis used 

CVB3 59, which induces both direct and immune-mediated damage (31, 72).  Therefore, the 

IFN-α in that study likely reflected contributions from both cardiac and inflammatory cells.  

Similarly, there has been only one investigation comparing the efficacy of different IFN-α 

subtypes in protection against murine viral myocarditis (12), and that study also used a virus 

that mediates cardiac damage primarily through immune-mediated rather than direct 

mechanisms (MCMV (44)).  There have been no studies comparing cardiac expression of the 

different IFN-α subtypes using a virus that mediates direct damage to the heart, or using 

cardiac cells to assess expression of different IFN-α subtypes and their relative importance in 

the cardiac protective response.  Results here demonstrate that IFN-α is induced in cardiac 

cells, that it is both subtype- and cell type-specific, and that it is likely important in the 

antiviral cardiac response. 

 Investigations comparing expression for the different IFN-α subtypes have been hindered 

by the >80% DNA homology between genes (26, 70).  Early semi-quantitative approaches 

used subtype-specific probes for S1 nuclease mapping (29), in situ hybridization (24), and 

hybridization to PCR products generated using consensus primers (32, 42).  In a later labor-
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intensive approach, consensus primers were used to generate PCR products which were then 

cloned and sequenced to quantify the frequency of IFN-α subtype expression (3, 8, 15, 47).  

Several more recent studies have used IFN-α subtype-specific primers for PCR,  but have 

provided only semi-quantitative electrophoresis-based results (10, 22, 45).  Finally, several 

studies have provided more quantitative assessments.  One used fluorescein-labeled probes in 

a heteroduplex analysis of PCR products generated from consensus primers (16).  Several 

others used IFN-α subtype-specific primers, one for Taqman-based qRT-PCR (46) and two 

for Sybergreen-based qRT-PCR (2, 33).  Here, we took advantage of the extreme specificity 

of the 3’ terminal nucleotide for primer extension to design primers that could be used for 

Sybergreen-based qRT-PCR, a much less expensive option than Taqman-based qRT-PCR.  

We also used pyrosequencing in a novel approach to validate the specificity of qRT-PCR 

products without the need for subcloning.  Results provide not only insights into differential 

IFN-α subtype expression in cardiac cells, but also a method for quantitatively comparing 

and validating expression from closely related genes. 

 IFN-α is expressed at detectable levels in some tissues even without stimulation (8, 47, 67, 

76) and may play a role in embryo development (18, 54) and prevention of cell 

transformation (9).   Importantly, constitutive expression of IFN-α also plays a critical role in 

the host response to viral infection.  To enhance innate immune responses, high basal 

expression of IFN-α can directly protect cells from virus infection (6) and can determine 

high basal expression of IRF7 and thereby increase viral induction of IFN through a positive 

amplification loop (27).  To enhance adaptive immunity, high basal IFN-α can stimulate 
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maturation and activation of dendritic cells (50) and can augment cell responses to  IFN-γ (66)  

and IL-6 (49).  Here, we found that basal expression of IFN-α was both subtype- and cell 

type-specific in cardiac cells.  We previously demonstrated that high basal Type I IFN 

expression in cardiac myocytes stimulates high basal ISG expression relative to cardiac 

fibroblasts, resulting in a pre-arming in cardiac myocytes from both protective ISGs and 

latent IRF7 expression (77).  Results here indicate that this Type I IFN could be comprised of 

both IFN-β and IFN-α4, but not IFN-α1, -α2, -α5 or -α8/6 since they were expressed at 

basal levels that were equivalent in the two cell types (Figure 2.2).  In addition, results here 

confirm that as in other cell types, IRF7 is not active in cardiac myocytes in the absence of 

viral infection, since high basal IRF7 expression in cardiac myocytes did not result in higher 

basal expression of downstream IFN-α subtypes in that cell type.  The mechanism 

underlying high basal expression of IFN-β and IFN-α4 in cardiac myocytes remains unclear. 

 Type I IFN expression is enhanced by an IRF7-mediated positive amplification loop (30, 47, 

56) and cell type-specific differences in IRF7 expression can therefore determine viral 

induction of IFN-α.  Indeed, differences in virus-induced expression for two different human 

IFN-α subtypes reflects differences in organization of IRF elements in the promoters of their 

genes (11, 23).  Constitutive IRF7 levels correlate with levels of both IFN-α4 and IFN-non-

α4 (using consensus primers) induced by influenza virus in spleen cells compared to 

fibroblasts or in plasmacytoid dendritic cells compared to myeloid dendritic cells, and high 

constitutive IRF7 overcomes the requirement for the positive amplification loop for 

expression of both IFN-α classes (52).  West Nile Virus induction of IFN-α (consensus) is 
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reduced in multiple primary cell types deficient in IRF7, but interestingly, IFN-β is not (13).  

However, no previous studies have addressed the impact of IRF7 expression levels on viral 

induction of different IFN-α subtypes.  Previously, we found that reovirus T3D induces 

greater IRF7 in cardiac fibroblasts than in cardiac myocytes (63), consistent with the greater 

responsiveness of the former than the latter to IFN signaling (77).  Here, we found that while 

IFN-β and IFN-α4 comprised the majority of Type I IFN induced by reovirus in both cardiac 

myocytes and cardiac fibroblasts, the relative contribution from the other subtypes differed 

dramatically, providing only 4% of the total Type I IFN in cardiac myocytes but 27% of the 

total in cardiac fibroblasts (Figure 2.2B).   Moreover, reovirus induced IFN-non-α4 subtypes 

to a combined level of only 6% that of IFN-β in cardiac myocytes, but 56% the level of IFN-

β in cardiac fibroblasts (Figure 2.2C).  These data would suggest that cell type-specific 

differences in virus-induced IRF7 levels (63) correlate with differences in viral induction of 

IFN-α subtypes downstream of IRF7.  However in contrast, viral induction of IFN-α4 and 

IFN-β in cells lacking IFN-α/β signaling was reduced much more in cardiac myocytes than 

in cardiac fibroblasts (Figure 2.5; other subtypes were below the limits of detection and 

therefore could not be assessed).  These data would suggest that, as for West Nile Virus 

comparisons between total IFN-α and IFN-β (13), the role of IRF7 in reovirus induction of 

Type I IFN varies between IFN types and is cell type-specific. 

 IFN-α subtypes differ in their antiviral activity both in vitro and in vivo.  When COS cells 

were transfected with constructs expressing murine IFN-α1, -α2, -α4 and -α6, and then 

supernatants were tested for protection of L929 and CHO cells against challenge with 
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vesicular stomatitis virus, IFN-α4 was most effective (69).  But when purified recombinant 

IFN-α1 and -α4 were tested for protection of L929 and J2E cells against 

encephalomyocarditis virus challenge, the two subtypes were equivalent (65).   IFN-α1, -α4 

or -α9 transgenes introduced into regenerating muscles of mice each reduced MCMV 

replication, with IFN-α1 providing the most protection (75).  When IFN transgenes were 

applied vaginally to mice before challenge with HSV-2, IFN-α1, -α5 and -β were protective 

while -α4, -α6 and -α9 were not (1).  Finally when mice were injected with constructs 

expressing IFN-α subtypes and challenged with influenza virus, -α5 and -α6 were most and -

α1 least protective (35).  Together, the data suggest that the antiviral activity of murine IFN-

α subtypes may be both virus- and tissue-specific.  Similar differences in antiviral activity 

have been seen for human IFN-α subtypes (21, 39, 43, 57).  Interestingly, IFN-α subtypes 

may differ in antiviral activity but not anti-proliferative function, or vice versa (20, 65).  Here, 

we found that the relative antiviral activity for Type I IFNs was the same for cardiac 

myocytes and cardiac fibroblasts:  IFN-β provided the greatest protection, -α4 and -α5 were 

intermediate, and -α1 and -α2 provided the least protection (Figure 2.7).  These relative 

antiviral effects parallel relative IFN subtype-specific induction of ISGs (Figure 2.6; 8 hours 

post-treatment), perhaps reflecting differences in affinity for the IFN-α/β-receptor (34).  

Finally, IFN-β, -α4 and -α5 were expressed at higher levels than IFN-α1 and -α2 in cardiac 

fibroblasts after reovirus infection (Figure 2.2B), potentially contributing even further to their 

protective functions in the heart.             
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 Viral induction of IFN (Figure 2.2), IFN induction of ISGs (Figure 2.6), and IFN antiviral 

activity (Figure 2.7) was always greater for IFN-β than for any IFN-α subtype.  This is 

consistent with previous evidence for greater activation of the JAK-Stat pathway (25) and 

greater antiviral activity of IFN-β than IFN-α (pooled preparations) against CVB3 (28) in 

human cardiac fibroblasts.  Indeed, IFN-β provides protection against influenza virus in mice 

that cannot be provided by IFN-α alone (38).  Nonetheless, while the combined expression of 

IFN-α subtypes was only 26% of the total IFN in infected cardiac myocytes, it was 52% of 

the total in infected cardiac fibroblasts (Figure 2.2B).  Given that cardiac fibroblasts are more 

responsive than cardiac myocytes to both IFN-α (Figure 2.6) and IFN-β (63, 77), this 

contribution of IFN-α could be particularly important in cardiac fibroblasts.  Finally, 

although combined antiviral effects cannot be extrapolated from the data, IFN-α4 and -α5 

each expressed 15% of the antiviral activity of IFN-β in cardiac myocytes, and 16 to 23% the 

activity in cardiac fibroblasts (Figure 2.7B).  Together, the data indicate that IFN-α subtypes 

are likely to play an important role in protecting the heart from viral infection.     
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Table 2.1.  Primers for subtype-specific detection of IFN-α 1 
 

IFN-α subtype 2 
Accession No. 3 

 Primer sequence (5’ → 3’) Product 
size 

Forward TAATTCCTACGTCTTTTCTTT IFN-α1 BALB/c X01974 
Reverse  TATGCCTGATCCCTGAACAGT 

81 

Forward TGAAGGACAGGAAGGACTTTG IFN-α1 129/Sv NM_010502 
Reverse  GAATGAGTCTAGGAGGGTTGT 

167 

Forward TTGAAGGTCCTGGCACAG IFN-α2 BALB/c X01969 
Reverse  GAGGTTCAAGGTCTGCTGA 

160 

Forward GCAGAAGTCTGGAGAGCCCTC IFN-α4 BALB/c X01973 
Reverse  TGAGATGCAGTGTTCTGGTCC 

122 

Forward CTCAAAGCCTGTGTGATGCAA IFN-α5 BALB/c  X01971 
Reverse  GTGTTTCTTCTCTCTCAGGTA 

123 

Forward CCCTGAAGATCCAGAAAGAGA IFN-α6T 129/Sv AY220465 
Reverse  GTATCTAGGAGGGTTGCATCC 

118 

Forward CATCTGCTGCTTGGGATGGAT IFN-α7 
C57BL/6  

AY225952 
Reverse  TTCCTGGGTCAGAGGAGGTTC 

125 

Forward AGGTGGGGGTGCAGGAACTTT IFN-α7/10 
Swiss 

M13710 
Reverse  TTCTTCTCTCTCAGGAACACA 

97 

Forward TCATAACCTCAGGAACAAGAA IFN-α8/6 
C57BL/6 

AY225953 
Reverse  TCCACCTTCTCCAAGGGGAAT 

81 

Forward CTCATTACCTTCAGTGTGAAC IFN-α8/6 
BALB/c 

X01972 
Reverse  AGATACAAAAGTGGCTATACA 

93 

Forward CCTGACCCAGGAAGACTCCCA IFN-α9 BALB/c M13660 
Reverse  ACTTCTGCTCTGACCACCTCC 

114 

Forward GAGAAGAGATCAAGAAAAATG IFN-α11 Swiss M68944 
Reverse  TCCCAGGACTGGCTTATGAGG 

111 

Forward CAGCAGGTGGGGGTGCAGGAG IFN-α12 
C57BL/6 

NM_177361 
Reverse  TTTCTTCTCTCTCAGGTACAC 

102 

Forward GGTGGTCAGAGCAGAAGTCCA IFN-α13 
C57BL/6 

AY190047 
Reverse  GTTCAGAAGAGTCCTCTCCAC 

112 

Forward TTCTGCAATGACCTCAACACT IFN-α14 129/Sv AY220462 
Reverse  AAGTATTTCCTCACAGCCAGC 

119 

 
1 Genomic DNA from Cr:NIH(S) mice was subjected to qRT-PCR using the indicated primer 
pairs.  Single peaks in a standard melt-curve analysis indicated amplification of a single 
product. 
2 Mouse strains used for sequence information are as indicated. 
3 Many sequences / accession numbers are as originally suggested in van Pesch et al., 2004.  
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Figure 2.1. Pyrosequencing confirmation of IFN-α products.  The indicated IFN-α 
sequences (accession numbers provided in Table 1) were aligned by ClustalW2.  Regions 
recognized by pyrosequencing primers for IFN-α4 (A) and -α5 (B) are indicated.  Bold italic 
lower case indicates primer sequences, bold uppercase (unshaded) indicates the region 
sequenced for each product, and bold shaded uppercase indicates IFN-α subtype-specific 
sequence polymorphisms.  Representative spectra using primers specific for IFN-α4 (C) and -
α5 (D) are provided.  The nucleotides provided during successive pyrosequencing cycles are 
indicated on the X axis, and sequence is interpreted from the height of the peak.  For example, 
in (C), following the E (enzyme) and S (substrate), the sequence is C (single peak), AA 
(double peak, specific for IFN-α4), no T (indicating no IFN-α2, -α5, -α9, -α11 or -α12), no 
G, no A, CC (double peak), no T, no C, no G, AA (double peak), C (indicating no IFN-α1, -
α6T, -α7, -α8/6, -α12, or α-14).   

 
IFN-α Subtype Sequence alignment to detect IFN-α4 
IFN-α1 BALB/c GAGCCCTGTCTTCCTCTGCCAATGTGCTGGGAAGACTGAGAGAAGAGAAATGA

IFN-α2 BALB/c GAGCCCTGTCTTCCTCAGTCAACTTGCTGCCAAGACTGAGTGAAGAGAAGGAG

IFN-α4 BALB/c gagccctgtcttcctCAACCAACTTGCTGGCAAGACTGAGTGAGGAGAAGGAG

IFN-α5 BALB/c  GAGCCCTGTCTTCCTCAGTTAACTTGCTGGCAAGATTGAGCAAGGAGGAGTGA

IFN-α6T 129/Sv GAGCCCTGTCTTCCTCTGCCAATGTGCTGGGAAGACTGAGAGAAGAGAAATGA

IFN-α7 C57BL/6  GAGCCCTGTCTTCCTCAGCCAAGTTGCTGGCAAGATTGAGTGAGAAGAAGGAG

IFN-α8/6 BALB/c GAGCCCTGTCTTCCTCAGCCAAGTTGCTGGCAAGACTGAATGAGGACGAGTGA

IFN-α8/6 C57BL/6 GAGCCCTGTCTTCCTCAGCCAAGTTGCTGGCAAGACTGAGTGAGGACGAGTGA

IFN-α9 BALB/c GAGCCCTGTCTTCCTCAGTTAACTTGCTGGCAAGACTGAGTGAGGAGAAG-GA

IFN-α11 Swiss GAGCCCTGTCTTCCTCAGTTAACTTGCTGGCAAGATTGAGTGAAGAGAAGGCT

IFN-α12 C57BL/6 GAACCCTGTCTTCCTCAGCTAAGTTGCTGGCAAGACTGAGTGAGAAGGAGTGA

IFN-α13 C57BL/6 GAACCCTGTCTTCCTCAGCCAACTTGCTGGCAAGACTGAGCAAGGAGGAGTGA

IFN-α14 129/Sv GAGCCCTGTCTTCCTCAGCCAAGTTGCTGACCAGCCTGAAAGAAGAGAAGTGA

 
 

IFN-α Subtype Sequence alignment to detect IFN-α5 
IFN-α1 BALB/c GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTGGGGGTGCAGGAATTTC 
IFN-α2 BALB/c GCTCAATGACCTGCAAACCTGTCTGATGCAGCAGGTGGGGGTGCAGGAACCTC 
IFN-α4 BALB/c GCTCAATGATCTCAAAGCCTGTGTGATGCAG---------------GAACCTC 
IFN-α5 BALB/c  GCTCAATGACCTCAAagcctgtgtgatgcaacaggTCGGGGTGCAGGAATCTC 
IFN-α6T 129/Sv GCTCAATGACCTGCAAGCCTGTCTAGTGCAGCAGGTGAGGTTGCAGGAACCTC 
IFN-α7 C57BL/6  GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTGGGGGTGCAGGAACCTC 
IFN-α8/6 BALB/c GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTAGAGATACAGGCACTTC 
IFN-α8/6 C57BL/6 GCTCAATGACCTCAAAGCCTGTGTGATGCAGGAGGTGGGGGTGCAGGAATCTC 
IFN-α9 BALB/c GCTCAATGACCTGCAAGGCTGTCTGATGCAGCTGGTCGGGATGAAGGAACTGC 
IFN-α11 Swiss GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTGGGGGTGCAGGAACCTC 
IFN-α12 C57BL/6 GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTGGGGGTGCAGGAGCCTC 
IFN-α13 C57BL/6 GCTCAATGACCTCAAAGCTTGTCTGATGCAGCAGGTTGGGGTGCAGGAATTTC 
IFN-α14 129/Sv GCTCAATGACCTGCAAGGCTGTCTGATGCAGCAGGTAGAGATACAGGCACCTC 
 

A. 

B. 

C. 

D. 
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5 10E S G C A T G A C T C G A C 
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Table 2.2. Reovirus T3D induction of IFN-α is subtype-specific in primary cardiac 
myocyte and cardiac fibroblast cultures 1 
 

IFN-α Subtype 2 Induction 3  IFN-α Subtype 2 Induction 3 
IFN-α1 BALB/c √ IFN-α8/6 BALB/c √ 
IFN-α1 129/Sv √ IFN-α8/6 C57BL/6   × 4 
IFN-α2 BALB/c √ IFN-α9 BALB/c × 
IFN-α4 BALB/c √ IFN-α11 Swiss × 
IFN-α5 BALB/c √ IFN-α12 C57BL/6 × 
IFN-α6T 129/Sv × IFN-α13 C57BL/6 × 
IFN-α7/10 Swiss × IFN-α14 129/Sv × 
IFN-α7 C57BL/6 × 

 

  
 

1 Primary cardiac myocyte and cardiac fibroblast cultures were infected with reovirus T3D at 
an moi of 10 pfu per cell. Total cell RNA was extracted 8 hours post-infection and results 
from qRT-PCR using the indicated primer pairs in at least two independent experiments are 
summarized here.  
2 Primers are as indicated in Table 2.1. 
3 A single peak by standard melt-curve analysis and >2-fold change relative to mock-infected 
cultures were together considered evidence of IFN-α induction (√ ); absence of an 
identifiable peak or <2-fold change were interpreted as insignificant IFN-α induction (×). 
4 While IFN-α8/6 BALB/c primers indicated induction by T3D infection, IFN-α8/6 C57BL/6 
primers did not, despite both recognizing Cr:NIH(S) genomic DNA (Table 1).  Possible 
mouse strain-specific sequence polymorphisms within the primer-binding region could have 
allowed detection of IFN-α8/6 genomic DNA but not mRNA given its relatively low copy 
number (Figure 2.1).   
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Figure 2.2. Basal and reovirus T3D-induced expression of IFN-α is subtype- and cell 
type-specific in cardiac cells.  Primary cardiac cell cultures were mock-infected or infected 
with reovirus T3D at an moi of 10 pfu per cell. Total cell RNA was extracted from replicate 
culture wells at 8 hours post-infection for qRT-PCR. Copy number for each gene of interest 
was normalized to GAPDH, and then further normalized to compensate for differences in 
GAPDH expression between cardiac myocytes and cardiac fibroblasts.  Results are the mean 
of replicate samples ± SEM, and are representative of two (A) or three (B) independent 
experiments. (A)  Basal expression in mock-infected cultures.  (B)  T3D-induced expression.  
(C)  T3D-induced expression for each IFN-α subtype relative to IFN-β in that cell type 
(calculated from panel B).  (D)  Fold induction, calculated from data in panels (A) and (B).  
Inset presents a subset of the same data on an amplified scale.  

0

500

1000

1500

2000

2500

3000

3500
6000

7000

8000

Fo
ld

 In
du

ct
io

n

−β −α1 −α2 −α4 −α5 −α8/6 −β −α1 −α2 −α4 −α5 −α8/6

Cardiac Myocytes Cardiac Fibroblasts

IFN Type (Virus-Induced)

A. B.

C. D.

0

20

40

60

80

100

120

140

160

180

200

220

500
1000
1500

C
op

ie
s 

(N
or

m
 to

 G
A

P
D

H
, x

10
7 )

Cardiac Myocytes

−β −α1 −α2 −α4 −α5 −α8/6 −β −α1 −α2 −α4 −α5 −α8/6

IFN Type (Basal)

Cardiac Fibroblasts

0
25
50
75

100
125
150
175
200
225
250
275
300
325
350
375
400

2000
6000

10000

C
op

ie
s 

(N
or

m
 to

 G
A

P
D

H
, x

10
5 )

−β −α1 −α2 −α4 −α5 −α8/6 −β −α1 −α2 −α4 −α5 −α8/6

Cardiac Myocytes Cardiac Fibroblasts

IFN Type (Virus-Induced)

0

10

20

30

40

50

60

70

%
 E

xp
re

ss
io

n 
R

el
at

iv
e 

to
 IF

N
-β

−α1 −α2 −α4 −α5 −α8/6 −α1 −α2 −α4 −α5 −α8/6

Cardiac Myocytes Cardiac Fibroblasts

IFN Type (Virus-Induced)

0
5

10
15
20
25
30
35

100

200

Fo
ld

 In
du

ct
io

n

−α1 −α8/6
Myocytes

−α1 −α8/6
Fibroblasts



 110

 
 
Figure 2.3. Peak time of IFN-α induction by reovirus T3D is cell type- and subtype-
specific.  Primary cardiac cell cultures were infected as for Figure 2.  Total cell RNA was 
extracted from replicate culture wells at the indicated time post-infection for qRT-PCR, and 
analyzed as for Figure 2.  Results are the mean of replicate samples ± SEM, and are 
representative of three independent experiments. (A)  Cardiac myocyte cultures.  (B)  
Cardiac fibroblast cultures. 
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Figure 2.4. Reovirus T3D induction of secreted IFN-α is cell type-specific.  Primary 
cardiac cell cultures were infected as for Figure 2, and supernatants from duplicate wells 
were harvested at 4, 8, 12 and 24 hours post infection for quantification of secreted total IFN-
α by ELISA. Data are expressed as mean ± SD. 
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Figure 2.5. The role of IFN-mediated amplification in T3D induction of Type I IFN is 
cell type-specific.  Primary cardiac cell cultures were generated from IFN-α/β-receptor-null 
and wild-type mice.  Cultures were infected and RNA was harvested and analyzed as for 
Figure 2.  (A) Results are the mean of duplicate samples from each of two experiments ± 
SEM.  (B) Results in (A) from wild-type cells were divided by those from IFN-α/β-receptor-
null cells.   
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Figure 2.6.  IFN-α induction of ISG mRNA is subtype- and cell type-specific.  Primary 
cardiac cell cultures were treated with media or 1000 U/ml of the indicated IFN type, and 
RNA was harvested at the indicated time post-treatment for qRT-PCR analysis.  Copy 
number for each sample was normalized to GAPDH expression, and then divided by copy 
number in replicate media-treated cultures harvested at the same time to calculate fold 
induction.  Results are expressed as the mean of duplicate samples ± SD, and are 
representative of three independent experiments.  (A) IRF7 expression.  (B) ISG 56 
expression.   
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Figure 2.7. Reovirus T3D sensitivity to IFN-α is subtype-specific in cardiac cells.  
Primary cardiac myocyte cultures and primary cardiac fibroblast cultures were treated with 
IFN-α1, -α2, -α4, -α5 or -β at 100 or 1000 U/ml, incubated for 24 hours, challenged with 
reovirus T3D at an moi of 10 pfu per cell, and then incubated an additional 20 hours.  Viral 
titers were determined by plaque assay (Figure 8A, expressed as mean ± SD from triplet 
samples), and fold inhibition by IFN treatment was determined (Figure 8B, expressed as 
IFN-treated relative to mock-treated samples).  Results are representative of two independent 
experiments.  In each cell type at 1000 U/ml, relative inhibition of viral titers were IFN-β > 
α5 = α4 > α2 = α1 (P < 0.05). 
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ABSTRACT 

 

Viruses frequently infect the heart but clinical myocarditis is rare, suggesting that the 

cardiac antiviral response is uniquely effective.  Indeed, the Type I interferon (IFN) response 

is cardiac cell type-specific and provides one integrated network of protection for the heart.  

Here, a proteomic approach was used to identify additional proteins that may be involved in 

the cardiac antiviral response.  Reovirus-induced murine myocarditis reflects direct viral 

apoptotic damage to cardiac cells, and offers an excellent system for study.  Primary cultures 

of murine cardiac myocytes were infected with myocarditic or non-myocarditic reovirus 

strains, and whole cell lysates were compared by two-dimensional difference gel 

electrophoresis (2D-DIGE) and matrix absorption laser desorption ionization-time of flight-

time of flight (MALDI-TOF-TOF) mass spectrometry.  Results were quantitative and 

reproducible, and demonstrated that whole proteome changes clustered according to viral 

pathogenic phenotype.  Moreover, results suggest that the heat shock protein Hsp25 is 

modulated differentially by myocarditic and non-myocarditic reoviruses and may play a role 

in the cardiac antiviral response.  Members of seven virus families modulate Hsp25 or Hsp27 

expression in a variety of cell types, suggesting that Hsp25 participation in the antiviral 

response may be widespread.  However, results here provide the first evidence for a virus-

induced decrease in Hsp25/27, and suggest that viruses may have evolved a mechanism to 

subvert this protective response, as they have for IFN.   
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INTRODUCTION 

 

Viruses are the most common pathogen causing myocarditis, with random autopsies 

suggesting that between 5 and 20% of the population has suffered a viral infection in the 

heart (14, 22, 89). While most cases are asymptomatic, myocarditis is frequently fatal in 

infants, and adult infections can progress to dilated cardiomyopathy requiring heart 

transplantation (22, 54). Moreover, greater than 50% of sudden deaths in young adults are due 

to cardiac causes with greater than 10% of those due to myocarditis (20, 65).  While immune-

mediated pathology can occur, immunosuppressive therapy is not beneficial (52), suggesting 

that most damage reflects direct viral cytopathic effect (CPE). Most virus families have been 

implicated in human viral myocarditis, with adenoviruses and coxsackieviruses indicated 

most often (9, 50). However, coxsackieviruses induce both direct and immune-mediated 

pathology in mice (36), and adenovirus-induced myocarditis remains poorly studied in an 

animal model (7). In contrast, reovirus-induced myocarditis in neonatal mice involves only 

direct viral CPE reflecting virus-induced apoptosis, providing a well-characterized model 

system for study (4, 16, 17, 57, 74, 75).  

Virus-induced pathology is particularly problematic in the heart because only 1% of 

cardiac myocytes are renewed in the average human lifetime (6).  While the blood-brain 

barrier protects the similarly vulnerable central nervous system from pathogens, there is no 

identifiable cell architecture protecting the heart.  Instead, it is likely that cardiac cells have 

evolved uniquely effective innate responses to limit virus spread through the heart until 
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immune cells can react.  Indeed, the cytokine IFN-β is a determinant of protection against 

reovirus-induced murine myocarditis (76).  That is, virus strain-specific differences in the 

capacity to induce myocarditis correlate with differences in viral induction of IFN-β and viral 

sensitivity to the antiviral effects of IFN-α/β in primary cultures of cardiac myocytes.  

Moreover, a non-myocarditic reovirus induces cardiac lesions in mice lacking IFN-α/β 

function (76).  It seems unlikely, however, that the heart would have evolved only a single 

antiviral strategy given its constant exposure to viral pathogens.  To identify additional 

proteins that may be involved in the cardiac antiviral response, a proteomic approach was 

used here to compare cardiac myocyte responses to infection with myocarditic and non-

myocarditic reoviruses.  Assessing primary cardiac myocyte cultures rather than hearts from 

infected mice ensured measurement of the innate cardiac myocyte response rather than that 

of a mix of cardiac and inflammatory cells.   

While microarray technology offers an excellent tool to compare mRNA levels 

between samples, the prevalence of post-transcriptional regulation in eukaryotic cells 

precludes accurate predictions about final protein expression.  Accordingly, proteomic 

approaches have become increasingly popular and have provided a useful catalog of cardiac 

protein expression (24) and (37) and (24, 55).  Two-dimensional difference gel 

electrophoresis (2D-DIGE) (83) is a powerful tool that builds on traditional 2D 

polyacrylamide gel electrophoresis (2DE), which provided one of the earliest methods to 

separate closely-related proteins (31, 60).  Indeed, 2D-DIGE has been used to investigate 

differences between healthy and diseased hearts for a number of conditions, however none 

have examined viral infections and none have investigated purified cardiac myocytes (18, 33, 
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53, 56, 61, 69).  The two major strengths of 2DE are that it allows both separation of 

thousands of proteins simultaneously and identification of post-translational modifications. In 

particular, the use of intermediate ranges of pH gradients (i.e. pH 4 to 7 or 6 to 9) in the 

isoelectric focusing (IEF) dimension of the gel greatly enhances separation of  proteins which 

would otherwise co-migrate in a traditional 2D gel (ph 3 to 10).  In 2D-DIGE, proteins are 

labeled with fluorescent cyanine (Cy) dyes before electrophoresis, to both increase the 

sensitivity and broaden the dynamic range of protein quantification (84, 90).  Because 

proteins are labeled after cells are harvested, there is no risk of perturbing the cell 

environment and affecting cell responses.  Moreover, labeling samples from different 

treatments with Cy3 and Cy5 and labeling a pool of multiple samples with Cy2 as an internal 

control allows quantitative comparison among an unlimited number of samples on different 

gels (1).  Once gel spots are selected, they are proteolytically digested and analyzed by 

tandem mass spectrometry (MS/MS) for protein identification (86). 

Studies here demonstrate that 2D-DIGE analysis of primary cardiac myocyte cultures 

provides quantitative and reproducible results, and that proteome changes cluster according 

to viral pathogenic phenotype.  Moreover, results suggest that the heat shock protein Hsp25 

is modulated differentially by myocarditic and non-myocarditic reoviruses and may play a 

role in the cardiac antiviral response.   

 

RESULTS 

 

2D-DIGE analysis.  The four reoviruses selected for comparison are comprised of 
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two prototypes strains (T1L and T3D (71)), a potently myocarditic reassortant virus 

generated in vivo during a mixed infection with T1L and T3D (8B (75)), and a non-

myocarditic reassortant virus derived from 8B (DB93A (73)) (Table 3.1).  Together, they 

allow comparisons relating to both viral myocarditic potential and viral induction of IFN-β.  

A preliminary experiment comparing mock- and T3D-infected cultures at 8, 12 and 18 hours 

post-infection indicated that the greatest differences between mock- and virus-infected 

cultures were captured at 12 hours post-infection (data not shown), and therefore this single 

time-point was selected for further 2D-DIGE studies.  Triplicate lysates from mock- or virus-

infected primary cardiac myocyte cultures were labeled and electrophoresed with an internal 

control on a total of 8 gels (Figure 3.1 and Supp Table 3.1).  The scanned 2D-DIGE gel 

images were analyzed using DeCyder 2D Software with exclusion filters set manually. The 

total number of protein spots detected on the 8 gels ranged from 5,617 to 7,408 per gel, with 

the master gel selected as the one with the greatest number of protein spots.  A total of 3,000 

protein spots were selected for comparisons based on their abundance exceeding a filter-set 

threshold, and 197 differentially expressed protein spots were detected in the EDA module 

with One-Way ANOVA and P < 0.01 as the threshold.  

Principle component analysis (PCA), which is a statistical method to eliminate 

redundant variables and reduce data complexity, was performed on the 197 differentially 

expressed proteins (Figure 3.2). Triplicate samples for each infection were tightly clustered, 

indicating high reproducibility between primary cardiac myocyte culture wells and between 

gels.  Reovirus-infected samples were most distantly segregated from mock-infected samples.  

The two viruses that induce IFN-β poorly (T1L and DB93A) were clustered closely.  The two 
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other viruses, 8B and T3D, were segregated by myocarditic potential.  Thus, global proteome 

changes correlated well with viral phenotypes.  

Protein identification by MALDI-TOF-TOF and pathway analysis.  The 3000 

protein spots were re-analyzed by One-way Anova at a lower threshold of significance (P < 

0.05) to increase the pool of proteins for subsequent analyses.  This identified 227 

differentially expressed protein spots, which were then picked for identification by MALDI-

TOF-TOF and database searches. Of the 227 protein spots, 194 achieved a score higher than 

64 in the Swiss-Prot database or 60 in the IPI database, and 124 of those corresponded to 

unique proteins (rather than hypothetical proteins or post-translational modifications of the 

same protein).  Proteins fell into many groupings, based on whether they were up-regulated 

or down-regulated in viral infections, and whether accumulation was virus strain-specific or 

segregated by previously characterized viral phenotypes (e.g. induction of IFN, or induction 

of myocarditis).  Supp Table 3.2 provides an example of proteins that are uniquely altered in 

T3D-infected cultures, 8B-infected cultures, or both, and groups them by biological function.  

Not surprisingly, the number of biological functions altered by both viruses is much greater 

than the number altered by just one virus.   

The 124 differentially expressed proteins also participate in diverse pathways, 

including those for calcium signaling, ERK/ MAPK signaling, protein ubiquitination, 

mitochondrial dysfunction, oxidative stress, and amino acid metabolism (data not shown).  

Of interest, the potently myocarditic reovirus 8B uniquely modulated proteins involved in 

mitochondrial dysfunction, endoplasmic reticulum stress, and phospholipid degradation, 

consistent with this virus’ extreme cytopathogenicity. 
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Analysis of post-translational modifications identifies Hsp25 phosphorylation.  

We found 18 cases where a single protein was identified in multiple spots with the same 

molecular weight but different pIs, suggestive of post-translational modifications.  One of 

these proteins was Hsp25, the mouse homolog of human Hsp27 (Supp. Figure 3.1). Three gel 

spots were identified as this protein by extremely high scores from searches of the Swiss-Prot 

and IPI databases (459, 388 and 359 on Swiss-Prot, and 461, 389 and 361 on IPI). Each gel 

spot included high coverage for Hsp25 by peptide mass fingerprinting, and included 

sufficient MS-MS data for sequence confirmation (Supp. Tables 3.3 – 3.5). By comparing the 

pool of un-matched peptide masses to Hsp25 theoretical peptide masses using Protein 

Prospector, two un-matched peptides were identified as potentially phosphorylated (Supp. 

Tables 3.4, 3.5).  The predicted mono-phosphorylated peptide was absent from the most 

basic spot but present in the two more acidic spots, as would be predicted for successive 

phosphorylation.  And, as would be expected, the potentially di-phosphorylated peptide was 

present in only the most acidic spot.  Moreover, phosphorylation predictive software 

(NetPhos 2.0 Server) suggested phosphorylation of Hsp25 on those two peptides; on serine-

15 (ser15), corresponding to the novel peptide in both mono- and di-phosphorylated Hsp25, 

and on ser86, corresponding to the novel peptide found only in di-phosphorylated Hsp25.  

Importantly, these two Hsp25 residues have previously been reported to be phosphorylated 

by various stimuli (28, 80).  Western blot analyses confirmed these gel spot identifications 

(see below). 

Quantification and confirmation of Hsp25.  Protein abundance was determined for 

the predicted unphosphorylated, mono-phosphorylated and di-phosphorylated Hsp25 gel 

http://prospector.ucsf.edu/
http://prospector.ucsf.edu/
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spots (Figure 3.3).  Unphosphorylated Hsp25 was most abundant in mock-infected samples 

(P < 0.03 to 0.001) and least abundant in 8B-infected samples (P < 0.01 to 0.002, Figure 

3.3A). Unphosphorylated Hsp25 was also less abundant in T3D- relative to DB93A- and 

T1L-infected samples (P < 0.02).  One simple interpretation is that viral infection stimulates 

phosphorylation of Hsp25 resulting in decreased unphosphorylated Hsp25, and that the 

extent of phosphorylation is virus-specific.  Indeed, di-phosphorylated Hsp25 was more 

abundant in reovirus- than mock-infected samples (P < 0.028 to 0.001 for the four viruses), 

and was more abundant in cultures infected with than non-myocarditic (T3D, DB93A) than 

myocarditic (8B, T1L) viruses (Figure 3.3C, P < 0.02 for each of the four comparisons).  

Finally, mono-phosphorylated Hsp25 was similar between mock- and virus-infected cultures 

consistent with efficient further phosphorylation to the di-phosphorylated state, except for 8B 

(P < 0.04, Figure 3.3B).  The lower unphosphorylated and mono-phosphorylated Hsp25 in 

8B-infected cultures without a corresponding increase in di-phosphorylated Hsp25 suggested 

that this potently myocarditic virus might induce degradation of Hsp25, or reduce its 

synthesis or stability. 

In order to confirm protein identifications, primary cardiac myocyte cultures were 

infected as for 2D-DIGE and lysates were electrophoresed and probed by Western blot 

(Figure 3.4A).  Antisera recognizing total Hsp25 confirmed Hsp25 expression in cardiac 

myocytes, and confirmed that total Hsp25 was least abundant in 8B-infected cultures.  Since 

this antibody recognizes both unphosphorylated and phosphorylated Hsp25, it is not 

surprising that relative Hsp25 levels here were not the same as those for unphosphorylated 

Hsp25 by 2D-DIGE (Figure 3.3).  Antisera specific for Hsp25 phosphorylated on ser15 and 
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ser86 confirmed virus-induced phosphorylation for each of those residues.  Moreover, 

Hsp25-ser86-P levels were greater for all four virus- relative to mock-infections, consistent 

with 2D-DIGE results for di-phosphorylated Hsp25 (Figure 3.3).  The experiment was 

repeated in cardiac myocytes generated from mice lacking the IFN-α/β-receptor to increase 

viral replication.  Results emphasized the reduction of Hsp25 in 8B-infected cultures, and the 

increased Hsp25 phosphorylation specifically in cultures infected with non-myocarditic 

reoviruses T3D and DB93A (Figure 3.4B).  Quantitative RT-PCR confirmed that reovirus 

modulation of Hsp25 levels is post-transcriptional (Supp. Figure 3.2).  Together the data 

confirm both 2D-DIGE identification and quantification of Hsp25 and phosphorylated forms, 

and demostrate that stimulation of Hsp25 phosphorylation or reduction of Hsp25 

accumulation is virus strain-specific. 

Reovirus-induced Hsp25 phosphorylation and reduction of Hsp25 accumulation 

is virus strain-specific, p38-MAPK-dependent, and IFN-independent.  To confirm that 

differences in virus-induced Hsp25 phosphorylation and reduction of Hsp25 accumulation 

are virus strain-specific, lysates from cardiac myocyte cultures were probed at a range of 

times post-infection (Figure 3.5).  Both T3D and 8B induced phosphorylation of Hsp25 at 8 

and 12 hours post-infection, but while phosphorylated Hsp25 remained elevated in T3D-

infected cultures at 18 and 24 hours post-infection, it was reduced in 8B-infected cultures to 

levels below those in mock-infected cultures (Figure 3.5A).  And while levels of total Hsp25 

remained relatively constant in T3D-infected cultures over time, Hsp25 was successively 

reduced in 8B-infected cultures (Figure 3.5B).  Together results suggest that both reovirus 

strains induce initial Hsp25 phosphorylation, but then 8B reduces accumulation of Hsp25. 
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Hsp25 phosphorylation can be mediated through the p38-MAPK pathway. To 

determine whether reovirus-induced phosphorylation of Hsp25 is p38-MAPK-dependent, 

primary cardiac myocyte cultures were treated with the p38-MAPK inhibitor SB203580 for 1 

hour and then mock- or reovirus-infected for 13 hours (Figure 3.6).  As expected in the 

absence of inhibitor, T3D and 8B induced Hsp25 phosphorylation relative to mock-infected 

cultures (Figure 3.6A).  The p38-MAPK inhibitor reduced Hsp25 phosphorylation in both 

T3D and 8B-infected cultures, indicating reovirus use of this pathway.  Residual detectable 

phosphorylation suggested reovirus may use pathways in addition to p38-MAPK.  To 

determine the role of Type I IFN, cardiac myocytes were generated from mice lacking the 

IFN-α/β-receptor.  Efficient reovirus-induced phosphorylation of Hsp25 in these cells 

demonstrates that it is IFN-independent (Figures. 3.4B and 3.6B).  IFN can stimulate p38-

MAPK (3) , however the p38-MAPK inhibitor reduced Hsp25 phosphorylation, confirming 

that reovirus-induced Hsp25 phosphorylation is p38-MAPK-dependent and IFN-independent 

(Figure 3.6C).          

Reovirus does not induce Hsp25 nuclear translocation.  Stress can induce Hsp25 

nuclear translocation.  Whole cell lysates can under-represent the nuclear fraction, and 

therefore separate cytoplasmic and nuclear fractions were generated.  Neither T3D nor 8B 

induced nuclear accumulation of Hsp25 (Figure 3.7), confirming that the reduced 

accumulation of Hsp25 in 8B-infected cells was not due to nuclear sequestration. 

Expression of Hsp25 is cell type-specific in the heart.  Cardiac myocytes are 

surrounded by cardiac fibroblasts in the heart, and their IFN responses are cell type-specific 

for an integrated antiviral response (92).  To determine possible cardiac cell type-specificity 
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for reovirus modulation of Hsp25, primary cultures of cardiac myocytes and cardiac 

fibroblasts were infected and lysates were subjected to SDS-PAGE and Western blot analysis 

(Figure 3.8A).  Surprisingly, Hsp25 was undetectable in either mock- or reovirus-infected 

cardiac fibroblast cultures, regardless of the reovirus strain tested.  To confirm that this did 

not reflect alterations in Hsp25 during cell culture, mouse cardiac sections were probed for 

Hsp25 by immunofluorescent microscopy (Figure 3.8B).  Indeed, Hsp25 was readily detected 

in cardiac myocytes, identified by co-expression of myomesin, but was not detected in 

cardiac fibroblasts, identified by strong co-expression of vimentin.  Together, results indicate 

that Hsp25 expression is cell type-specific in the heart. 

Inhibition of p38-MAPK increases T3D- and 8B-induced CPE in cardiac 

myocytes.  Phosphorylation of Hsp25 can increase or decrease Hsp25 anti-apoptotic function.  

To probe the role of Hsp25 phosphorylation in reovirus-induced CPE, cardiac myocyte 

cultures generated from wild type or IFN-α/β-receptor-null mice were treated with the p38-

MAPK inhibitor SB203580 for 1 hour, and then mock- or reovirus-infected.  T3D induces 

high levels of IFN-β and is highly sensitive to the antiviral effects of IFN-α/β in cardiac 

myocytes (76), therefore potential antiviral effects of Hsp25 against this virus might be more 

apparent in IFN-α/β-receptor-null cells.  Inhibition of p38-MAPK increased 8B-induced CPE 

in wild type cells, and increased T3D-induced CPE in IFN-α/β-receptor-null cells (Figure 

3.9).  Results are consistent with an antiviral role for phosphorylated Hsp25. 

 

 

 



 127

DISCUSSION 

 

To identify novel proteins involved in the cardiac antiviral response, the proteomes of 

primary cultures of cardiac myocytes infected with different reovirus strains were compared 

by 2D-DIGE.  Results were reproducible between replicate cultures and provided a good 

correlation between known viral phenotypes and whole proteome changes.  Hsp25 was 

identified as one candidate antiviral protein.  While non-myocarditic reovirus strains induced 

Hsp25 phosphorylation, which is a well-characterized protective response in stressed cardiac 

myocytes (see below), a potently myocarditic reovirus strain induced Hsp25 degradation.  

Hsp25 degradation does not occur in stressed cardiac myocytes or failing hearts.  Viral 

activation and then degradation of a cell response is reminiscent of the interplay between 

viruses and cells during the protective IFN response, and suggests that Hsp25 may serve not 

just as a marker of virus-induced cytopathology, but as an active participant in the antiviral 

response.     

Members of seven different virus families induce Hsp25/Hsp27 expression or 

phosphorylation, including Herpesviridae(26, 27, 29, 30), Papillomaviridae(12, 46), 

Hepadnaviridae(34, 45), Paramyxoviridae(77, 91), Flaviviridae(11, 25, 44), Togaviridae(59), 

and Retroviridae(43, 87). However, only one study has addressed possible Hsp25/27 antiviral 

activity, finding that while HIV1 induces Hsp27 expression, Hsp27 can inhibit HIV1-induced 

cell cycle arrest and apoptosis (43).  HIV1 induction of Hsp27 and Hsp27 inhibition of HIV1 

damage to the cell are similar to virus induction of IFN and IFN inhibition of viral damage.  

While viral infection of most cells can induce expression and secretion of Type I IFN (47, 68, 
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70, 72), viruses have evolved many mechanisms to sabotage this potent protective response 

(32, 39, 66).  Indeed, reoviruses have evolved a novel mechanism to repress IFN signaling 

(93).  However to date, there has been no evidence that, by analogy, viruses might subvert 

the Hsp25/Hsp27 response.  Results here demonstrate that while all four reovirus strains 

tested, regardless of potential to induce disease, induce phosphorylation of Hsp25, only the 

potently myocarditic reovirus 8B induces Hsp25 degradation.  Together, the data suggest that 

Hsp25 participates in the antiviral response and that some reovirus strains have evolved to 

subvert this Hsp25 function.       

Murine Hsp25 and its human homolog Hsp27 are members of the small HSP family, 

and can inhibit apoptosis both up- and downstream of cytochrome c release from 

mitochondria (2).  Hsp25 is expressed at greater basal levels in muscle (heart, skeletal muscle) 

and the gastrointestinal and respiratory tracts than in other tissues (38, 82, 88). However, a 

variety of stimuli induce Hsp25/27 expression or phosphorylation as a critical protective 

response in many cell types.  The frequency with which microarray and proteomic 

approaches have identified variations in Hsp25/27 expression raises questions about the 

validity of these identifications, and emphasizes the importance of confirmation using 

complementary techniques such as qRT-PCR and Western blots (63).  Results here 

demonstrate that reovirus modulation of Hsp25 expression in cardiac myocytes is post-

transcriptional (qRT-PCR, Supp. Figure 3.2), unlike reovirus modulation of other HSPs in 

other cell types (15, 78).  Indeed, reovirus modulation of Hsp25 would have remained 

undetected without proteomic approaches. 

Hsp27 phosphorylation is increased in hearts from patients with ischemia (oxygen 
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deprivation) / reperfusion (oxygen restoration) damage or dilated cardiomyopathy (49), and 

in hearts from dogs with congestive heart failure (19).  Ischemia / reperfusion is modeled in 

vitro in hearts and in primary cardiac myocyte cultures, and induces apoptosis similar to that 

in patients.  Oxidative stress activates p38-MAPK to phosphorylate and activate 

MAPKAPK2 (MK2), which then phosphorylates Hsp25/27 in cardiac myocytes (8). The 

p38-MAPK / MK2 pathway also mediates Hsp25/27 phosphorylation following other 

stresses such as TNF-α addition to cardiac cells (5), and stresses in other cell types (23, 40, 

62, 81).  Hsp25/27 can also be phosphorylated through other pathways (23), and Type I IFN 

can activate p38-MAPK (3), providing IFN-mediated mechanisms for Hsp25/27 

phosphorylation. Thus the mechanism for Hsp25/27 phosphorylation is both stimulus- and 

cell type-specific.  Results here demonstrate that reovirus-induced Hsp25 phosphorylation in 

cardiac myocytes is p38-MAPK-dependent and IFN-independent, but do not exclude 

involvement of other pathways (Figure 3.6). Inhibition of p38-MAPK increased reovirus-

induced CPE in cardiac myocytes (Figure 3.9), consistent with impairment of a protective 

response normally mediated by phosphorylated Hsp25. 

Over-expressed Hsp25/27 is protective against ischemic damage in cardiac myocytes 

(21, 48, 85).  Stress induces phosphorylation of two Hsp25 residues (ser15 and -86) (28, 80), 

and while some studies suggest that phosphorylation is protective (41, 42) and implicate the 

p38-MAPK pathway (8, 13), others suggest phosphorylation is irrelevant to protection (35, 

51, 67). In addition, while some studies suggest that unphosphorylated Hsp25/27 exists as 

very large multimers which are protective and that phosphorylated Hsp25 is dissociated to 

dimers or tetramers which are not protective (64, 67), other studies suggest that 
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phosphorylation does not always prevent formation of large oligomers nor does it always 

limit protective function (10). The relationship between phosphorylation, oligomerization 

and protection is likely to be cell type-specific, and to depend on the Hsp25/27 function 

assayed.  Results here demonstrate that both non-myocarditic and myocarditic reoviruses 

induce phosphorylation of Hsp25 in cardiac myocytes, likely reflecting a general stress 

response in those cells.  However both unphosphorylated and phosphorylated Hsp25, and 

both multimeric and oligomeric Hsp25 were degraded in cardiac myocyte cultures infected 

with the potently myocarditic reovirus 8B, suggesting that all forms can be viral targets. 

 

MATERIALS AND METHODS 

 

Mice and primary cell cultures.  Timed-pregnant Cr:NIH(S) mice were purchased 

from the National Cancer Institute. IFN-α/β-receptor-null (58) mice were maintained as 

breeding colonies to  generate neonates and fetuses for generation of primary cell cultures. 

Mice were housed according to the recommendations of the Association for Assessment and 

Accreditation of Laboratory Animal Care, and all procedures were approved by the North 

Carolina State University institutional animal care and use committee.  Primary cardiac 

myocyte cultures were generated from 1- or 2-day old neonatal or term fetal mice as 

described previously (4). Briefly, the apical two-thirds of the hearts from euthanized neonates 

or fetuses were removed and trypsinized. Cells were suspended in Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco BRL, Gaithersburg, MD) supplemented with 7% fetal calf 

serum and 10 μg of gentamicin (Sigma Co.) per ml (cDMEM). Cells were plated in 6-well 
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clusters, and incubated for 2 hours for separation by differential adhesion. Cardiac myocytes 

were harvested from the supernatant and the adherent cardiac fibroblasts were harvested by 

trypsinization. Following centrifugation, cardiac myocytes were suspended in cDMEM 

supplemented with 0.06% thymidine (Sigma Co., St. Louis, MO), cardiac fibroblasts were 

suspended in cDMEM, and both cultures were incubated in a 37ºC, 5% CO2 incubator.  All 

infections and incubations were in these media at 37°C unless otherwise indicated.  Cells 

were never passaged before use.  By immunofluorescent staining, the myocyte cultures 

contained <5% fibroblasts (92).  

Viruses and cell lines.  Reovirus type 3 Dearing (T3D) and type 1 Lang (T1L) were 

plaque purified and amplified in mouse L929 cells, which are maintained in a suspension 

system in sMEM (SAFC Biosciences, Denver, PA) supplemented with 5% fetal calf serum 

(Atlanta Biologicals, Atalanta, GA) and 2mM L-glutamine (Mediatech Inc., Herndon, VA). 

Reovirus 8B is a reassortant virus derived from a mouse infected with T3D and T1L (75). 

DB93A was derived from mouse L929 cells infected with 8B and a reassortant virus (EB121) 

derived from T3D and T1L (73). All viruses were purified by CsCl gradient centrifugation 

(79).  

Infections.  All primary cardiac cell cultures were incubated for two days before 

infection. For 2D-DIGE, cardiac myocytes were plated at 2 × 106 cells per well in 12-well 

clusters. Triplicate wells were infected with media or virus at 10 pfu per cell in 1400 μl for 1 

hour, and then supplemented with an additional 2 ml media.  Cultures were harvested 12 

hours post-infection.  For MTT assays, cardiac myocytes were plated at 1.5 x 105 cells per 

well in 96-well clusters. Triplicate wells were treated with 50 μM p38 MAPK inhibitor 
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SB203580 (EMD CalBiochem, cat #559389) or vehicle for 1 hour, infected with media or 

virus at 25 pfu per cell in 100 μl for 1 hour, and then supplemented with an additional 100 μl 

media.  Cultures were harvested 48 to 72 hours post-infection.  For Western blots, cardiac 

myocytes were plated at 1 × 106 cells and cardiac fibroblasts at 5 × 105 cells per well in 24-

well clusters.  Duplicate wells were infected with media or virus at 10 pfu per cell in 700μl 

for 1 hour, and then supplemented with an additional 1000 μl media.  Cultures were 

harvested 8 to 48 hours post-infection.  For qRT-PCR, cardiac myocytes were plated and 

infected as for Western blots, and harvested 30 minutes to 24 hours post-infection.   

Reagents for 2-dimensional difference gel electrophoresis (2D-DIGE).  Sodium 

chloride, Trizma base, bromophenol blue, chloroform, DMF, phosphatase inhibitor, sodium 

carbonate, sodium bicarbonate, ammonium bicarbonate, ammonium monobasic phosphate, 

L-lysine, and α-cyano-4-hydroxycinnamic acid were obtained from Sigma Aldrich.  Urea, 

thiourea, SDS, DTT, Tris, and iodoacetamide were purchased from GE Healthcare.  CHAPS 

was obtained from USB.  Complete Mini Protease Inhibitor Cocktail Tablets were obtained 

from Roche Applied Science.  Methanol, acetonitrile, and HPLC grade water were obtained 

from Burdick & Jackson.  Acetic acid was obtained from J.T. Baker.   

Sample Preparation and Protein Labeling.  Total cell protein harvest procedures 

and protein concentration determinations were as for SDS-PAGE. Protein disulfide bonds 

were reduced in 2mM DTT.  For each sample, 85 μg protein was precipitated using 4:1 

methanol:chloroform, washed once with methanol, and resuspended in L-buffer (7M Urea, 

2M Thiourea, 4% CHAPS, 30 mM Tris, pH 8.5).  An internal standard was created by 

pooling 35.3 μg of each of the 15 samples.  In order to create an even number of samples, 26 
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μl of the pool was used to create a 16th sample.  Then, 26 μl of each of the 16 samples was 

labeled with 4.25 pmol of either Cy3 or Cy5 dye per μg protein.  In order to avoid dye 

binding bias, two samples from each virus infection were labeled with one of the two dyes 

and the third sample was labeled with the other dye. The internal pooled standard was labeled 

using 3.32 pmol / μg Cy2.  Reactions were stopped by adding 10 mM lysine in a volume 

equal to that of the dye.  For each gel, a Cy3- and a Cy5-labeled sample was mixed with an 

equal volume (30 μl) of Cy2-labeled standard.  Samples were then reduced and denatured in 

R-buffer (7M urea, 2M Thiourea, 4% CHAPS, 13mM DTT) at 10:1 v:v with ampholytes 

(IPG Buffer, pH 4-7, GE Healthcare).  The samples were then applied to a 24 cm, pH 4-7 

Immobiline DryStrip (GE Healthcare). 

2-dimensional difference gel electrophoresis (2D-DIGE).  Gels were loaded with 

different combinations of the 15 samples such that no two infections were ever directly 

compared more than once. First dimension isoelectric focusing was performed using an Ettan 

IPGphor3 (GE Healthcare) for a total focusing time of 64.5kVHrs. at 20ºC and 75μA / strip 

max.  After focusing was complete, each strip was equilibrated for 15 minutes with 10 ml 

equilibration buffer (6M Urea, 75 mM Tris pH 8.8, 29.3% Glycerol, 2% SDS, 0.002% 

bromophenol blue) supplemented with 10 mg/ml DTT.  The strips were then equilibrated for 

15 minutes with 10 ml equilibration buffer supplemented with 25 mg/ml iodoacetamide.  The 

strips were briefly washed with 1x Running Buffer (NextGen Sciences) to remove any excess 

equilibration buffer, and then loaded onto 12% Homogenous SDS-PAGE gels (NextGen 

Sciences).  Electrophoresis was performed on an Ettan DALTtwelve System Separation Unit 

(Amersham Biosciences) at 0.5W/gel until the bromophenol blue dye front had just run off 
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the bottom of the gel.  Gels were scanned at 488 nm(Cy2), 532 nm(Cy3), and 633 nm(Cy5) 

using a Typhoon Trio Variable Mode Imager (GE Healthcare). 

DIGE image analysis.  DeCyder 2D Software, Version 6.5 from GE Healthcare was 

applied to visualize and resize the digitalized images from the scanner (84, 90). Protein spots 

were identified in differential in-gel analysis (DIA) module, and gels were matched to the 

master gel in the biological variation analysis (BVA) module. DeCyder Extended Data 

Analysis (EDA) module Version 1.0 was applied to carry out the DIA analysis, principle 

component analysis (PCA) and pattern analysis. Protein spots were selected for identification 

based on their differential expression among different groups (P < 0.05 using one-way 

ANOVA) and their relative abundance in 3D visualization.  

Protein Identifications.  A fraction of each of the 15 samples was used to generate a 

pool of 356 μg protein for preparative 2D-gel electrophoresis.  The gel was stained for 1 hour 

with Deep Purple Total Protein Stain (1:200, GE Healthcare), and the image was imported 

for DIGE analysis using DeCyder software.  After matching back to the master gel, gel plugs 

corresponding to differentially expressed proteins were isolated using an Ettan Spot Picker 

(GE Healthcare).  Destained and dehydrated gel spots were digested overnight in Trypsin 

Gold (Promega), and then desalted and concentrated using C18 P10 ZipTips (Millipore).  

One third of each sample was loaded onto a ZipTip by pipetting up and down five times 

using a fresh 96-well plate.  Samples (in ZipTips) were washed four times with 10 μL of 

0.1% TFA and eluted with 2 μL of 50% acetonitrile / 0.1% trifluoroacetic acid.  A total of 1 

μL of eluate was pipetted onto a clean MALDI plate and covered with 1μL of α-cyano-4-

hydroxycinnamic acid MALDI matrix. Mass spectra for each spot were acquired using an 
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Applied Biosystems 4700 Proteomics Analyzer MALDI-TOF-TOF.  Data-dependent MS/MS 

analysis was performed on the top 10 peaks from each MS spectrum. GPS explorerTM 

workstation, the Applied Biosystem/MDS SCIEX 400 series MALDI-TOF analyzer, was 

used for the peptide mass fingerprints database match searching in two databases: Swiss-Prot 

(for proteins from all organisms) and IPI (for proteins from mouse) with carbamidomethyl (C) 

and oxidation (M) as fixed modification. A protein score higher than 64 in the Swiss-Prot 

search and 60 in IPI search was considered significant. 

Software applied.  Protein-protein interaction and pathway analysis were assessed 

using Ingenuity Pathways Analysis (IPA 5.0; Ingenuity® Systems, www.ingenuity.com).  

Theoretical protein digestion was performed using ProteinProspector from University of 

California, San Francisco (http://169.230.19.26:8080/cgi-bin/msform.cgi?form=msdigest). 

Predictions of protein phosphorylation sites were performed using NetPhos 2.0 Server 

(http://www.cbs.dtu.dk/services/NetPhos/). 

SDS-PAGE and Western blot analysis.  Infected cardiac myocyte cultures were 

washed four times with ice-cold 1x PBS.  Total cell protein was harvested at the indicated 

times by incubation in TNE lysis buffer (50 mM Tris HCl pH 7.6, 150 mM NaCl, 2 mM 

EDTA pH 8.0, 1% [v/v] NP-40 containing a cocktail of protease and phosphatase inhibitors 

[Sigma Co.; P8340 and P2850]) on ice for 30 minutes with shaking.  Lysates were 

centrifuged at 10,000 x g for 10 minutes at 4ºC to remove cellular debris.  For Figure 3.7, 

cytoplasmic and nuclear protein was harvested at 17 hours post-infection by NE-PER kit 

(Pierce, Rockford, IL).  Protein concentrations were determined using a bicinchoninic acid 

kit (Pierce, Rockford, IL), and 40 μg was boiled for 5 minutes in 1x Laemmli sample buffer 

http://prospector.ucsf.edu/
http://169.230.19.26:8080/cgi-bin/msform.cgi?form=msdigest
http://www.cbs.dtu.dk/services/NetPhos/
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and subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). Gels were transferred to nitrocellulose membranes, and membranes were blocked for 

1 hour at room temperature in 3% milk in Tris-buffered saline (20 mM Tris [pH 7.6], 137 

mM NaCl) containing 0.05% Tween 20 (TBS-T) and then probed overnight at 4°C with the 

indicated primary antibody (1:1000 of Hsp25 polyclonal antibody, cat. # SPA-801; 1:1000 of 

Hsp27-phospho-Ser82 polyclonal antibody, cat. # SPA-524; 1:500 of Hsp27-phospho-Ser15 

polyclonal antibody, cat. # SPA-525; Assay Designs, Ann Arbor, Michigan). Membranes 

were washed for 5 minutes twice in TBS-T, incubated for 1.5 hours at room temperature in 

goat anti-rabbit HRP-conjugated secondary antibody (Millipore, Catlog # AP132P), and then 

washed for 10 minutes three times in TBS-T. Antibody-labeled proteins were detected 

according to manufacturer’s recommendations (AmershamTM ECLTM or ECLTM Plus 

Western Blotting Detection reagent, GE Healthcare, Buckinghamshire, United Kingdom). 

Western blots were exposed to film and converted to digital format using an HP Scanjet 

5470c. 

Cell viability (MTT assay).  At 48 or 72 hours post-infection, 20 μl of 0.6% 

MTT(catalog #M-5655; Sigma) in cDMEM was added to each well and cultures were 

incubated for 4 hours at 37°C.  Culture plates were centrifuged at 750 x g for 8 minutes, 

supernatants were removed, and 100 μl of 0.04 N HCl in isopropanol was added to each well. 

Plates were incubated at room temperature for 15 minutes, 100 μl H2O was added to each 

well and the optical densities at 570 and 630 nm were determined on a Tecan Sunrise 

Microplate Reader (Tecan Systems Inc., San Jose, CA).  Results are expressed as signal 

(OD570) minus background (OD630).   
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Indirect immunofluorescence.  Procedure was as described previously (92). In brief, 

hearts from adult Cr:NIH(S) mice were washed in ice-cold 1x PBS and snap frozen in liquid 

nitrogen-cooled isopentane (Fisher Scientific Co.). Tissue samples were mounted frozen on a 

metal chuck using a small volume of Tissue-Tek OCT (Ted Pella, Inc., Redding, CA) in a 

cryostat (Leica CM1850) at -20°C. Transverse cryosections (1 μm) were collected on 

SuperFrost/Plus slides (Fisher Scientific) and stored at -80°C. Sections were thawed and 

blocked for 1 hour at room temperature with 10% donkey serum (Sigma) and 10% goat 

serum (Sigma Co.) in 1x phosphate-buffered saline (PBS) plus 0.1% Triton X-100 (PBST) 

for vimentin, or with 10% donkey serum in PBST for myomesin, and then probed overnight 

at 4°C with a mix of rabbit anti-Hsp25 (1:1000) and goat anti-myomesin (1:50, cat. # 30384, 

Santa Cruz Biotechnology, Inc.) or chicken anti-vimentin (1:5,000, Affinity Bioreagents Inc., 

Golden, CO) antibodies in 1 x PBS with 0.3% IgG-free, protease-free bovine serum albumin 

(BSA)(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Slides were washed 

three times in 1 x PBS, and then incubated for 2 hours at room temperature with a mix of 

Alexa fluor 594 goat anti-chicken IgG  (Invitrogen, SKU# A-11042, 1:1000) plus Alexa fluor 

488 donkey anti-rabit IgG(Invitrogen, SKU# A-21206,1:1000) for detection of vimentin and 

Hsp25, or alexa fluor 594 donkey anti-goat IgG (Invitrogen, SKU# A-11058, 1:1000) plus 

Alexa fluor 488 donkey anti-rabbit IgG (1:1000) in 1xPBS with 0.3% IgG-free, protease-free 

BSA for detection of myomesin and Hsp25.  Slides were washed in 1 x PBS, coverslips were 

mounted with Prolong Gold reagent (Invitrogen), and slides were analyzed using a Nikon 

TE-200 inverted epifluorescence microscope. Images were captured using a 100x objective 

under oil immersion, and were collected digitally (SPOT, Jr.; Diagnostics Instruments, Inc., 
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Sterling Heights, MI) and processed using the manufacturer’s instructions and Adobe 

Photoshop (with no change in content). 

 

SUPPLEMENTAL MATERIALS AND METHODS 

 

Reverse transcription (RT) and Quantitative (q)RT-PCR. Cells were harvested at 

the indicated times post-infection using cell lysis buffer from an RNeasy Kit (Qiagen, Inc., 

Valencia, CA) supplemented with 1% β-mercaptoethanol, and homogenized using 

Qiashredders (Qiagen, Inc.), and total RNA was isolated using the RNeasy Kit according to 

the manufacturer’s instructions. Genomic DNA was removed using RNase-free DNase I 

(Qiagen, Inc.). The isolated RNA was stored at -80ºC. To generate cDNA, one third of the 

RNA harvested from each well in a 24-well cluster or two thirds from a 48-well cluster was 

used as template in a 100 μl reaction containing 5 μM oligo(dT) (Invitrogen Corp., Carlsbad, 

CA), 1× Taq buffer (Promega corp., Madison, WI), 7.5 mM MgCl2 (Promega corp.), 1 mM 

dithiothreitol (Promega corp.), 1 mM each dNTP (Roche, Indianapolis, IN), 0.67 U/μl 

RNasin (Promega Corp., Madison, WI), and 0.20 U/μl of AMV reverse transcriptase 

(Promega Corp.). Gene expression was quantified using a Sybergreen system on an iCycler 

iQ fluorescence thermocycler (Bio-Rad Laboratories, Hercules, CA). Each 25 μl reaction 

contained 5% of the RT product, 1× Quantitech master mix (Qiagen, Inc.), 10 nM fluorescein 

(Invitrogen Corp., Carlsbad, CA), and 0.3μM each of the forward and reverse primers 

(GAPDH forward: 5’- GGGTGTGAACCACGAGAAAT-3’ and reverse: 5’-

CCTTCCACAATGCCAAAGTT-3’; HSP25 Forward: 5’-
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GAAGAAAGGCAGGACGAACA-3’ and reverse: 5’-CTCAGGGGATAGGGAAGAGG-

3’ ). iCyclerTM iQ Optional System Software, version 3.0 (Bio-Rad Laboratories) was used 

to analyze the data. Gene-of-interest expression was normalized to GAPDH gene expression.
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Table 3.1. Reovirus selected for infection of primary cardiac myocyte cultures 

 
Reovirus 

strain 
Causes 

myocarditis? 1
Induces 
IFN-β? 2 

T3D - +++ 

DB93A - +/- 

T1L + - 

8B +++ ++ 
 

  1 Based on (73). 
  2 Based on  (76).  
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Figure 3.1. Representative 2D-DIGE gel image and 3D-view.  Triplicate wells of primary 
cardiac myocyte cultures were mock- or reovirus-infected (moi 10 pfu per cell, Table 1), and 
whole cell lysates were harvested 12 hours post-infection for 2D-DIGE.  A) Representative 
gel containing mock- (Cy3-labeled) and 8B- (Cy5-labeled) infected cardiac myocyte samples 
as well as an internal standard (Cy2-labeled) composed of a pool of all samples.  While 
colors are not indicated here, in the original image, green indicates greater expression in the 
8B- than in mock-infected sample, red indicates the converse, white indicates equivalent 
expression, and blue indicates presence in the pooled internal control but neither of the two 
samples.  B) Example of 3D-view for Cy3 or Cy5 intensity for a selected protein spot (ringed 
in black). 

Mock-infected
PI 

MW 
Reovirus 8B-infected 

A. B.
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Supplemental Table 3.1. Gel setup of the DIGE gels 

 
Gel # Cy3 Cy5 

1 T3D-1 8B-1 
2 T3D-3 T1L-1 
3 DB93A-1 T3D-2 
4 MOCK-1 8B-3 
5 T1L-1 MOCK-2 
6 8B-2 DB93A-2 
7 DB93A-3 MOCK-3 
8 T1L-3 POOL-CY5

   
 



 153

 
 

Figure 3.2. Principle Component Analysis (PCA).  PCA was performed on the triplicate 
samples for the 197 differentially expressed proteins identified by 2D-DIGE.  Each data point 
represents all 197 proteins for one sample.  PC1 accounted for 55.8% of the variance, while 
PC2 accounted for 23.3% of the variance. 
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Supplemental Table 3.2. Biological function of differentially expressed proteins in T3D- 
and 8B-infected primary cardiac myocyte cultures 

 
Category Group  P-value Molecules 
Unique for T3D    
 Organ Morphology T3D 1.52E-04-2.82E-02  TPM1, HSP90B1, MYH6, TNNT2 
 Cell Signaling 

T3D 2.38E-03-4.88E-02 
NPM1 (includes EG:18148), TNNT2, 
 PGM1, ANXA7 

 Vitamin and Mineral 
Metabolism T3D 2.38E-03-1.13E-02  TNNT2, PGM1, ANXA7 
 Infection Mechanism T3D 7.12E-03-4.66E-02  PDCD6IP 
 Lymphoid Tissue 
Structure and 
Development T3D 2.82E-02-2.82E-02  HSP90B1 
 Renal and Urological 
System Development 
and Function T3D 3.05E-02-3.05E-02  HSP90B1 
 Immune Cell 
Trafficking T3D 4.36E-02-4.36E-02  PSME1, HSP90B1 
For both T3D and 8B    

T3D 2.11E-05-4.25E-02 

 TPM1, MYH6, ACTB, TNNT2, HOOK3, MYO1B, 
FSCN1, GORASP2, VCP, EIF3A, CALD1, ANXA7, 
PDCD6IP 

 Cellular Assembly and 
Organization 

8B 2.75E-03-4.14E-02 

 MYH6, LCP1, HSPA1B, PDIA3, GFM1, RFC1, 
SEPT11, GSN, DCTN2, HOOK3, TOP1, MYO1B, PLS3, 
FSCN1, VCP, EIF3A, CALD1, ANXA7 

T3D 2.11E-05-4.66E-02 
 TPM1, HSP90B1, MYH6, FSCN1, VCP, ADK (includes 
EG:132), TNNT2, PGM1, ANXA7, LMNB1, HSPB1 

 Cellular Function and 
Maintenance 

8B 2.28E-05-2.7E-02 

 LCP1, MYH6, HSPA1B, RFC1, HSPA5, GSN, DCTN2, 
DYNC1I2, NDUFS1, HSP90B1, PLS3, FSCN1, VCP, 
UQCRC1, HSPB1, PRKAR1A 

T3D 2.11E-05-3.51E-02  TPM1, HSP90B1, MYH6, TNNT2, CALD1, ANXA7 
 Skeletal and Muscular 
System Development 
and Function 8B 2.75E-03-3.63E-02  HSP90B1, MYH6, CALD1, ANXA7, GSN, PLOD3 

T3D 2.73E-05-4.76E-03  TPM1, MYH6, TNNT2, ANXA7  Cardiovascular System 
Development and 
Function 8B 1.05E-02-1.05E-02  ANXA7 

T3D 2.73E-05-2.82E-02  TPM1, HSP90B1, MYH6, TNNT2  Tissue Development 

8B 2.75E-03-4.64E-02  MYH6, HSP90B1, LAMB1, PRKAR1A 

T3D 1.98E-04-4.36E-02 

 TPM1, NPM1 (includes EG:18148), HSP90B1, IMMT, 
ACTB, TNNT2, VCP, ANXA7, PDCD6IP, LMNB1, 
EEF1D, HSPB1 

 Cell Death 

8B 6.72E-04-4.64E-02 

 UTP11L (includes EG:51118), SDHA (includes 
EG:6389), NPM1 (includes EG:18148), P4HB, HSPA1B, 
PDIA3, HSPA9, RFC1, HSPA5, MDH1, GSN, DCTN2, 
HSP90B1, GSPT1, TOP1, NDUFS1, ENO1, VCP, 
ANXA7, UBA1, RAD23B, HSPB1, PRKAR1A 
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Supplemental Table 3.2. Continued 
 

T3D 1.98E-04-1.65E-02  VCP, TNNT2, CALD1, EEF1D, HSPB1  Skeletal and Muscular 
Disorders 

8B 2.98E-05-3.63E-02 

 SDHA (includes EG:6389), PLOD2, ENO3, PPP1CB, 
MDH1, LDHB, DCTN2, PDHA1 (includes EG:5160), 
P4HA1, COL1A1, TOP1, MYO1B, VCP, DLD, LAMB1, 
CALD1, UQCRC1, HSPB1 

T3D 4.43E-04-2.82E-02  TPM1, MYH6, TNNT2  Cardiovascular Disease 

8B 2.98E-05-3.12E-02 
 PDHA1 (includes EG:5160), SDHA (includes EG:6389), 
COL1A1, MYH6, DLD 

T3D 1.02E-03-1.42E-02  TPM1, HSP90B1, HOOK3, GORASP2, VCP, HSPB1 
 Cellular Compromise 

8B 9.57E-04-4.64E-02 

 SDHA (includes EG:6389), PLOD2, HSPA1B, 
NDUFA10 (includes EG:4705), PDIA3, SEPT11, GSN, 
HSPA5, ZNF791, HOOK3, HSP90B1, ATP5B, PDIA6, 
GORASP2, VCP, DLD, KARS, RNH1, UQCRC1, 
PLOD3, HSPB1 

T3D 1.02E-03-2.82E-02  TPM1, HSP90B1, MYH6, TNNT2, CALD1 
 Tissue Morphology 

8B 5.27E-03-1.57E-02  HSP90B1, GSN, PLOD3 

T3D 1.12E-03-4.2E-02  NPM1 (includes EG:18148), ACTB, HSPB1 
 Neurological Disease 

8B 2.98E-05-4.64E-02 

 NPM1 (includes EG:18148), STRN, HSPA1B, PDIA3, 
ENO3, PPP1CB, SEPT11, HSPA5, MDH1, LDHB, 
PDHA1 (includes EG:5160), TOP1, HSP90B1, MYO1B, 
ASPM, VCP, LAMB1, LASP1, SDHA (includes 
EG:6389), PLOD2, P4HB, GFM1, GSN, DCTN2, 
P4HA1, CAP2, DLD, UBA1, UQCRC1, PRKAR1A, 
HSPB1 

T3D 2.38E-03-4.43E-02 
 IFIT3, ALDH1B1, TPM1, HSP90B1, IMMT, FSCN1, 
GORASP2, VCP, ANXA7, PDCD6IP, LMNB1, HSPB1 

 Cancer 

8B 3.03E-03-4.83E-02 

 HSPA1B, NDUFA10 (includes EG:4705), PDIA3, 
MDH1, HSPA5, PRKCSH, HSPA4, GSPT1, HSP90B1, 
TOP1, GORASP2, VCP, LASP1, PLOD3, PLOD2, IFIT3, 
ALDH1B1, P4HB, GSN, GLG1, P4HA1, COL1A1, 
ZNF791, ACOT2, ATP5B, PDIA6, ENO1, FSCN1, 
CALD1, UBA1, UQCRC1, PRKAR1A 

T3D 2.38E-03-2.38E-03  PPA1  Carbohydrate 
Metabolism 8B 5.27E-03-2.61E-02  PDIA3, GSN, PRKAR1A 

T3D 2.38E-03-9.49E-03  TPM1, ASPM, GORASP2  Cell Cycle 

8B 5.27E-03-4.14E-02  COL1A1, TOP1, ASPM, GORASP2, DCTN2 

T3D 2.38E-03-3.51E-02 
 TPM1, VCP, CALD1, ANXA7, PDCD6IP, LMNB1, 
HSPB1 

 Cell Morphology 

8B 5.27E-03-4.68E-02 
 HSPA4, COL1A1, TOP1, PDIA3, VCP, CALD1, GSN, 
HSPB1, DCTN2 

T3D 2.38E-03-4.36E-02  PSME1, HSP90B1, CALD1, ANXA7, PDCD6IP 
 Cell-To-Cell Signaling 
and Interaction 

8B 5.27E-03-4.64E-02  HSP90B1, PDIA3, CALD1, ANXA7, PRKAR1A 

T3D 2.38E-03-4.66E-02 
 TPM1, NPM1 (includes EG:18148), ADK (includes 
EG:132), CALD1, EEF1D 

 Connective Tissue 
Development and 
Function 

8B 1.05E-02-3.63E-02  COL1A1, GSN 
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Supplemental Table 3.2. Continued 
 

T3D 2.38E-03-4.2E-02  MYH6, VCP, ADK (includes EG:132), PDCD6IP 
 DNA Replication, 
Recombination, and 
Repair 

8B 3.96E-03-4.14E-02 
 MYH6, TOP1, HSPA1B, ATP5B, PDIA3, VCP, ADK 
(includes EG:132), RAD23B, DCTN2 

T3D 2.38E-03-4.88E-02 
 NPM1 (includes EG:18148), ADK (includes EG:132), 
VCP, PDCD6IP 

 Molecular Transport 

8B 1.39E-03-4.47E-02 

 NPM1 (includes EG:18148), COL1A1, ERP29, ATP5B, 
ENO1, PDIA3, ADK (includes EG:132), VCP, HSPA9, 
DLD, GSN 

T3D 2.38E-03-4.2E-02  MYH6, ADK (includes EG:132), PPA1 
 Nucleic Acid 
Metabolism 

8B 4.17E-04-3.63E-02 
 NDUFS1, MYH6, ATP5B, ENO1, ADK (includes 
EG:132), DLD, PDHB (includes EG:5162) 

T3D 2.38E-03-1.42E-02  EIF3A, PDCD6IP  RNA Trafficking 

8B 3.12E-02-3.12E-02  EIF3A 

T3D 2.38E-03-4.43E-02  TPM1, GORASP2, ANXA7, PDCD6IP 
 Reproductive System 
Disease 

8B 5.27E-03-1.47E-02 

 P4HB, NDUFA10 (includes EG:4705), PDIA3, GSN, 
COL1A1, ZNF791, GSPT1, TOP1, HSP90B1, ATP5B, 
PDIA6, ENO1, GORASP2, FSCN1, UQCRC1, PLOD3 

T3D 2.38E-03-4.43E-02 
 MYH6, ADK (includes EG:132), PGM1, ANXA7, 
PDCD6IP, PPA1 

 Small Molecule 
Biochemistry 

8B 5.58E-07-3.63E-02 

 SDHA (includes EG:6389), P4HB, MYH6, PDIA3, GSN, 
MDH1, P4HA1, NDUFS1, ATP5B, ACOT2, ENO1, 
ADK (includes EG:132), KARS, DLD, PDHB (includes 
EG:5162), PLOD3, PRKAR1A 

T3D 2.38E-03-3.05E-02  TPM1, HSP90B1, EEF1D  Tumor Morphology 

8B 1.05E-02-2.09E-02  HSPA4, COL1A1 

T3D 4.23E-03-7.54E-03 
 NPM1 (includes EG:18148), TNNT2, VCP, EIF3A, 
HSPB1 

 Protein Synthesis 

8B 1.9E-03-4.85E-02 
 NPM1 (includes EG:18148), VCP, KARS, EIF3A, 
SEPT11, HSPA5, HSPB1, PRKCSH 

T3D 4.76E-03-2.12E-02  HSP90B1, ASPM  Embryonic 
Development 

8B 5.27E-03-4.64E-02  TOP1, HSP90B1, ASPM, GSN, PRKAR1A 
T3D 4.76E-03-4.76E-03  ADK (includes EG:132)  Hepatic System Disease 

8B 1.05E-02-3.12E-02  ADK (includes EG:132), HSPA5, PRKCSH 
T3D 4.76E-03-4.76E-03  PDCD6IP  Lipid Metabolism 

8B 1.2E-03-3.12E-02 
 SDHA (includes EG:6389), ACOT2, PDIA3, DLD, GSN, 
PDHB (includes EG:5162), PRKAR1A 

T3D 4.76E-03-3.74E-02  ASPM, HSPB1  Nervous System 
Development and 
Function 8B 1.05E-02-1.05E-02  PDIA3, ASPM 

T3D 7.12E-03-3.51E-02  MYH6, ACTB, VCP, HSPB1  Genetic Disorder 

8B 2.98E-05-3.63E-02 

 SDHA (includes EG:6389), PLOD2, ENO3, PPP1CB, 
GSN, LDHB, PRKCSH, PDHA1 (includes EG:5160), 
COL1A1, P4HA1, TOP1, MYO1B, FSCN1, VCP, DLD, 
LAMB1, CALD1, UBA1, UQCRC1, HSPB1, PRKAR1A
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T3D 7.72E-03-2.59E-02  TPM1, HSP90B1, ANXA7, PDCD6IP, LMNB1, HSPB1 
 Cell-mediated Immune 
Response 

8B 4.64E-02-4.64E-02  HSP90B1 
T3D 9.49E-03-3.97E-02  TPM1, FSCN1  Cellular Movement 

8B 3.53E-03-3.63E-02  COL1A1, FSCN1, GSN 
T3D 1.18E-02-1.18E-02  CALD1  Connective Tissue 

Disorders 
8B 5.27E-03-2.61E-02  PLOD2, COL1A1, HSPA1B, CALD1 
T3D 1.18E-02-1.18E-02  MYH6  Developmental 

Disorder 
8B 9.61E-04-3.63E-02  COL1A1, MYH6, PLOD3, PRKAR1A 
T3D 1.18E-02-1.18E-02  CALD1  Infectious Disease 

8B 8.94E-03-4.66E-02 

 PLOD2, NDUFA10 (includes EG:4705), PDIA3, 
PPP1CB, ZNF791, TOP1, ATP5B, PDIA6, KARS, 
CALD1, RNH1, UQCRC1, PLOD3 

T3D 1.18E-02-2.82E-02  MYH6, CALD1  Inflammatory Disease 

8B 2.61E-02-2.61E-02  CALD1 
T3D 1.18E-02-2.36E-02  MYH6, TNNT2  Organismal Injury and 

Abnormalities 8B 5.27E-03-3.12E-02  COL1A1, MYH6, PLOD3 
T3D 1.18E-02-1.18E-02  HSP90B1  Protein Degradation 

8B 2.71E-04-2.71E-04  HSP90B1, HSPA5 
T3D 1.42E-02-1.42E-02  EIF3A  Gene Expression 

8B 5.27E-03-3.12E-02  TOP1, ENO1, EIF3A, RFC1 
T3D 1.65E-02-1.65E-02  VCP  Metabolic Disease 

8B 1.05E-02-3.63E-02  PDHA1 (includes EG:5160), VCP, DLD, GSN 
T3D 1.65E-02-1.65E-02  DNAJB11  RNA Damage and 

Repair 8B 2.39E-03-3.63E-02  GSPT1, HSPA1B, APOBEC2 

T3D 1.65E-02-4.03E-02  NPM1 (includes EG:18148), DNAJB11 
 RNA Post-
Transcriptional 
Modification 8B 5.27E-03-3.63E-02  APOBEC2, KARS 

T3D 1.89E-02-3.28E-02  TPM1, NPM1 (includes EG:18148), HSP90B1, MYH6 
 Cellular Development 

8B 4.14E-02-4.14E-02  MYH6 

T3D 2.12E-02-4.43E-02  TPM1, NPM1 (includes EG:18148), HSP90B1, ANXA7 
 Cellular Growth and 
Proliferation 

8B 9.34E-03-4.64E-02 

 NPM1 (includes EG:18148), IFIT3, LCP1, PDIA3, 
GFM1, RFC1, HSPA5, GSN, PRKCSH, COL1A1, 
HSP90B1, TOP1, ATP5B, ENO1, LAMB1, ANXA7, 
UBA1, PRKAR1A 

T3D 2.12E-02-4.36E-02  PSME1, HSP90B1, ANXA7  Hematological System 
Development and 
Function 8B 1.05E-02-4.64E-02  HSP90B1, GSN, DCTN2 

T3D 2.59E-02-4.2E-02  HSP90B1  Hematological Disease 

8B 6.94E-06-1.57E-02  P4HB, ENO1, PDIA3, HSPA5, GSN, PRKAR1A 

T3D 2.82E-02-4.36E-02  HSP90B1, MYH6, LMNB1, HSPB1 
 Immunological Disease 

8B 6.94E-06-4.14E-02  P4HB, ENO1, PDIA3, HSPA5, GSN 
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T3D 2.85E-02-2.85E-02  NPM1 (includes EG:18148), VCP  Protein Trafficking 

8B 5.16E-03-2.61E-02  COL1A1, ERP29, PDIA3, VCP, HSPA9 
T3D 3.97E-02-3.97E-02  FSCN1  Dermatological 

Diseases and Conditions 8B 3.53E-03-3.12E-02  COL1A1, FSCN1, GSN 
T3D 4.2E-02-4.2E-02  MYH6  Energy Production 

8B 4.17E-04-4.14E-02 
 NDUFS1, MYH6, ATP5B, ENO1, ADK (includes 
EG:132), DLD, MDH1 

T3D 4.36E-02-4.36E-02  PSME1, HSP90B1  Antigen Presentation 

8B 1.57E-02-3.63E-02  DCTN2 
Unique for 8B    
 Inflammatory Response 8B 1.05E-02-3.63E-02  GSN, DCTN2 
 Post-Translational 
Modification 

8B 5.58E-07-1.05E-02 
 PLOD2, P4HB, PDIA3, PPP1CB, HSPA5, GSN, HSPA4, 
P4HA1, GSPT1, ERP29, PDIA6, UBA1, PLOD3 

 Protein Folding 8B 7.75E-03-7.75E-03  ERP29, PDIA6, HSPA5 
 Free Radical 
Scavenging 8B 1.57E-02-1.57E-02  GSN 
 Amino Acid 
Metabolism 8B 5.58E-07-5.27E-03  P4HA1, P4HB, PLOD3 
 Organismal 
Development 8B 5.27E-03-4.14E-02  TOP1, RAD23B, DCTN2, PRKAR1A 
 Reproductive System 
Development and 
Function 8B 2.09E-02-2.09E-02  TOP1 
 Organismal Functions 8B 1.57E-02-1.57E-02  DCTN2 
 Respiratory Disease 

8B 6.94E-06-3.11E-02 
 ALDH1B1, P4HB, HSP90B1, TOP1, ENO1, PDIA3, 
HSPA5, GSN 

 Gastrointestinal Disease 
8B 5.27E-03-3.43E-02 

 PLOD2, COL1A1, P4HA1, HSP90B1, P4HB, TOP1, 
FSCN1, CALD1, UBA1, HSPA5, GSN, GLG1 

 Renal and Urological 
Disease 8B 4.89E-03-2.09E-02  TOP1, HSPA1B, PRKAR1A 
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Supplemental Figure 3.1. Hsp25 2D-DIGE gel spots.  The three gel spots picked and 
identified as Hsp25 are indicated on this image of the master gel.  They have the same 
molecular weight, but vary from more basic (gel spot #1) to more acidic (gel spot #3). 
   

3

2
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Supplemental Table 3.3.  Swiss-Prot analysis of Spot #1 (most basic spot; putative 
unphosphorylated Hsp25) 1  

 
Observe
d Mr 2 

Exper. 
Mr 

Calc. 
Mr 

Delta AA 
Start 

AA
End

Miss Ions Peptide Comment 

927.60 926.59 926.48 0.11 193 202 0 - AQIGGPEAGK  
931.60 930.59 930.50 0.09 119 127 0 - EGVVEITGK  
1005.57 1004.56 1004.47 0.09 13 20 0 48 SPSWEPFR  
1005.57 1004.56 1004.47 0.09 13 20 0 - SPSWEPFR  
1031.57 1030.56 1030.46 0.10 21 28 0 - DWYPAHSR  
1031.57 1030.56 1030.46 0.10 21 28 0 49 DWYPAHSR  
1075.67 1074.67 1074.57 0.10 84 93 0 28 QLSSGVSEIR  
1075.67 1074.67 1074.57 0.10 84 93 0 - QLSSGVSEIR Oxidation 

(M) 
1104.61 1103.60 1103.50 0.10 132 140 0 62 QDEHGYISR  
1104.61 1103.60 1103.50 0.10 132 140 0 - QDEHGYISR  
1149.71 1148.71 1148.60 0.11 29 38 0 91 LFDQAFGVPR  
1149.71 1148.71 1148.60 0.11 29 38 0 - LFDQAFGVPR Oxidation 

(M) 
1798.10 1797.10 1796.93 0.17 101 116 0 - VSLDVNHFAPE

ELTVK 
 

1798.10 1797.10 1796.93 0.17 101 116 0 49 VSLDVNHFAPE
ELTVK 

 

1833.14 1832.13 1831.97 0.17 176 192 0 - AVTQSAEITIPV
TFEAR 

 

1833.14 1832.13 1831.97 0.17 176 192 0 81 AVTQSAEITIPV
TFEAR 

 

 
1 (P14602) Heat shock 27 kDa protein (Hsp 27, Hsp 25), Mass: 23000, Score: 459 

2 Additional peptides for which there was no match (and which could include post-translationally modified 
Hsp25 peptides): 1009.57, 1018.57, 1021.57, 1021.57, 1035.56, 1037.57, 1037.57, 1047.56, 1051.56, 1053.56, 
1058.65, 1062.58, 1063.57, 1079.59, 1087.58, 1095.62, 1126.66, 1134.72, 1148.68, 1161.72, 1171.70, 1175.73, 
1187.67, 1203.64, 1314.91, 1332.86, 1424.89, 1499.93, 1528.96, 1630.01, 1634.08, 1701.05, 1820.09, 1847.15, 
1923.11, 1941.12, 1985.25, 1987.26, 2003.27, 2079.31, 2079.31, 2091.33, 2230.41, 2233.41, 2285.38, 2288.29, 
2304.27, 2316.32, 2319.22, 2331.24, 2334.50, 2435.47, 2440.26, 2596.41, 2679.57, 3065.97, 3110.93, 3194.04, 
3347.02 
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Supplemental Table 3.4.  Swiss-Prot analysis of Spot #2 (middle spot; putative mono-
phosphorylated Hsp25) 1  

 
Observed 
Mr 2 

Exper. 
Mr 

Calc. 
Mr 

Delta AA 
Start 

AA 
End 

Miss Ions Peptide 

927.58 926.58 926.48 0.09 193 202 0 ---- AQIGGPEAGK 
1005.56 1004.55 1004.47 0.08 13 20 0 36 SPSWEPFR 
1005.56 1004.55 1004.47 0.08 13 20 0 ---- SPSWEPFR 
1031.55 1030.54 1030.46 0.08 21 28 0 ---- DWYPAHSR 
1031.55 1030.54 1030.46 0.08 21 28 0 51 DWYPAHSR 
1075.66 1074.65 1074.57 0.08 84 93 0 2 QLSSGVSEIR 
1075.66 1074.65 1074.57 0.08 84 93 0 ---- QLSSGVSEIR 
1104.59 1103.59 1103.50 0.09 132 140 0 60 QDEHGYISR 
1104.59 1103.59 1103.50 0.09 132 140 0 ---- QDEHGYISR 
1149.70 1148.69 1148.60 0.09 29 38 0 ---- LFDQAFGVPR 
1149.70 1148.69 1148.60 0.09 29 38 0 73 LFDQAFGVPR 
1798.08 1797.07 1796.93 0.14 101 116 0 ---- VSLDVNHFAPEELTVK
1798.08 1797.07 1796.93 0.14 101 116 0 50 VSLDVNHFAPEELTVK
1833.11 1832.11 1831.97 0.14 176 192 0 74 AVTQSAEITIPVTFEAR
1833.11 1832.11 1831.97 0.14 176 192 0 ---- AVTQSAEITIPVTFEAR

 
1 (P14602) Heat shock 27 kDa protein (Hsp 27, Hsp 25), Mass: 23000, Score: 388 

2 Additional peptides for which there was no match (and which could include post-translationally modified 
Hsp25 peptides): 990.36, 1009.56, 1021.56, 1035.55, 1037.55, 1047.57, 1058.63, 1061.57, 1063.55, 1063.55, 
1085.53, 1087.56, 1089.56, 1101.52, 1117.52, 1126.65, 1148.65, 1165.68, 1171.69, 1175.72, 1187.65, 1194.75, 
1203.62, 1314.87, 1345.85, 1424.88, 1528.93, 1569.98, 1629.97, 1634.06, 1701.03, 1720.99, 1794.95, 1820.07, 
1923.07, 1941.10, 1969.21, 1987.23, 1987.23, 2003.23, 2079.28, 2079.28, 2091.30, 2230.38, 2265.22, 2297.39, 
2316.30, 2317.24, 2334.47, 2408.25, 2564.39, 2663.59, 2679.56, 3065.95, 3094.89, 3111.90, 3194.05, 3339.01, 
3346.95, 3355.06.  The peptide in bold is absent in the putative non-phosphorylated Hsp25 (Supp. Table 3.3), is 
present in both this putative mono-phosphorylated Hsp25 and di-phosphorylated Hsp25 (Supp. Table 3.5), 
matches the Exper. Mr for a peptide comprised of residues 13 – 20 with a single phosphorylation, is predicted to 
be phosphorylated on serine 15 by NetPhos 2.0 software, and includes a serine residue previously shown by 
others to be phosphorylated (serine 15).    
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Supplemental Table 3.5.  Swiss-Prot analysis of Spot #3 (most acidic spot; putative di-
phosphorylated Hsp25) 1  

 
Observed 
Mr 2 

Exper. 
Mr 

Calc. 
Mr 

Delta AA 
Start

AA
End

Miss Ions Peptide 

927.58 926.57 926.48 0.09 193 202 0 ---- AQIGGPEAGK 
931.59 930.58 930.50 0.08 119 127 0 ---- EGVVEITGK 
932.57 931.56 931.46 0.10 94 100 1 ---- QTADRWR 
1031.55 1030.55 1030.46 0.08 21 28 0 ---- DWYPAHSR 
1031.55 1030.55 1030.46 0.08 21 28 0 48 DWYPAHSR 
1104.59 1103.59 1103.50 0.09 132 140 0 ---- QDEHGYISR 
1104.59 1103.59 1103.50 0.09 132 140 0 38 QDEHGYISR 
1149.70 1148.69 1148.60 0.09 29 38 0 ---- LFDQAFGVPR 
1149.70 1148.69 1148.60 0.09 29 38 0 68 LFDQAFGVPR 
1798.08 1797.07 1796.93 0.14 101 116 0 49 VSLDVNHFAPEELTVK 
1798.08 1797.07 1796.93 0.14 101 116 0 ---- VSLDVNHFAPEELTVK 
1833.12 1832.11 1831.97 0.14 176 192 0 ---- AVTQSAEITIPVTFEAR 
1833.12 1832.11 1831.97 0.14 176 192 0 106 AVTQSAEITIPVTFEAR 
2018.08 2017.08 2016.92 0.15 13 28 1 ---- SPSWEPFRDWYPAHSR

 
1 (P14602) Heat shock 27 kDa protein (Hsp 27, Hsp 25), Mass: 23000, Score: 359 

2 Additional peptides for which there was no match (and which could include post-translationally modified 
Hsp25 peptides): 1035.55, 1047.55, 1061.58, 1063.55, 1071.72, 1085.53, 1087.56, 1089.56, 1101.53, 1108.64, 
1117.52, 1126.65, 1148.67, 1155.63, 1165.68, 1171.68, 1175.72, 1179.69, 1187.67, 1277.80, 1282.78, 1307.78, 
1314.88, 1316.87, 1424.88, 1425.87, 1475.87, 1528.93, 1701.03, 1794.95, 1820.07, 1923.07, 1941.09, 1941.09, 
1969.22, 1985.22, 1987.23, 1987.23, 2003.23, 2079.28, 2079.28, 2091.31, 2230.38, 2262.34, 2297.37, 2334.47, 
2408.24, 2419.44, 2565.38, 2662.57, 2663.58, 2679.58, 2914.76, 3094.89, 3111.93, 3194.00, 3339.00, 3339.00, 
3346.89, 3347.98, 3355.05.  The peptides in bold include the one in supp. Table 3.4 (1085.53), but also a 
second one (1155.63) which is absent in both the putative non-phosphorylated Hsp25 (Supp. Table 3.3) and 
mono-phosphorylated Hsp25 (Supp. Table 3.4), matches the Exper. Mr for a peptide comprised of residues 84-
93 with one phosphorylation, is predicted to be phosphorylated on serine 86 by NetPhos 2.0 software, and 
includes a serine residue previously shown by others to be phosphorylated (serine 86).    
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Figure 3.3. Quantification of Hsp25 by 2D-DIGE.  Protein abundance was determined for 
each of the indicated gel spots using DeCyder software.  A) Predicted unphosphorylated 
Hsp25 spot, B) Predicted mono-phosphorylated Hsp25 spot, C) Predicted di-phosphorylated 
Hsp25 spot.  Results from triplicate samples are shown in each case except T1L, where only 
two (A and C) or one (B) protein spot was detectable on the gels.  In some other cases, data-
points lie directly on top of one another.   
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Supplemental Figure 3.2.  Reovirus modulation of Hsp25 is post-transcriptional.  
Primary cardiac myocyte cultures were mock- or T3D infected, and RNA was harvested at 
the indicated times post-infection for qRT-PCR.  Copy number for each sample was first 
normalized to GAPDH, and then samples from T3D-infected cultures were normalized to 
those from mock-infected cultures at that same time point.  Results are expressed as the 
average of duplicate wells ± S.D.
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Figure 3.4. Confirmation of Hsp25 expression and phosphorylation by Western blot.  
Primary cardiac myocyte cultures generated from wild type (A) or IFN-α/β-receptor-null (B) 
mice were mock- or reovirus-infected as for Figure 1, and harvested 12 hours (A) or 12 and 
18 hours (B) post-infection for SDS-PAGE and Western blot analysis using the indicated 
antibody probes.  Results are representative of at least 3 independent experiments. 
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Figure 3.5. Reovirus-induced phosphorylation and degradation of Hsp25 is virus strain-
specific.  Primary cardiac myocyte cultures were mock-, T3D- or 8B-infected at an moi of 10 
pfu per cell, and cultures were harvested for SDS-PAGE and Western blot at the indicated 
times post-infection.   For each sample, the band intensity for Hsp25-Ser86-P (A) or Hsp25 
(B) was first normalized to that for actin, and then normalized to the mock-infected sample at 
that same time-point.  Each bar represents the single samples shown, and is representative of 
similar results from at least 3 independent independent experiments.     
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Figure 3.6. Reovirus-induced phosphorylation of Hsp25 is p38-MAPK-dependent and 
IFN-independent.  Primary cardiac myocyte cultures were generated from wild type (A) or 
IFN-α/β-receptor-null (B, C) mice.  Cultures were treated with 50 μM p38-MAPK inhibitor 
SB203580 for 1 hour as indicated (A, C) or left untreated (B), and then mock- or reovirus-
infected (moi 10 pfu per cell) for 13 hours (A) or indicated hours.  Total cell lysates were 
subjected to SDS-PAGE and then transferred to nitrocellulose for Western Blots.  Results are 
representative of 2 experiments.  

A. 

Actin 

13 Hr 

+ p38-MAPK inhib 

T3D

Actin 

- 
8B Mock

T3D 

Hsp25 (ser86-P)

Hsp25 (Total)

Actin

12 18 18 

Mock B. 
Hrs Post-Infection

+ - + - 

Hsp25 
(ser86-P) 

Hsp25 
(Total) 

p38-MAPK inhib 
+ - + - + - + - 

24 Hr 

T3D 

13 Hr 24 Hr 

8B C. 

Hsp25 (Total) 

Hsp25 (ser86-P) 



 168

  

 
 
 
Figure 3.7. Reovirus does not induce nuclear translocation of Hsp25 .  Primary cardiac 
myocyte cultures were mock- or reovirus-infected (moi 10 pfu per cell), and cytoplasmic and 
nuclear lysates were harvested from duplicate wells at 17 hours post-infection for SDS-
PAGE and Western blot to detect total Hsp25 (short film exposure to emphasize cytoplasmic 
Hsp25 differences; long film exposure to detect nuclear Hsp25).  Results are representative 
of 3 experiments.   
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Figure 3.8.  Expression of Hsp25 is cell type-specific in the heart.   A) Primary cultures of 
cardiac myocytes and cardiac fibroblasts were mock- or reovirus-infected (moi 10 pfu per 
cell), and cultures were harvested at 12 hours post-infection for SDS-PAGE and Western blot 
analysis to detect total Hsp25.  B) Cardiac sections from adult mice were stained for Hsp25 
(green) and myomesin (red) to detect cardiac myocytes.  C) As for (B), but stained for Hsp25 
(green) and vimentin (red) to detect cardiac fibroblasts.   
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Figure 3.9. Inhibition of p38-MAPK increases T3D- and 8B-induced CPE in cardiac 
myocytes.  Primary cardiac myocyte cultures were generated from wild type or IFN-α/β-
receptor null mice, treated with buffer or the p38-MAPK inhibitor S203580 (50 μM) for 1 
hour, and then mock- or reovirus-infected (moi 25 pfu per cell).  At the indicated time post-
infection, cell viability was determined by MTT assay.  Results represent the average of 
triplicate wells ± SD, and are representative of 3 experiments. 
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APPENDIX 1 

 

Over-Expression of IFN-α2, -α4 and –α5 in Primary Cardiac Myocyte and Fibroblast 

Cultures 

 

INTRODUCTION 

 

Murine IFN-α occurs as 14 functional subtype genes and 3 pseudogenes, and 

individual IFN-α subtypes share >80% DNA and protein similarity (3, 8). It has been 

reported that individual IFN-α subtypes display differential antiviral abilities (1, 5-9). Our 

Real-Time PCR results demonstrated that reovirus T3D induces IFN-α1, -α2, -α4, -α5, and –

α8/6 in primary cultures of mouse cardiac myocytes and cardiac fibroblasts, and that IFN-α2, 

-α4, and –α5 were expressed at the highest levels.  To determine whether they express 

different antiviral effects against reovirus infection, IFN-α2 and -α4 were cloned and an IFN-

α5 construct was purchased, and all were over-expressed in cardiac cell cultures. However, 

results were unexpected in that even empty vector DNA induced the interferon stimulated 

genes (ISGs) ISG56 and IRF7, and the antiviral effects elicited by transfected DNA, 

regardless of content, were greater than any antiviral effects from over-expressed IFN-α2, -

α4 and –α5. 
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MATERIALS AND METHODS 

 

Plasmid construction. The empty plasmid pORF-mcs (catalog # porf-mcs) and 

pORF-mIFN-α (catalog # porf-mifnα) which over-expresses murine IFN-α5, were purchased 

from InvivoGen. Primers for amplifying IFN-α2 and -α4 full length cDNA were designed 

and restriction enzyme sites for EcoRI and NheI were added. Primers for IFN-α2 (593bp), 

forward: 5’- CGGCgaattcCTCTGCAAGACCCACA -3’ (# 507) and reverse: 5’- 

GGCGgctagcACACTCACTCCTTCT-3’ (#508); IFN-α4 (617bp), forward: 5’- 

CGGCgaattcCAGCATCTACAAGACCC-3’ (#509) and reverse: 

GGCGgctagcGTCCAGAAAAGTCCT-3’ (#510) (restriction enzyme sites in lower case 

letters). As a positive control, IFN-β full length cDNA was also cloned with primers, forward 

(#539): 5’-CGGCgaattcCCATCATGAACAACAGGTG-3’ and reverse (#540): 5’-

GGCGgctagcTCAGTTTTGGAAGTTTCTG-3’. 

Protocol for cloning genes into pORF-mcs. Reaction components for amplifying 

genes of interest are shown in Table App.1.1 (using IFN-α2 as an example). PCR was carried 

out in the MJR thermal cycler (program LLNIFNA2) in a 0.5ml epp, with 50 μl mineral oil 

overlay. The PCR program was set up as:  

Step 1: 98°C, 30” 

Step 2: 98°C, 10” 

Step 3: 52°C, 20”  

Step 4: 72°C, 30” 

Repeat Step 2 to 4 for 35 times 
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Step 5: 72°C, 5’ 

Step 6: 4°C, 24h 

Eppendorf tubes were put onto the thermal cycler only when the temperature reached 

above 85ºC (as a “Hot Start” protocol). An analytic thin 1% agarose gel in 1 x TBE with 10-

well narrow comb was used to verify the product size, and the PCR product was gel purified 

using QIAquick Gel Extraction Kit (catalog # 28704). After restriction enzyme digestion, the 

digested PCR mixture was purified with the Wizard SV Gel and PCR clean-up system 

(Promega, catalog A9281 ). For the empty vector, the digested mixture was gel purified using 

the QIAquick Gel Extaction Kit (catalog # 28704). T4 DNA ligase from Promega (catalog 

M180B) was used for ligation at room temperature for 3 hours (in 1X final ligase buffer 

diluted from 2X stock) or overnight (in 1X final ligase buffer diluted from 10X stock at 

16ºC). The ligation products were transformed into DH5α cells according to the laboratory 

protocol. 

Verification of over-expressed products. Plasmid DNA from MiniPreps were 

sequenced by the DNA Sequencing facility at the University of Chicago Cancer Research 

Center (http://cancer-seqbase.bsd.uchicago.edu/template2-36.html). To sequence the region 

that does not include the promoter region (very close to the start and end of the open reading 

frame), primers were designed as: Forward (#543): 5’- cgactactaaccttcttctc- 3’, and reverse 

(#544): 5' - GCATTCTAGTTGTGGTTTG - 3'.  To sequence the region that includes 

promoter, primers were, forward (#583): 5'-CAAAATAGGCTGTCCCCAGT-3', and reverse 

(#582): 5’-CGGTCACAGCTTGGATCTG-3’. 

http://cancer-seqbase.bsd.uchicago.edu/template2-36.html
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Transfection of cardiac myocytes. MaxiPrep empty vector DNA pORF-mcs or 

plasmids containing the genes of interest were transfected into primary cultured cardiac 

myocytes using the Amaxa Nucleofector device. The Rat Cardiomyocyte-Neonatal 

NucleofectorTM Kit (catalog # VPE-1002) and program G-07 were used. Briefly, cardiac 

myocytes were spun down at 340xg (340xg=1380 rpm on the microfuge, but the laboratory 

protocol lists it as 2000 rpm) for 1 minute. Each transfection included up to 2 x 106 cells in 

100 μl NucleofectorTM solution, and 2 μg plasmid DNA.  Control transfections with a GFP-

expressing plasmid suggest that this procedure transfects 1-2% of the cells, which although 

low, is the maximum for any technique the laboratory has attempted (data not shown). 

Transfection of cardiac fibroblasts. Procedure was as above except for the 

following differences. The Basic Nucleofector Kit for primary mammalian fibroblasts 

(catalog # VPI-1002) and program U-12 were used. Briefly, cardiac fibroblasts were spun 

down at 100xg (800 rpm) for 10 minutes. Each transfection included up to 0.5-1 x 106 cells 

in 100 μl NucleofectorTM solution, and 2 μg plasmid DNA.  Control transfections with a 

GFP-expressing plasmid suggest that this procedure transfects 50% of the cells, which is the 

maximum for any technique the laboratory has attempted (data not shown). 

Reverse transcription and Real-Time PCR. Total cell RNA was harvested and used 

for reverse transcription and Real-Time PCR by standard laboratory protocol. All primers 

were those used routinely in the laboratory, except for IFN-α4 primers: forward (#527): 5’-

GATGAGCTACTACTGGTCAG-3’ and reverse (#528): 5' - 

TTCTCCAAGGGGAATCCAAAA - 3'. 
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RESULTS 

 

Confirmation of sequences of cloned IFN-α genes.  Two colonies for each 

construct (IFN-α2, -α4 and –β) were selected for DNA sequencing. DNA sequence of IFN-α2 

and –β were 100% identical to the RefSeq from GenBank (NM_010503.2 and NM_010510.1, 

respectively). IFN-α4 had 4 synonymous mutations, and IFN-α5, which was purchased from 

InVivogen (Figure App.1.1), had 2 non-synonymous mutations (Figure App.1.2). 

Confirmation of IFN-α mRNA over-expression by Real-Time PCR. Cardiac 

myocytes and fibroblasts were transfected, and total cell RNA was harvested at the indicated 

times post-transfection. Real-Time PCR results demonstrated that the transfected genes were 

up-regulated dramatically compared to mock-transfected samples or samples transfected with 

the empty vector, pORF-mcs (Figure App.1.3). 

 Confirmation of IFN-α protein over-expression and secretion by ELISA. 

Cardiac myocytes and fibroblasts were transfected, and supernatants were harvested at the 

indicated times post-transfection. ELISA results demonstrated that IFN-α was up-regulated 

in a time-dependent manner (Figure App.1.4), and that it was undetectable in samples 

transfected with the empty vector, pORF-mcs (data not shown).  There are no commercially 

available ELISAs to distinguish between different IFN-α subtypes. 

Network of induction of other IFN-α subtypes by over-expressed genes. Real-

Time PCR demonstrated that the over-expressed IFN-α genes can induce expression of other 

IFN-α subtyeps (selected transfection #11 as an example, Figure App.1.5). A network for this 

induction is summarized from at least 3 independent experiments Figure App.1.6.  
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Antiviral effects of individual IFN-α subtypes. While the fraction of cardiac 

myocytes and cardiac fibroblasts transfected was low (2% and 50%, respectively; see 

Materials and Methods), the induction of other IFN-α subtypes suggested that secreted IFN 

from the few transfected cells functioned in paracrine stimulation, and might be sufficient to 

induce antiviral effects in the culture population.  To test this, primary cardiac myocyte and 

cardiac fibroblast cultures were transfected or left untreated (as a negative control), treated 

with buffer or IFN-β (as a positive control), and then infected with reovirus T3D (moi=1 

pfu/cell) 24 hours post-transfection. The infection was incubated for 24 or 44 hours and viral 

titers were determined by plaque assay (Figure App.1.7).  Surprisingly, in cardiac myocytes, 

transfection with the empty vector pORF-mcs (“mcs”) inhibited reovirus replication 10 to 20-

fold relative to untreated cells (bar set 1), indicating that the transfection process itself 

induced a potent antiviral response.  Moreover, treatment with IFN-β increased the antiviral 

effects only approximately 4-fold (bar set 2 divided by bar set 1), indicating that even a 

potent antiviral treatment generated little antiviral effect relative to the transfection process.  

Not surprisingly then, cells transfected with the empty vector mcs were protected only 4-fold 

when treated with IFN-β (bar set 3), and this was similar to the effects of transfected IFN-β 

or IFN-α5 (bar sets 4 and 5, respectively).  IFN-α2 and IFN-α4 had less than a 2-fold effect 

(data not shown).  Together, the data indicate that the transfection process itself induces a 

potent antiviral response relative to treatment or transfection with Type I IFN in cardiac 

myocytes, and leaves this an inappropriate approach for characterizing the antiviral response 

for individual IFN-α subtypes in these cells.  In cardiac fibroblasts, the results were more 

promising.  Transfection with the empty vector mcs inhibited reovirus replication only 2-fold 



 177

relative to untreated cells (bar set 6), and treatment with IFN-β increased the antiviral effects 

more than 10-fold (bar set 7 divided by bar set 6).  Consistent with these results, cardiac 

fibroblasts transfected with the empty vector mcs were protected more than 10-fold when 

treated with IFN-β (bar set 8), and this was similar to the effects of transfected IFN-β or IFN-

α5 (bar sets 9 and 10, respectively).  IFN-α4 and -α2 had lesser, but detectable, effects.  

Together, the data indicate that while the transfection process does induce some antiviral 

effects in cardiac fibroblasts, these effects are minimal compared to those provided by Type I 

IFN.  Moreover, IFN-α5, -α4 and -α2 are each antiviral in this cell type, consistent with 

results using purified preparations of these cytokines (Chapter 3).       

pORF-mcs transfection induces ISGs. Since pORF-mcs induced antiviral effects in 

cardiac myocytes and fibroblasts, pORF-mcs induction of IFN and ISGs was examined by 

Real-Time PCR.  pORF-mcs did not induce IFN-β, IFN-α1, -α2, -α4, or -α5 in cardiac 

fibroblasts when examined at 16, 24, 40 and 64 hours post-transfection (data not shown).  

Data for cardiac myocytes were similar for 64 hours post-transfection, but were less clear at 

24 and 40 hours post-transfection, with the possibility of a maximum 4 to 10-fold induction 

of IFN-β, IFN-α2 and -α5 (16 hours was not tested; data not shown).  By comparison, 

transfection of cardiac myocytes with constructs expressing IFN-α genes induced 

heterologous IFN-α subtypes by much greater amounts;  40 – 900 (Figure App.1. 5).  In 

contrast to this minimal or undetectable induction of Type I IFN by pORF-mcs, surprisingly, 

this empty vector induced ISG56 and IRF-7 expression, in some cases as effectively as 

transfected IFN-β did (Figure App.1.8A and 1.8B). It is unclear why pORF-mcs induced 



 178

ISGs slightly better in cardiac fibroblasts than in myocytes, and yet induced greater antiviral 

effects in cardiac myocytes and in fibroblasts (Figure App.1.7).  It is also unclear how pORF-

mcs induces these ISGs given that it induces IFN minimally or not at all.  Nonetheless, the 

data suggest that the transfection process can induce antiviral genes (Figure App.1.8) and 

antiviral effects (Figure App.1.7) in cardiac cells.  

 

DISCUSSION 

 

It has been reported that transfected B form DNA from modified vaccinia virus 

Ankara (MVA) induces antiviral responses in MEFs (4). Transfected DNA can induce 

production of IFN-β and IFN-α and some chemokines as well, such as Cxcl10, Ccl5, Ccl2, 

and Ccl4. What’s more, the induction is both toll like receptor (TLR) and RIG-I-independent. 

In another report, Cheng et al (2) found that transfected dsDNA can trigger the activation of 

the IFN-β promoter in a human hepatoma cell line (Huh-7), which is dependent on both RIG-

I and the mitochondrial antiviral signaling protein (MAVS) pathways. In our experiments, 

the transfected double stranded plasmid DNA can induce the production of ISGs with little or 

no induction of either IFN-β or IFN-α. Therefore it likely triggers activation of pathways 

other than the IFN-pathway, and this dsDNA-activated antiviral response is dominant 

compared to the transfected genes of interest. Given these non-specific effects, this 

transfection approach is a poor choice for investigating the antiviral effects of candidate 

innate response proteins in cardiac cells. 
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Table App.1.1. Reaction components for amplifying full  

length cDNA of IFN-α2 by PCR 
 

Reagent Final Conc Tube_1 Tube_2 
52 μl ddH2O  √ √ 
20 μl 5x Phusion HF Buffer 1x √ √ 
2 μl 10 mM dNTPs 0.2 mM √ √ 
5 μl 10 μM upstream primer 0.5 μM 507 507 
5 μl 10 μM downstream primer 0.5 μM 508 508 
15 μl of cDNA or ddH2O 1  DNA H2O 
1 ul Phusion DNA polymerase 2 0.02U/ul √ √ 
Final Volume 100μl 

 
1 cDNA is reverse transcribed from T3D infected-myocyte RNA  
2 PhusionTM high-fidelity DNA polymerase (F-530 or F-540) 



 181

NM_010504.1 ATGGCTAGGCTCTGTGCTTTCCTCATGATCCTAGTAATGATGAGCTACTACTGGTCAGCC  60 
            |||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||| 
pORF-IFN-α4 ATGGCTAGGCTCTGTGCTTTCCTCATGATCCTGGTAATGATGAGCTACTACTGGTCAGCC  114 
 
NM_010504.1 TGTTCTCTAGGATGTGACCTGCCTCACACTTATAACCTCGGGAACAAGAGGGCCTTGACA  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 TGTTCTCTAGGATGTGACCTGCCTCACACTTATAACCTCGGGAACAAGAGGGCCTTGACA  174 
 
NM_010504.1 GTCCTGGAAGAAATGAGAAGACTCCCCCCTCTTTCCTGCCTGAAGGACAGGAAGGATTTT  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 GTCCTGGAAGAAATGAGAAGACTCCCCCCTCTTTCCTGCCTGAAGGACAGGAAGGATTTT  234 
 
NM_010504.1 GGATTCCCCTTGGAGAAGGTGGATAACCAACAGATCCAGAAGGCTCAAGCCATCCTTGTG  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 GGATTCCCCTTGGAGAAGGTGGATAACCAACAGATCCAGAAGGCTCAAGCCATCCTTGTG  294 
 
NM_010504.1 CTAAGAGATCTTACCCAGCAGATTTTGAACCTCTTCACATCAAAAGACTTGTCTGCTACT  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 CTAAGAGATCTTACCCAGCAGATTTTGAACCTCTTCACATCAAAAGACTTGTCTGCTACT  354 
 
NM_010504.1 TGGAATGCAACTCTCCTAGACTCATTCTGCAATGACCTCCATCAGCAGCTCAATGATCTC  360 
            |||||||||||||| ||||||||||||||||||||||||||||||||||||||||| ||| 
pORF-IFN-α4 TGGAATGCAACTCTACTAGACTCATTCTGCAATGACCTCCATCAGCAGCTCAATGACCTC  414 
 
NM_010504.1 AAAGCCTGTGTGATGCAGGAACCTCCTCTGACCCAGGAAGACTCCCTGCTGGCTGTGAGG  420 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 AAAGCCTGTGTGATGCAGGAACCTCCTCTGACCCAGGAAGACTCCCTGCTGGCTGTGAGG  474 
 
NM_010504.1 ACATACTTCCACAGGATCACTGTGTACCTGAGAAAGAAGAAACACAGCCTCTGTGCCTGG  480 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 ACATACTTCCACAGGATCACTGTGTACCTGAGAAAGAAGAAACACAGCCTCTGTGCCTGG  534 
 
NM_010504.1 GAGGTGATCAGAGCAGAAGTCTGGAGAGCCCTCTCTTCCTCAACCAACTTGCTGGCAAGA  540 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α4 GAGGTGATCAGAGCAGAAGTCTGGAGAGCCCTCTCTTCCTCAACCAACTTGCTGGCAAGA  594 
 
NM_010504.1 CTGAGTGAGGAGAAGGAGTGA  561 
            ||||||||||||||||||||| 
pORF-IFN-α4 CTGAGTGAGGAGAAGGAGTGA  615 

 
 
 
 

Figure App.1.1. Multiple sequence alignment results for pORF-IFNα4 (IFN-α4) against 
the RefSeq from NCBI (NM_010504.1). Shaded nucleotides indicate three synonymous 
mutations. 
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NM_010505.1 ATGGCTAGGCTCTGTGCTTTCCTGATGGTCCTGCCGGTGCTGAGCTACTGGCCAACCTGC  60 
            ||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||| 
pORF-IFN-α5 ATGGCTAGGCTCTGTGCTTTCCTGATGGTCCTGGCGGTGCTGAGCTACTGGCCAACCTGC  77 
 
NM_010505.1 TCTCTAGGATGTGACCTTCTTCAGACTCATAACCTCAGGAACAAGAGAGCCTTAACCCTC  120 
            ||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 TCTCTAGGATGTGACCTTCCTCAGACTCATAACCTCAGGAACAAGAGAGCCTTAACCCTC  137 
 
NM_010505.1 CTGGTAAAAATGAGGAGACTCTCCCCTCTCTCCTGCCTGAAGGACAGAAAGGACTTTGGA  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 CTGGTAAAAATGAGGAGACTCTCCCCTCTCTCCTGCCTGAAGGACAGAAAGGACTTTGGA  197 
 
NM_010505.1 TTCCCACAGGAGAAGGTGGGTGCCCAGCAGATCCAGGAGGCTCAAGCCATCCCTGTCCTG  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 TTCCCACAGGAGAAGGTGGGTGCCCAGCAGATCCAGGAGGCTCAAGCCATCCCTGTCCTG  257 
 
NM_010505.1 AGTGAGCTGACCCAGCAGGTCCTGAACATCTTCACATCAAAGGACTCATCTGCTGCATGG  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 AGTGAGCTGACCCAGCAGGTCCTGAACATCTTCACATCAAAGGACTCATCTGCTGCATGG  317 
 
NM_010505.1 AATGCAACCCTCCTAGACTCATTCTGCAATGAAGTCCATCAGCAGCTCAATGACCTCAAA  360 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 AATGCAACCCTCCTAGACTCATTCTGCAATGAAGTCCATCAGCAGCTCAATGACCTCAAA  377 
 
NM_010505.1 GCCTGTGTGATGCAACAGGTCGGGGTGCAGGAATCTCCCCTGACCCAGGAAGACTCCCTG  420 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 GCCTGTGTGATGCAACAGGTCGGGGTGCAGGAATCTCCCCTGACCCAGGAAGACTCCCTG  437 
 
NM_010505.1 CTGGCTGTGAGGAAATACTTCCACAGGATCACTGTGTACCTGAGAGAGAAGAAACACAGC  480 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 CTGGCTGTGAGGAAATACTTCCACAGGATCACTGTGTACCTGAGAGAGAAGAAACACAGC  497 
 
NM_010505.1 CCCTGTGCCTGGGAGGTGGTCAGAGCAGAAGTCTGGAGAGCCCTGTCTTCCTCAGTTAAC  540 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
pORF-IFN-α5 CCCTGTGCCTGGGAGGTGGTCAGAGCAGAAGTCTGGAGAGCCCTGTCTTCCTCAGTTAAC  557 
 
NM_010505.1 TTGCTGGCAAGATTGAGCAAGGAGGAGTGA  570 
            |||||||||||||||||||||||||||||| 
pORF-IFN-α5 TTGCTGGCAAGATTGAGCAAGGAGGAGTGA  587 

 
 
Figure App.1.2. Multiple sequence alignment results for pORF-IFNα (IFN-α5) against 
the RefSeq (NM_010505.1) from NCBI. Shaded nucleotides indicate two non-synonymous 
mutations, which Ala is changed to Pro at amino acid 12 and Pro to Leu at 27. 
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Figure App.1.3. Fold change of IFN-α mRNA expression in transfected primary 
cultures of cardiac myocytes and cardiac fibroblasts.  Cardiac myocytes or fibroblasts 
were transfected with the indicated IFN-α construct, and total cell RNA was harvested at the 
indicated time post-transfection for reverse transcription and Real-Time PCR using the 
homologous IFN-α primers and GAPDH primers. The Ct number for each IFN-α gene was 
normalized to GAPDH, and then fold changes were calculated by comparing to mock-
transfected samples at the same time point. Data are representative (transfection #11) of  at 
least 3 independent experiments.  While mcs-ORF was tested, fold changes were always <5, 
and therefore data were not included in this graph. 
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Figure App.1.4. Over-expression and secretion of IFN-α in transfected primary cultures 
of cardiac myocytes and cardiac fibroblasts. Cardiac myocytes or fibroblasts were 
transfected with the indicated IFN-α construct, and supernatant were harvested at the 
indicated times post-transection for ELISA using a commercial ELISA kit for mouse IFN-α 
(PBL).  ND = not determined. 
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Figure App.1.5. Induction of heterologous IFN-α genes by transfected IFN-α genes. 
Cardiac myocytes or fibroblasts were transfected with the IFN-α construct indicated on the X 
axis, and total cell RNA was harvested at the indicated time post-transfection for reverse 
transcription and Real-Time PCR using heterologous IFN-α primers (IFN-α1, -α2, -α4, -α5, 
-α6T, -α7, -α7/10, -α8/6, -α9, -α11, -α12, -α13, -α14) and GAPDH primers. The Ct number 
for each IFN-α gene was normalized to GAPDH, and then fold changes were calculated by 
comparing to mock-transfected samples at the same time point.  IFN-α subtypes that were 
detected are indicated by IFN-α names listed in boxes below the X axis. Data are 
representative (transfection #11) of  at least 3 independent experiments.   
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Figure App.1.6. Network of induction of other IFN-α subtypes by transfected IFN-α 
genes. Arrows with bold lines indicate reproducible upregulation. Arrows with dashed lines 
indicate upregulation was not reproduced in every experiment. The results were summarized 
from at least 3 independent experiments. 
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Figure App.1.7. Reovirus replication in transfected primary cardiac myocyte and 
cardiac fibroblast cultures. Primary cardiac myocyte and fibroblast cultures were 
transfected and infected as indicated in the text.  Viral titers from triplicate wells were 
determined by plaque assay.  Average titers from cultures transfected with pORF-mcs were 
divided by those from untransfected cultures that were not treated with IFN-β (“Inhibition 
relative to untreat”) to determine the inhibitory effects of the transfection treatment alone or 
in combination with IFN-β treatment.  Average titers from transfected cultures were divided 
by those from pORF-mcs-transfected cultures that were not treated with IFN-β (“Inhibition 
relative to mcs”) to determine the inhibitory effects of IFN-β treatment or IFN expression 
from constructs. 
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Figure App.1.8. Induction of ISG56 and IRF-7 by the transfected pORF-mcs.  Cardiac 
myocytes or fibroblasts were transfected with the indicated pORF-mcs or the construct 
expressing IFN-β, and total cell RNA was harvested at the indicated time post-transfection 
for reverse transcription and Real-Time PCR using primers for ISG56, IRF7, and GAPDH. 
The Ct numbers for ISG56 and IRF7 were normalized to GAPDH, and then fold changes 
were calculated by comparing to mock-transfected samples at the same time point. Data are 
averages from multiple experiments (transfections #3, 6, 7, 11, 13 and 14).   7A: Transfected 
with pORF-mcs; fold change calculated relative to mock-transfection. 7B: Transfected with 
pORF-mcs or IFN-β; fold change as above. 
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APPENDIX 2 

 

Proteomic Study of T3D-Infected Primary Cardiac Myocyte Cultures at Different Time 

Points by Two Dimensional Difference Gel Electrophoresis  (2D-DIGE) 

 

In collaboration with Drs. James Stephenson and Joel Sevinsky at Research Triangle Institute, 

RTP, NC. 

 

INTRODUCTION 

 

RNA viruses, like reovirus, stimulate pattern recognition receptors (PRRs), such as 

retinoic acid-inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (Mda 

5) (2, 4) to activate the IPS-1/MAVS/VISA/Cardif-mediated pathway for phosphorylation of 

TANK-binding kinase 1 (TBK1) and IκK ε, which then activate transcription factors IRF-3 

and NF-κB to induce IFN-β transcription. Secreted IFN-β binds to the IFN-α/β-receptor on 

the cell surface, activates tyrosine kinases Tyk2 and Jak1, and induces hundreds of interferon 

stimulated genes (ISGs). Reovirus induction of and sensitivity to IFN-β in cardiac myocytes 

determines virus strain-specific differences in viral myocarditis and cardiac myocyte 

cytopathic effect (7). In order to identify new proteins or protein post-translational 

modifications which might be involved in the IFN pathway or other protective pathways in 

cardiac myocytes, we used the proteomics tools 2D-DIGE and MALDI-TOF-TOF to 

investigate proteome changes after reovirus infection of primary cardiac myocyte cultures. 
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Since reovirus T3D is stronger than other reovirus strains in inducing IFN-β in cardiac 

myocyte cultures, we did a time course study of T3D infection to identify a single time point 

for future studies comparing different reovirus strains. 

 

MATERIALS AND METHODS 

 

All of the materials and methods for this section are the same as those described in 

Chapter 3, except that: 1) instead of using a reovirus panel, the only virus used here was T3D; 

2) instead of harvesting protein at 12 hr post-infection, protein from T3D infected samples 

was harvested at 8, 12, and 18 hr post-infection; 3) instead of triplicate samples for each virus 

infection, each time point contained quadruplicate samples.  

RESULTS 

2D-DIGE Gel set up. Eight Gels were run as shown in Table App.2.1. Every time-

point included samples labeled with Cy3 and samples labeled with Cy5, to avoid bias caused 

by CyDye labeling. 

Gel image analysis. The annotated preparative gel (“pick gel”) image with master 

numbering is shown in Figure App.2.1. Gel images were analyzed by DeCyder 2D version 

6.5 software and the DeCyder Extended Data Analysis (EDA) module Version 1.0. By 

combing the analysis results from the Biological Variation Analysis (BVA) module and EDA 

module, 243 differentially expressed protein spots (Students t-test with P<0.05) were picked 

for protein identification by MALDI-TOF-TOF.  
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BVA analysis. Differentially expressed protein spots between mock-infected and 

T3D-infected samples at different time-points and between different time-points within T3D-

infected samples, identified as P<0.05 by a paired Students t-test, are summarized in Figure 

App.2.2. Results demonstrated the following. First, the fewest differences between mock and 

T3D-infected cultures occurred at 12 hours post-infection. However, since mock-infected 

cultures were harvested only at 12 hours, this comparison may be the most accurate, while 

the other groups may also include more general variations in cultures over time. Second, as 

expected, when comparing T3D-infected cultures to each other, there were fewest proteins in 

common (only 28) between the earliest comparison (8 hr vs 12 hr) and the latest comparison 

(12 hr vs 18 hr). Proteins in common between all three groups (61) likely increased or 

decreased dramatically over time. 

Principle component analysis (PCA). In the EDA module, PCA analysis was 

carried out to analyze reproducibility. PCA is a statistical analysis to reduce the complexity 

of the data by eliminating variables that provide little additional information. This analysis 

was based on 118 differentially expressed proteins (P <=0.01 by one-way ANOVA, and the 

protein presents in >=80% of spot maps). Each spot represents the 118 proteins from the 

same gel. PCA results (Figure App.2.3) showed that quadruplicate samples were tightly 

clustered as expected, indicating the high reducibility of the 2D-DIGE technique. The 12 

hour infection was not more similar to mock-infected cultures than the 8 hour or 18 hour 

infections were, perhaps because the stringency of the ANOVA test (P <= 0.01) provides a 

more powerful segregation of the data. 
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Hierarchical clustering of spot maps. The EDA module provides a pattern analysis 

to group protein spots of similar expression patterns. Hierarchical clustering algorithms were 

applied here, which can combine or split the data pair-wise and thereby generates a treelike 

structure called a dendrogram. In this analysis, data is re-arranged and set into a better 

ordered data set, which can provides an easy overview of the data. Here the Hierarchical 

clustering analysis was based on the same set of protein spots as those in the PCA analysis. 

Changes in protein expression are relative to mock. Results (Figure App.2.4) demonstrated 

that protein expression profiles differ over time following infection, and display minimal 

variation between quadruplicates. Thus, protein expression profiling in primary cardiac 

myocyte cultures by 2D-DIGE is reproducible and quantitative. 

Identification of proteins. Sixty-eight protein spots were identified with a Total 

Protein Score higher than 60 by IPI database search (specific for mouse) and higher than 64 

by SwissSprot database search (all organisms). Identified proteins are listed in Table App.2.2 

using results from SwissProt as an example. Proteins identified were found in many 

pathways. Among those proteins, Cryptdin 4 was selected as an interesting protein, because 

of its known role in protecting against infectious pathogens in the intestine. 

Quantitation and identification of Cryptdin 4. Cryptdin 4 is an α-defensin from the 

antimicrobial peptide defensin family. It is abundant in cells and tissues involved in host 

defenses against microbial infections, and functions by permeabilizing the bacterial 

membrane (1, 3, 5, 6). Defensins were reported to have antiviral effects against several 

enveloped viruses as well, but has never been found to be associated with non-enveloped 

viruses, like reovirus which was used here. Cryptdin 4 has the highest antimicrobial activity 
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of the known mouse α-defensins in in vitro assays, and is found predominantly in the 

intestine. Importantly, no defensins have ever been associated with protection in the heart. 

Cryptdin 4 is synthesized as a pre-pro-protein, and then is cleaved by MMP-7 (8, 9) to 

release the mature 32-amino acid cryptdin 4 peptide. Quantitation demonstrated that cryptdin 

4 protein increased over the time (Figure App.2.5). Peptide information from MALDI-TOF-

TOF indicated that the identification was of high quality (Figure App.2.6), and provided the 

basis for its relatively strong score (Table App.2.2, 92.9). 

Confirmation of cryptdin 4 expression in primary cardiac myocyte cultures. To 

investigate cryptdin 4 mRNA expression, total RNA was harvested from T3D-infected 

cardiac myocyte and cardiac fibroblast cultures, and subjected to reverse transcription and 

Real Time PCR. Three pairs of primers were designed for different purpose. Primers unique 

for cryptdin 4, were forward (563): 5’-GGACCAGGCTGTGTCTATCT-3’ and reverse (556): 

5' - CGTATTCCACAAGTCCCACG - 3'. Primers for all cryptdins but not cryptdin 4, were 

forward (567): 5’-GACCAGGCTGTGTCTGTCT-3’ and reverse (568): 5' - 

CCCTTTCTGCAGGTCCCATT - 3'. Primers for all cryptdins, but not 20 and 26, were 

forward (569): 5’- TCCTCCTCTCTGCCCT-3’ and reverse (570): 5’- 

TCTTCCCCTGGCTGCT -3’. While these primers were sensitive and specific when used on 

L cell genomic DNA, Cr:NIH(S) mouse brain genomic DNA and cDNA from intestine, the 

primers did not generate signals using cDNA from primary cardiac myocyte and fibroblast 

cultures (data not shown).  
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DISCUSSION 

 

This T3D time-course studies indicated that over the 8, 12 and 18 hours post-T3D 

infection of primary cardiac myocyte cultures, some proteins were differentially expressed 

early, some in the middle and some late. Some were differentially expressed at multiple time-

points as well. In order to maximize the chances of identifying proteins differentially 

expressed at either early or late times post-infection, we selected 12 hours post-infection as 

the time for comparing the proteomes of multiple reovirus strains (Chapter 3).  

While identification of T3D induction of cryptdin 4 was exciting, it was most likely a 

mis-identification, for the following reasons.  First, the gel spot was not at the correct 

position for the molecular weight (MW) of the cryptdin 4 precursor (10 kD) or the mature 

cryptdin 4 protein (3 kD), and instead was in the upper part of the gel, where the MW should 

be around 100 kD. Second, although the database scores were high, there were no ionization 

data (i.e. sequence-specific MS data) for any of the putative cryptdin 4 peptides, and 

therefore identification was based solely on mass:charge data (the first MS in tandem MS).  

While this can provide accurate protein identification, it is not as conclusive as sequence-

specific data. Third, cryptdin 4 mRNA was undetectable, despite controls indicating that the 

Real-Time PCR was both sensitive and specific. And fourth, cryptdin 4 should be secreted 

and found outside of cells, although its detection in our cardiac myocyte lysates could have 

indicated a new mechanism / pathway for cryptdin 4 function. In sum, the data suggest that 

the cryptdin 4 identification was an error, and it was not pursued further.  
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Table App.2.1. Gel set-up for T3D time-course comparison 
 

Gel number Cy3 Cy5 
25098 Mock_12hr T3D_8hr 
25099 T3D_8hr T3D_12hr 
25100 T3D_18hr Mock_12hr 
25101 T3D_12hr T3D_8hr 
25102 Mock_12hr T3D_12hr 
25103 T3D_12hr T3D_18hr 
25105 T3D_8hr Mock_12hr 
25106 T3D_18hr T3D_12hr 

 



 198

 

 
 
 
 
Figure App.2.1. Annotated preparative gel (“pick gel”) image for T3D time-point 
comparison.  
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Figure App.2.2. Differentially expressed proteins at different times following reovirus 
T3D infection of primary cardiac myocyte cultures.  Average ratio for each protein spot 
from quadruplicate samples (quadruplicate gels) was analyzed by Student t test (statistical 
significance at P < 0.05).  Because of limited cell cultures, mock-infected cultures were 
harvested only at 12 hours. 
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Figure App.2.3. Principle Component Analysis (PCA) of mock- or T3D-infected 
primary cardiac myocyte cultures. PC1 comprises 72.8% of the variance and PC2 
comprises 16.9% of the variance. 
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Figure App.2.4. Hierarchical clustering of spot maps. Changes in protein expression are 
relative to mock.  Red: Increase. Green: Decrease. Black: No change. White: no protein spot 
was detected on that gel. 
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Table App.2.2. Proteins identified from SwissProt database search of the T3D time-
course comparison 

 

Spot 
No. 

Total  
Protein 
 Score Description 

1816 335 (P91754) Actin (Fragment) 
2120 316 (P58771) Tropomyosin 1 alpha chain (Alpha-tropomyosin) 

2592 259 
(Q9DCT2) NADH-ubiquinone oxidoreductase 30 kDa subunit, mitochondrial precursor 
(EC 1.6.5.3) (EC 1. 

1801 255 (P50138) Actin 
1272 231 (P05216) Tubulin alpha-6 chain (Alpha-tubulin 6) 

2280 224 
(P48036) Annexin A5 (Annexin V) (Lipocortin V) (Endonexin II) (Calphobindin I) 
(CBP-I) (Placental a 

2494 201 (Q99PT1) Rho GDP-dissociation inhibitor 1 (Rho GDI 1) (Rho-GDI alpha) (GDI-1) 

1642 183 
(Q9CZ13) Ubiquinol-cytochrome C reductase complex core protein I, mitochondrial 
precursor (EC 1.10. 

2543 178 
(P35215) 14-3-3 protein zeta/delta (Protein kinase C inhibitor protein-1) (KCIP-1) 
(Mitochondrial i 

1810 176 (Q98972) Actin, muscle-type (OlMA1) [Actin, alpha cardiac muscle 1] 

2119 168 
(P42123) L-lactate dehydrogenase B chain (EC 1.1.1.27) (LDH-B) (LDH heart subunit) 
(LDH-H) 

949 155 (P02769) Serum albumin precursor (Allergen Bos d 6) 
1520 150 (P00514) cAMP-dependent protein kinase type I-alpha regulatory chain 

1164 147 
(P27773) Protein disulfide isomerase A3 precursor (EC 5.3.4.1) (Disulfide isomerase 
ER-60) (ERp60) 

1305 141 (P09244) Tubulin beta-7 chain (Tubulin beta 4') [Tubulin beta-5 chain] 
2354 141 (P24142) Prohibitin (B-cell receptor associated protein 32) (BAP 32) 
1717 128 (Q04447) Creatine kinase, B chain (EC 2.7.3.2) (B-CK) 
2162 125 (P14869) 60S acidic ribosomal protein P0 (L10E) 
1247 124 (P00829) ATP synthase beta chain, mitochondrial precursor (EC 3.6.3.14) 

2685 124 
(P14701) Translationally controlled tumor protein (TCTP) (p23) (21 kDa polypeptide) 
(p21) (Lens epi 

661 123 (P12419) Major nonstructural protein mu-NS 

2857 120 
(P08733) Myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLC-2) 
(MLC-2v) 

1909 119 
(P08865) 40S ribosomal protein SA (P40) (34/67 kDa laminin receptor) (Colon 
carcinoma laminin-bindi 

1302 118 (P05218) Tubulin beta-5 chain 

1051 117 
(P31948) Stress-induced-phosphoprotein 1 (STI1) (Hsp70/Hsp90-organizing protein) 
(Transformation-se 

850 112 
(P38646) Stress-70 protein, mitochondrial precursor (75 kDa glucose regulated protein) 
(GRP 75) (Pe 

1372 111 
(P30837) Aldehyde dehydrogenase X, mitochondrial precursor (EC 1.2.1.3) (ALDH 
class 2) 

1635 111 
(Q9CZ13) Ubiquinol-cytochrome C reductase complex core protein I, mitochondrial 
precursor (EC 1.10. 



 203

Table App.2.2. Continued 
 

2753 110 (P17209) Myosin light chain 1, atrial isoform 
2308 109 (P97429) Annexin A4 (Annexin IV) 

2555 108 
(O08709) Peroxiredoxin 6 (EC 1.11.1.-) (Antioxidant protein 2) (1-Cys peroxiredoxin) 
(1-Cys PRX) (A 

523 107 
(P55072) Transitional endoplasmic reticulum ATPase (TER ATPase) (15S Mg(2+)-
ATPase p97 subunit) (Va 

915 103 (P19378) Heat shock cognate 71 kDa protein 

2638 101 
(O08709) Peroxiredoxin 6 (EC 1.11.1.-) (Antioxidant protein 2) (1-Cys peroxiredoxin) 
(1-Cys PRX) (A 

1326 99.7 (Q9TU23) Hypothetical protein KIAA0373 

1750 97.3 
(Q9QYR9) Acyl coenzyme A thioester hydrolase, mitochondrial precursor (EC 3.1.2.2) 
(Very-long-chain 

1590 97 
(P17182) Alpha enolase (EC 4.2.1.11) (2-phospho-D-glycerate hydro-lyase) (Non-neural 
enolase) (NNE) 

2455 95.2 
(Q9Y696) Chloride intracellular channel protein 4 (Intracellular chloride ion channel 
protein p64H1 

1233 94.8 (P05216) Tubulin alpha-6 chain (Alpha-tubulin 6) 
1185 93.8 (P42932) T-complex protein 1, theta subunit (TCP-1-theta) (CCT-theta) 
854 92.9 (P28311) Cryptdin-4 precursor 

1794 90.2 
(Q9Z2I9) Succinyl-CoA ligase [ADP-forming] beta-chain, mitochondrial precursor (EC 
6.2.1.5) (Succin 

696 88 (P58252) Elongation factor 2 (EF-2) 
1058 86.4 (P00949) Phosphoglucomutase (EC 5.4.2.2) (Glucose phosphomutase) (PGM) 
940 84.7 (Q8TYS1) 50S ribosomal protein L37e [Meiosis-specific nuclear structural protein 1] 

793 84.4 
(Q9Z1E9) Golgi apparatus protein 1 precursor (Golgi sialoglycoprotein MG-160) (E-
selectin ligand 1) 

205 83.6 (Q8TYS1) 50S ribosomal protein L37e 

772 83.2 
(P12419) Major nonstructural protein mu-NS [Insulin-like growth factor-binding protein 
5 precursor] 

2520 82.9 
(P25788) Proteasome subunit alpha type 3 (EC 3.4.25.1) (Proteasome component C8) 
(Macropain subunit 

729 82.8 
(P12419) Major nonstructural protein mu-NS [Insulin-like growth factor-binding protein 
5 precursor] 

2901 82.5 (P18760) Cofilin, non-muscle isoform 

1248 82.3 
(P09103) Protein disulfide isomerase precursor (EC 5.3.4.1) (PDI) (Prolyl 4-hydroxylase 
beta subuni 

551 80.2 (P25886) 60S ribosomal protein L29 (P23) 

1613 77.6 
(P29758) Ornithine aminotransferase, mitochondrial precursor (EC 2.6.1.13) (Ornithine-
-oxo-acid ami 

2769 77.5 (Q43292) 60S ribosomal protein L37 
286 77.4 (P13533) Myosin heavy chain, cardiac muscle alpha isoform (MyHC-alpha) 

289 77.2 
(Q63617) 150 kDa oxygen-regulated protein precursor (Orp150) (Hypoxia up-regulated 
1) 

2415 76.8 (Q02193) Brain-derived neurotrophic factor precursor (BDNF) 
438 75.1 (P40644) High mobility group protein 1 homolog 
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Table App.2.2. Continued 
 

2681 73.8 
(Q9R1P1) Proteasome subunit beta type 3 (EC 3.4.25.1) (Proteasome theta chain) 
(Proteasome chain 13 

1209 73.1 (Q9HIS1) 30S ribosomal protein S14P 

2847 73.1 
(Q9QVP4) Myosin regulatory light chain 2, atrial isoform (Myosin light chain 2a) 
(MLC-2a) (MLC2a) ( 

2216 70.9 (P35308) Sperm protamine P1 (Cysteine-rich protamine) 

2115 69.7 
(Q9N1Q5) Nuclear autoantigen Sp-100 (Speckled 100 kDa) (Nuclear dot-associated 
Sp100 protein) (Frag [Peroxiredoxin 6] 

2479 69.2 (O29387) 50S ribosomal protein L37e [Sperm tail associated protein] 
495 68.9 (P12883) Myosin heavy chain, cardiac muscle beta isoform (MyHC-beta) 
719 67.5 (O74015) 50S ribosomal protein L37e 

2198 66.5 
(Q9TU23) Hypothetical protein KIAA0373 [eukaryotic translation elongation factor 1 
delta isoform b] 

2044 66.4 (Q9TU23) Hypothetical protein KIAA0373 
950 66.2 (P02769) Serum albumin precursor (Allergen Bos d 6) 

1194 64.5 
(P19226) 60 kDa heat shock protein, mitochondrial precursor (Hsp60) (60 kDa 
chaperonin) (CPN60) (He 

2109 64.2 (P75556) Hypothetical protein MG075 homolog (G07_orf1030) 
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Figure App.2.5. Cryptdin 4 protein (spot 854) at different times post-T3D infection of 
primary cardiac myocyte cultures.  
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Figure App.2.6. Peptide information for cryptdin 4 and sequence alignment to the 
cryptdin 4 RefSeq from GenBank. The schematic figure is the structure of the pre-pro-
cryptdin 4 precursor.  In each line, the top sequence is from GenBank and the bottom 
sequence is based on the MALDI-TOF-TOF data for the indicated peptide.  
 

Cryptdin 4          GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide1070.56      -------KGHCKRGER---------------- 9 
                           *********       
Cryptdin 4           GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide1171.61      ------------------------FLYCCPRR 8 
                                            ******** 
Cryptdin 4          GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide1380.73      GLLCYCRKGHCK-------------------- 12 
                    ************   
Cryptdin 4          GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide1416.72      ------------RGERVRGTCGIR-------- 12 
                                ************  
Cryptdin 4          GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide2014.02      ----------------VRGTCGIRFLYCCPRR 16 
                                    ****************  

Cryptdin 4          GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92
peptide2299.22      ------------RGERVRGTCGIRFLYCCPR- 19 
                                *******************    
Cryptdin 4            GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR 92 
peptide2299.22-2      -------------GERVRGTCGIRFLYCCPRR 19 
                                   *******************  

Signal Peptide 
(9AA) 

Pro-segment 
(51AA) 

Mature Cryp-4 
(32AA) 
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APPENDIX 3 

 

Proteomic Study of T3D-Infected Primary Cardiac Myocyte Cultures at 18 Hours Post-

Infection by LC-MS/MS  

 

In collaboration with Drs. Kevin Blackburn and Michael Goshe in the Department of 

Molecular and Structural Biochemistry, NC State University 

 

INTRODUCTION 

 

From the T3D time-course study, cryptdin 4 was identified as an exciting protein 

induced by T3D infection of cardiac myocytes. However, Real-Time PCR did not detect 

cryptdin 4 mRNA, and other concerns suggested the original identification might be in error 

(see Appendix II). Therefore, new infected lysates were subjected to a 1-dimensional gel 

followed by LC-MS/MS to determine whether cryptdin 4 protein could be identified again. 

Since the 2D-DIGE experiment suggested that cryptdin 4 increased over time, lysates were 

harvested at18 hours post-infection for this experiment.   

 

MATERIALS AND METHODS 

 

Whole cell protein extracts from T3D infected primary cardiac myocyte cultures were 

harvested 18 hours post-infection in TNE buffer.  
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1D gel electrophoresis. Approximately 25 μg of total protein extract from T3D- or 

mock-infected samples were loaded onto Invitrogen NuPAGE 4-12% Bis-Tris gels (1.0mm x 

10 well). Detailed steps are as follows: 

1. Sample was prepared according to Table App.3.1; 

2. Samples were boiled for 5 minutes, followed by pause spin down 

3. Samples were loaded onto the gel 

4. Gel was electrophoresed at 90V for 5 minutes, then 200V for 

approximately 30 minutes in MES SDS Running Buffer  

5. Gel was rinsed with ddH2O 

6. Gel was fixed in 50% Methanol, 10% Acetic acid, 40% ddH2O for 10 

minutes at room temperature with gentle shaking 

7. Gel was rinsed with ddH2O 

8. Gel was stained with Coomassie (Invitrogen, catalog # IM-6025) for at 

least 4 hours(>=3 hours, but <=16 hours) and then de-stained in 

ddH2O with gentle shaking at room temperature for >=7 hours.  

9. The entire lane for each sample lane was cut into 10 pieces and put 

into methanol-treated 0.65ml eppendorf tubes (Figure App.3.1).  

In Gel Lys-c Digestion. A detailed description of the in-gel digestion protocol is 

provided in Wilm et al (1). Briefly, gel slices were washed twice with acetonitrile and 100 

mM Tris pH 8.0 at 1:1 ratio in a volume sufficient to cover the slice for 30 minutes with 

gentle shaking. The washed gel pieces were shrunk with neat acetonitrile sufficient for 

immersion. Then proteins in the gel slice were reduced for 30 minutes in 10 mM 

http://www.invitrogen.com:Invitrogen
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dithiothreitol (DTT, Sigma, catalog # D5545) in 100 mM Tris pH8.0 at 37ºC and alkylated 

with 55 mM iodoacetamide (IAA, Sigma, catalog # I1149) for 20 minutes at room 

temperature. After washing with 50 mM ammonium bicarbonate twice, gel slices were 

shrunk in neat acetonitrile and swollen in 50 mM ammonium bicarbonate twice more. 

Following the third shrink, they were swollen in 50 mM Tris pH8.0 containing 10 ng/μl Lys-

c (Wako Lysle Endopeptidase, mass spectrometry Grade, catalog # 121-05063, Lot # PEN 

6311). Digestion proceeded overnight for 16 – 18 hours at 37ºC. 

Protein extraction following in-gel digestion. A 1% formic acid / 2% acetonitrile 

extraction solution was added to the in-gel digestion tubes, the mixtures were sonicated in a 

bath for 5 minutes, and then they were incubated for 30 minutes at room temperature with 

occasional vortexing. Finally, the supernatant containing digested protein was harvested.  

LC-MS/MS. Samples were filtered through home-made Porex filters by a pump into 

autosampler vials, and 2 μl of the internal standard, Rabbit Phosphorylase B, was added to 

each vial for quantitation. For loading on the LC-MS-MS spectrophotometer, the ejection 

volume for each vial was set to 20 μl. The ejection sequence was from high molecular weight 

to low molecular weight, and from T3D virus-infected to mock-infected. There was a blank 

sample between the virus-infected and mock-infected. 

Protein identification. Peptide information from LC-MS/MS was matched against 

the full mouse protein database (NCBI RefSeq) and a mouse cryptdin database for protein 

identification. 

 

 



 210

RESULTS 

 

Differentially expressed proteins between virus- and mock-infected samples in 

primary cardiac myocyte cultures. Identified proteins which were differentially expressed 

between T3D- and mock-infected samples with a change greater than two-fold are 

summarized in Table App.3.2. Proteins unique to T3D-infection or which were found in a 

band unique to T3D-infection are summarized in Table App.3.3. Proteins unique to Mock-

infection or which were found in a band unique to mock- infection are summarized in Table 

App.3.4. T3D infection up-regulated some proteins (shown as a positive ratio), and down-

regulated some proteins (shown as a negative ratio). T3D stimulated opposite effects for 

different forms of some proteins. For instance, T3D infection decreased expression of a high 

molecular weight pyruvate kinase (Gel slice 1), but increased expression of lower molecular 

weight forms (Gel slices 4 and 5). 

Changes in heat shock protein (HSP) expression in primary cardiac myocyte 

cultures following T3D infection. Seventeen HSPs with different GenBank accession 

number were identified from database searches (Table App.3.5). Again, T3D either up- or 

down-regulated them, and induced opposite effects for  different molecular weight forms.  

 

DISCUSSION 

 

We did not identify cryptdin 4 expression in this proteomic study, providing further 

evidence that the previous identification (Appendix II) was in error. We identified many 
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HSPs in both T3D- and mock-infected primary cardiac myocyte cultures, including the one 

we are most interested in, Hsp25. However, compared to other HSPs, Hsp25 expression was 

not as abundant as others, and we did not detect Hsp25 expression in T3D-infected samples.  

The absence of Hsp25 in T3D-infected samples could reflect differences in sensitivity of the 

two proteomic approaches, given the much greater protein complexity in the MS/MS analysis 

from LC compared to 2D-DIGE.  
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Table App.3.1. Sample preparation for 1D gel electrophoresis (μl) 
 

 T3D Mock 
Sample 19.5 19.5 
NuPage LDS sample buffer(4x)     7.5 7.5 
NuPage reducing agent(10x) 3 3 
Total 30 30 
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Figure App.3.1. Gel slice distribution on 1D-gel image. 
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Table App.3.2. Proteins differentially expressed between T3D-and mock-infected 
primary cardiac myocyte cultures 

 
Protein 
Key 1 Protein.Name 

Fold change
(T3D/Mock)

Gel 
Slice 

Protein  
Ave Mass 

35114 gi|31982178|NP_032644.2| malate dehydrogenase 1 -28.53 1 36468 

19325 
gi|13195690|NP_077239.1| ribosomal protein S27a 
[Mus musculus] -27.76 9 17950 

15990 
gi|157671923|NP_062613.3| ubiquitin C [Mus 
musculus] -27.76 9 82550 

19423 
gi|6755919|NP_035794.1| ubiquitin B [Mus 
musculus] -27.76 9 34368 

31117 
gi|76443694|NP_001029037.1| ribosomal protein 
S27a [Mus musculus] -27.76 9 17950 

17363 gi|28316746|NP_783583.1| histone cluster 4 -20.62 9 11367 
4466 gi|30061359|NP_835583.1| histone cluster 1 -20.62 9 11367 

20133 
gi|33859482|NP_031933.1| eukaryotic translation 
elongation factor 2 [Mus musculus] -17.88 1 95314 

25056 gi|6755040|NP_035202.1| profilin 1 [Mus musculus] -17.56 1 14957 

16155 
gi|21450277|NP_659149.1| Na+/K+ -ATPase alpha 1 
subunit [Mus musculus] -15.67 1 112982 

20115 
gi|6678768|NP_032564.1| myristoylated alanine rich 
protein kinase C substrate [Mus musculus] -14.64 4 29661 

32417 
gi|33859624|NP_035441.1| S100 calcium binding 
protein A4 [Mus musculus] -14.05 9 11721 

34454 
gi|6678413|NP_033441.1| triosephosphate isomerase 
1 [Mus musculus] -13.66 9 26712 

8453 
gi|22267442|NP_080175.1| ubiquinol cytochrome c 
reductase core protein 2 [Mus musculus] -11.59 1 48234 

1626 
gi|13626040|NP_112462.1| A kinase (PRKA) anchor 
protein (gravin) 12 [Mus musculus] -11.40 1 180695 

21251 
gi|40254577|NP_035425.2| ribosomal protein S12 
[Mus musculus] -10.88 9 14515 

32806 
gi|31982520|NP_031407.2| acyl-Coenzyme A 
dehydrogenase -10.76 1 47897 

29414 
gi|162463438|NP_001104805.1| similar to ATP 
synthase -10.67 9 11509 

12781 

gi|163965357|NP_001106670.1| nascent polypeptide-
associated complex alpha subunit isoform a [Mus 
musculus] -10.52 1 220499 

25056 gi|6755040|NP_035202.1| profilin 1 [Mus musculus] -10.38 9 14957 
14442 gi|145966915|NP_598841.1| filamin B -10.24 1 276599 

4580 gi|31981562|NP_035229.2| pyruvate kinase -10.23 1 57845 
19199 gi|153791853|NP_034991.3| myosin -9.97 9 18864 

16178 
gi|133778978|NP_034645.2| insulin-like growth 
factor 2 receptor [Mus musculus] -9.89 1 273816 

30749 gi|125347376|NP_034357.2| filamin -9.63 1 280501 

3861 
gi|145864471|NP_001078847.1| RIKEN cDNA 
0610038P03 [Mus musculus] -9.45 1 221497 
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Table App.3.2. Continued 
 

151 
gi|115496850|NP_001070022.1| spectrin alpha 2 
[Mus musculus] -9.35 1 285345 

16833 gi|31980744|NP_038823.2| ATP synthase -9.20 9 11424 
3283 gi|6671507|NP_031418.1| actin -9.13 1 42009 
5920 gi|18859641|NP_542766.1| myosin -8.58 1 222879 

8243 
gi|134031947|NP_032679.2| myosin binding protein 
C -8.52 1 141395 

8959 
gi|117938332|NP_787030.2| spectrin beta 2 isoform 1 
[Mus musculus] -8.47 1 274223 

11757 
gi|117938334|NP_033286.2| spectrin beta 2 isoform 2 
[Mus musculus] -8.47 1 251156 

26289 
gi|31543330|NP_032736.2| nicotinamide nucleotide 
transhydrogenase [Mus musculus] -8.45 1 113882 

6278 gi|6806903|NP_033852.1| ATPase -8.36 1 109753 

34439 
gi|153792649|NP_001093105.1| muscle embryonic 
myosin heavy chain 3 [Mus musculus] -8.32 1 223791 

7406 gi|158635979|NP_001103610.1| ATPase -8.24 1 114858 
5495 gi|31542159|NP_058025.2| ATPase -8.23 1 113638 
9784 gi|88196776|NP_001034634.1| myosin -8.02 1 219738 
2921 gi|124486959|NP_001074719.1| myosin -7.99 1 223561 
8943 gi|51491845|NP_001003908.1| clathrin -7.74 1 191557 

26254 
gi|47059073|NP_035710.2| thrombospondin 1 [Mus 
musculus] -7.51 1 129690 

3594 
gi|31981600|NP_035015.2| NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex -7.22 9 10915 

11483 
gi|6754524|NP_034829.1| lactate dehydrogenase A 
[Mus musculus] -7.20 1 36498 

519 gi|124487139|NP_001074654.1| filamin C -7.13 1 291119 

28487 
gi|6679439|NP_032933.1| peptidylprolyl isomerase A 
[Mus musculus] -7.01 8 17971 

33856 gi|134288917|NP_084514.2| dynein -6.78 1 532046 

31850 
gi|61743961|NP_033773.1| AHNAK nucleoprotein 
isoform 1 [Mus musculus] -6.65 1 604254 

15880 
gi|41322921|NP_958788.1| plectin 1 isoform 3 [Mus 
musculus] -6.11 1 514887 

10888 
gi|163310736|NP_001074711.2| talin 2 [Mus 
musculus] -6.08 1 271667 

11209 gi|31560653|NP_032852.2| phosphofructokinase -5.63 1 85360 

28106 
gi|18859597|NP_077182.1| NADH dehydrogenase 
(ubiquinone) 1 -5.51 9 14163 

17524 
gi|31712036|NP_853613.1| eukaryotic translation 
initiation factor 5A [Mus musculus] -5.42 9 16832 

9513 gi|6753810|NP_034304.1| fatty acid binding protein 3 -5.38 9 14818 

35070 
gi|13385268|NP_080073.1| cytochrome b-5 [Mus 
musculus] -5.12 8 15241 

24959 gi|6755809|NP_035732.1| talin 1 [Mus musculus] -5.05 1 269833 
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19325 
gi|13195690|NP_077239.1| ribosomal protein S27a 
[Mus musculus] -4.76 1 17950 

15990 
gi|157671923|NP_062613.3| ubiquitin C [Mus 
musculus] -4.76 1 82550 

19423 
gi|6755919|NP_035794.1| ubiquitin B [Mus 
musculus] -4.76 1 34368 

13897 
gi|124486606|NP_001074488.1| histone H3-like 
[Mus musculus] -4.62 8 15241 

18758 gi|21489953|NP_473386.1| histone cluster 2 -4.62 8 15388 
4542 gi|30061345|NP_835514.1| histone cluster 1 -4.62 8 15404 

27897 gi|6680161|NP_032237.1| H3 histone -4.62 8 15327 

16349 
gi|6681137|NP_031856.1| diazepam binding inhibitor 
isoform 2 [Mus musculus] -4.54 9 10000 

11445 
gi|83921595|NP_001033088.1| diazepam binding 
inhibitor isoform 1 [Mus musculus] -4.54 9 15228 

8786 
gi|6753498|NP_034071.1| cytochrome c oxidase 
subunit IV isoform 1 [Mus musculus] -4.45 8 19530 

35160 
gi|167716841|YP_001686702.1| ATP synthase F0 
subunit 8 [Mus musculus musculus] -4.44 9 7784 

20950 
gi|34538602|NP_904332.1| ATP synthase F0 subunit 
8 [Mus musculus] -4.44 9 7766 

9491 
gi|27369581|NP_766024.1| solute carrier family 25 
(mitochondrial carrier -4.38 3 74569 

26213 
gi|12963571|NP_075691.1| NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex -4.17 8 12575 

1217 
gi|7305121|NP_038783.1| glycogenin 1 [Mus 
musculus] -4.02 1 37402 

20556 
gi|22165347|NP_035638.1| eukaryotic translation 
initiation factor 1 [Mus musculus] -4.00 9 12746 

26589 gi|146219830|NP_001078919.1| catenin -3.85 3 104925 
17369 gi|146231979|NP_001078922.1| catenin -3.85 3 101744 
28605 gi|83745122|NP_031641.2| catenin -3.85 3 104925 

11456 
gi|148747424|NP_031476.3| solute carrier family 25 
(mitochondrial carrier -3.70 1 32904 

29820 
gi|19882225|NP_080212.1| arginyl-tRNA synthetase 
[Mus musculus] -3.68 3 75721 

31307 
gi|13385322|NP_080119.1| NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex -3.64 8 16330 

26697 
gi|21728370|NP_080178.1| CDGSH iron sulfur 
domain 2 [Mus musculus] -3.48 9 15242 

10792 
gi|21314826|NP_080886.1| NADH dehydrogenase 1 
beta subcomplex 4 [Mus musculus] -3.46 8 15081 

13178 gi|113680348|NP_032010.2| fascin homolog 1 -3.45 4 54508 
14475 gi|6756085|NP_035907.1| zyxin [Mus musculus] -3.30 3 60546 

27823 
gi|13384700|NP_079610.1| endoplasmic reticulum 
protein ERp19 [Mus musculus] -3.27 8 19048 

19179 gi|6671762|NP_031736.1| creatine kinase -3.09 5 43045 
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15418 gi|6681095|NP_031834.1| cytochrome c -3.06 8 11605 

6293 
gi|157951643|NP_150371.4| actinin alpha 2 [Mus 
musculus] -2.89 3 103833 

23590 
gi|13385726|NP_080495.1| ubiquinol-cytochrome c 
reductase binding protein [Mus musculus] -2.84 9 13561 

24809 
gi|6677783|NP_033109.1| ribosomal protein L30 
[Mus musculus] -2.79 8 12784 

12259 gi|20982845|NP_631888.1| pigpen [Mus musculus] -2.71 4 52673 
1767 gi|83745120|NP_080296.3| ribosomal protein -2.68 9 11650 

15418 gi|6681095|NP_031834.1| cytochrome c -2.67 9 11605 

3461 
gi|124301206|NP_766340.3| sorbin and SH3 domain 
containing 2 [Mus musculus] -2.67 3 142428 

27945 
gi|6677775|NP_033105.1| ribosomal protein L22 
[Mus musculus] -2.66 8 14758 

3862 gi|23956096|NP_062363.1| USO1 homolog -2.64 3 106983 

11452 
gi|162287370|NP_001002011.2| lamin A isoform A 
[Mus musculus] -2.54 3 74237 

7264 gi|6754450|NP_034764.1| fatty acid binding protein 5 -2.52 8 15137 

9243 
gi|21312159|NP_081168.1| eukaryotic translation 
initiation factor 1B [Mus musculus] -2.45 9 12823 

19199 gi|153791853|NP_034991.3| myosin -2.43 7 18864 
34280 gi|16716343|NP_444301.1| cytochrome c oxidase -2.36 9 8469 
33205 gi|160415213|NP_031510.2| ras homolog gene family -2.36 8 22006 

7347 gi|31542143|NP_058082.2| ras homolog gene family -2.36 8 21782 
28148 gi|45597447|NP_035564.1| superoxide dismutase 1 -2.29 8 15942 
13197 gi|9790219|NP_062745.1| destrin [Mus musculus] -2.25 8 18521 

18785 
gi|6679567|NP_033012.1| polymerase I and transcript 
release factor [Mus musculus] -2.01 4 43953 

16469 
gi|33563260|NP_034602.1| HIV-1 Rev binding 
protein [Mus musculus] -1.96 4 57914 

28469 
gi|31560313|NP_067497.2| ubiquitin specific 
protease 14 isoform 1 [Mus musculus] -1.83 4 56002 

32542 
gi|7657357|NP_056596.1| nucleosome assembly 
protein 1-like 1 [Mus musculus] -1.76 4 45345 

6592 
gi|6678481|NP_033482.1| ubiquitin-conjugating 
enzyme E2L 3 [Mus musculus] 1.81 8 17861 

16686 
gi|27754144|NP_079592.2| NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex 1.90 8 21710 

3283 gi|6671507|NP_031418.1| actin 1.90 5 42009 
16488 gi|7106387|NP_036097.1| proteasome (prosome 1.97 7 26411 

28456 
gi|9256624|NP_061358.1| phosphoglycerate mutase 2 
[Mus musculus] 1.99 7 28827 

17627 gi|6671509|NP_031419.1| actin 2.00 5 41736 
11470 gi|7110703|NP_032976.1| protease (prosome 2.00 5 45626 

31618 
gi|7305143|NP_038848.1| hexokinase 2 [Mus 
musculus] 2.04 3 102535 
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30658 
gi|161353502|NP_033955.2| serine (or cysteine) 
proteinase inhibitor 2.15 4 46533 

26113 
gi|161353504|NP_001104513.1| serine (or cysteine) 
proteinase inhibitor 2.15 4 46533 

7406 gi|158635979|NP_001103610.1| ATPase 2.16 2 114858 

11741 
gi|19072792|NP_083848.1| thioredoxin domain 
containing 4 [Mus musculus] 2.16 5 46853 

34347 gi|6753530|NP_034094.1| crystallin 2.19 7 20068 

17225 

gi|6756039|NP_035869.1| tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase 
activation protein 2.20 7 27778 

26529 
gi|70778976|NP_032854.2| phosphoglycerate kinase 
1 [Mus musculus] 2.23 4 44550 

25984 

gi|51093840|NP_660121.2| eukaryotic translation 
initiation factor 3 subunit 6 interacting protein [Mus 
musculus] 2.24 4 66613 

12788 
gi|114326546|NP_075907.2| phosphoglycerate 
mutase 1 [Mus musculus] 2.26 7 28832 

4580 gi|31981562|NP_035229.2| pyruvate kinase 2.26 4 57845 
6278 gi|6806903|NP_033852.1| ATPase 2.27 2 109753 

5592 
gi|21313476|NP_079811.1| SAR1a gene homolog 2 
[Mus musculus] 2.28 7 22381 

27489 
gi|124430537|NP_001074443.1| sorcin isoform 1 
[Mus musculus] 2.28 7 21627 

23409 
gi|7106289|NP_034179.1| dihydrofolate reductase 
[Mus musculus] 2.30 7 21606 

34454 
gi|6678413|NP_033441.1| triosephosphate isomerase 
1 [Mus musculus] 2.30 7 26712 

10194 
gi|21312260|NP_082546.1| aldehyde dehydrogenase 
1 family 2.31 4 57553 

6577 
gi|21312012|NP_080979.1| NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex 2.32 7 19992 

20460 gi|31980762|NP_038699.2| superoxide dismutase 2 2.32 7 24602 
21908 gi|6671539|NP_031464.1| aldolase 1 2.33 5 39356 
11735 gi|6678393|NP_033432.1| troponin I 2.33 7 24258 

30658 
gi|161353502|NP_033955.2| serine (or cysteine) 
proteinase inhibitor 2.35 5 46533 

26113 
gi|161353504|NP_001104513.1| serine (or cysteine) 
proteinase inhibitor 2.35 5 46533 

3437 
gi|161353506|NP_001104514.1| serine (or cysteine) 
proteinase inhibitor 2.35 5 46533 

8453 
gi|22267442|NP_080175.1| ubiquinol cytochrome c 
reductase core protein 2 [Mus musculus] 2.36 5 48234 

14404 
gi|160298209|NP_034454.2| glutamate oxaloacetate 
transaminase 1 2.37 5 46247 

22990 
gi|7657067|NP_056589.1| ERO1-like [Mus 
musculus] 2.38 4 54084 
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16809 gi|20070412|NP_613063.1| ATP synthase 2.40 8 23363 

25585 
gi|13195646|NP_077185.1| LIM only protein HLP 
[Mus musculus] 2.41 7 22727 

24603 
gi|28893017|NP_796066.1| methionine-R-sulfoxide 
reductase B3 [Mus musculus] 2.42 7 20224 

30088 
gi|176865892|NP_038534.2| eukaryotic translation 
initiation factor 4A2 isoform a [Mus musculus] 2.46 5 46402 

30655 

gi|176866061|NP_001116510.1| eukaryotic 
translation initiation factor 4A2 isoform c [Mus 
musculus] 2.46 5 41290 

7982 gi|31981605|NP_034988.2| myosin 2.47 7 21189 

10047 
gi|31981382|NP_035960.2| inosine 5'-phosphate 
dehydrogenase 2 [Mus musculus] 2.48 4 55815 

14730 
gi|30519911|NP_848713.1| transgelin 2 [Mus 
musculus] 2.48 7 22395 

11863 gi|31980648|NP_058054.2| ATP synthase 2.49 5 56300 

19152 
gi|6679805|NP_032046.1| FK506 binding protein 2 
[Mus musculus] 2.52 9 15343 

31814 
gi|161484662|NP_001002239.2| ribosomal protein 
L17 [Mus musculus] 2.56 7 21397 

10674 
gi|33859753|NP_077777.1| RAS related protein 1b 
[Mus musculus] 2.58 7 20824 

29003 

gi|29126205|NP_803421.1| acetyl-Coenzyme A 
acyltransferase 2 (mitochondrial 3-oxoacyl-
Coenzyme A thiolase) [Mus musculus] 2.60 5 41829 

23040 
gi|45504394|NP_034708.1| integrin beta 1 
(fibronectin receptor beta) [Mus musculus] 2.61 2 88231 

15149 
gi|6755965|NP_035825.1| voltage-dependent anion 
channel 2 [Mus musculus] 2.64 7 31732 

14325 
gi|27370516|NP_766599.1| isocitrate dehydrogenase 
2 (NADP+) 2.65 5 50934 

23693 
gi|157951700|NP_033944.2| calsequestrin 2 [Mus 
musculus] 2.68 5 48176 

34717 
gi|6753912|NP_034369.1| ferritin heavy chain 1 [Mus 
musculus] 2.70 7 21066 

19325 
gi|13195690|NP_077239.1| ribosomal protein S27a 
[Mus musculus] 2.71 3 17950 

15990 
gi|157671923|NP_062613.3| ubiquitin C [Mus 
musculus] 2.71 3 82550 

19423 
gi|6755919|NP_035794.1| ubiquitin B [Mus 
musculus] 2.71 3 34368 

31117 
gi|76443694|NP_001029037.1| ribosomal protein 
S27a [Mus musculus] 2.71 3 17950 

16690 
gi|6754036|NP_034455.1| glutamate oxaloacetate 
transaminase 2 2.73 5 47411 

34130 
gi|112181167|NP_031599.2| complement component 
1 2.73 7 31024 
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2632 
gi|84871986|NP_032186.2| glutathione peroxidase 1 
[Mus musculus] 2.75 7 22179 

6447 gi|6755714|NP_035656.1| transgelin [Mus musculus] 2.78 7 22575 

1382 
gi|7304987|NP_038836.1| cysteine and glycine-rich 
protein 3 [Mus musculus] 2.82 7 20894 

3946 gi|33563264|NP_034989.1| myosin 2.83 7 22421 

4266 
gi|6680231|NP_032279.1| high mobility group box 3 
[Mus musculus] 2.84 7 23010 

28225 
gi|84781781|NP_001028485.1| PDGFA associated 
protein 1 [Mus musculus] 2.84 7 20604 

29380 
gi|19526463|NP_080405.1| endoplasmic reticulum 
protein ERp29 precursor [Mus musculus] 2.91 7 28823 

10595 

gi|84794552|NP_061346.2| 
phosphatidylethanolamine binding protein 1 [Mus 
musculus] 2.91 7 20830 

542 
gi|13385408|NP_080195.1| ribosomal protein L11 
[Mus musculus] 2.92 7 20252 

25431 
gi|148747410|NP_666097.3| archain 1 [Mus 
musculus] 2.93 4 57229 

2321 
gi|46430508|NP_997406.1| ribosomal protein L23a 
[Mus musculus] 2.94 7 17695 

8526 
gi|10946936|NP_067490.1| adenylate kinase 1 [Mus 
musculus] 2.95 7 23116 

9358 
gi|18250296|NP_077180.1| ribosomal protein L24 
[Mus musculus] 2.97 7 17778 

19325 
gi|13195690|NP_077239.1| ribosomal protein S27a 
[Mus musculus] 2.98 10 17950 

15990 
gi|157671923|NP_062613.3| ubiquitin C [Mus 
musculus] 2.98 10 82550 

19423 
gi|6755919|NP_035794.1| ubiquitin B [Mus 
musculus] 2.98 10 34368 

31117 
gi|76443694|NP_001029037.1| ribosomal protein 
S27a [Mus musculus] 2.98 10 17950 

14542 
gi|21312062|NP_081051.1| transmembrane emp24 
domain-containing protein 10 [Mus musculus] 2.98 7 24910 

19684 gi|30089710|NP_783593.1| histone cluster 2 3.01 8 13988 
17243 gi|113679874|NP_080948.2| glutathione S-transferase 3.07 7 25709 

25043 
gi|162417994|NP_001104783.1| ribosomal protein 
L21-like [Mus musculus] 3.07 7 18626 

31639 
gi|6753556|NP_034113.1| cathepsin D [Mus 
musculus] 3.07 5 44953 

32917 gi|31982186|NP_032643.2| malate dehydrogenase 2 3.09 7 35611 

6679 
gi|21450129|NP_659033.1| acetyl-Coenzyme A 
acetyltransferase 1 precursor [Mus musculus] 3.09 5 44816 

24067 gi|30794476|NP_068680.1| protein kinase 3.10 5 43185 

23402 
gi|19526814|NP_598427.1| NADH dehydrogenase 
(ubiquinone) flavoprotein 1 [Mus musculus] 3.13 5 50834 
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8991 
gi|58037267|NP_082235.1| protein disulfide 
isomerase-associated 6 [Mus musculus] 3.14 5 48689 

21497 gi|6679501|NP_032973.1| protease (prosome 3.14 4 49184 

26864 
gi|6755963|NP_035824.1| voltage-dependent anion 
channel 1 [Mus musculus] 3.17 7 30755 

2916 
gi|31560385|NP_062621.2| ribosomal protein L21 
[Mus musculus] 3.21 7 18578 

5027 
gi|125988403|NP_083977.1| signal peptidase 
complex subunit 3 [Mus musculus] 3.22 7 20313 

30612 
gi|6680690|NP_031478.1| peroxiredoxin 3 [Mus 
musculus] 3.23 7 28127 

16809 gi|20070412|NP_613063.1| ATP synthase 3.25 7 23363 

11720 
gi|96975138|NP_038584.2| hypoxanthine guanine 
phosphoribosyl transferase 1 [Mus musculus] 3.25 7 24570 

15852 gi|6754724|NP_034947.1| proteasome (prosome 3.27 5 36539 
8240 gi|13277394|NP_077798.1| GrpE-like 1 3.28 7 24307 
3003 gi|6680121|NP_032209.1| glutathione S-transferase 3.29 7 25716 

13636 gi|6754084|NP_034488.1| glutathione S-transferase 3.29 7 25970 
15435 gi|21313679|NP_082138.1| ATP synthase 3.29 7 18749 

5368 gi|28076911|NP_081040.1| glutathione S-transferase 3.34 7 25519 

4643 
gi|6754976|NP_035164.1| peroxiredoxin 1 [Mus 
musculus] 3.35 7 22176 

18616 
gi|31981945|NP_033464.2| ribosomal protein L13a 
[Mus musculus] 3.38 7 23464 

17228 
gi|6754090|NP_034492.1| glutathione S-transferase 
omega 1 [Mus musculus] 3.40 7 27497 

1136 
gi|6677813|NP_033124.1| ribosomal protein S8 [Mus 
musculus] 3.41 7 24205 

30329 
gi|76677915|NP_084367.1| GTP-binding protein 
PTD004 isoform b [Mus musculus] 3.41 5 30376 

20036 
gi|58037117|NP_080964.1| NADH dehydrogenase 
(ubiquinone) Fe-S protein 3 [Mus musculus] 3.41 7 30149 

24822 
gi|83921612|NP_663342.3| thioredoxin domain 
containing 5 [Mus musculus] 3.42 5 46415 

1168 
gi|6677777|NP_033106.1| ribosomal protein L26 
[Mus musculus] 3.43 7 17258 

5073 
gi|6677819|NP_033127.1| Harvey rat sarcoma 
oncogene 3.45 7 23763 

32806 
gi|31982520|NP_031407.2| acyl-Coenzyme A 
dehydrogenase 3.48 5 47897 

28472 gi|6678365|NP_033417.1| RAN 3.48 7 24423 

27815 
gi|34328471|NP_062364.3| ras related v-ral simian 
leukemia viral oncogene homolog A [Mus musculus] 3.50 7 23552 

13502 gi|6755198|NP_036098.1| proteasome (prosome 3.50 7 27372 
31466 gi|7242197|NP_035315.1| proteasome (prosome 3.53 7 26372 
12511 gi|6755843|NP_035749.1| troponin T2 3.53 5 34219 
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8147 
gi|6679261|NP_032836.1| pyruvate dehydrogenase 
E1 alpha 1 [Mus musculus] 3.57 5 43231 

19689 
gi|6681273|NP_031932.1| eukaryotic translation 
elongation factor 1 alpha 2 [Mus musculus] 3.57 5 50454 

23088 gi|10092608|NP_038569.1| glutathione S-transferase 3.57 7 23609 

21524 
gi|21450157|NP_659048.1| LIM and cysteine-rich 
domains 1 [Mus musculus] 3.58 5 40996 

25848 gi|30841008|NP_851415.1| RAB18 3.59 7 23035 
18935 gi|6755258|NP_035355.1| RAB18 3.59 7 23035 

6424 
gi|31982030|NP_598557.3| Rho GDP dissociation 
inhibitor (GDI) alpha [Mus musculus] 3.61 7 23407 

10771 

gi|11612509|NP_071722.1| v-ral simian leukemia 
viral oncogene homolog B (ras related) [Mus 
musculus] 3.61 7 23349 

5771 
gi|6678097|NP_033280.1| serine (or cysteine) 
proteinase inhibitor 3.63 5 42599 

7737 
gi|7304963|NP_038913.1| chloride intracellular 
channel 4 (mitochondrial) [Mus musculus] 3.63 7 28729 

32536 
gi|124487362|NP_001074562.1| ADP-ribosylation 
factor interacting protein 1 [Mus musculus] 3.65 5 41518 

23266 
gi|13654249|NP_112467.1| phosphoglycerate kinase 
2 [Mus musculus] 3.66 5 44883 

9387 
gi|6679441|NP_032934.1| peptidylprolyl isomerase C 
[Mus musculus] 3.69 7 22794 

26800 
gi|51511741|NP_001003933.1| reticulon 3 isoform 2 
[Mus musculus] 3.71 7 101919 

31854 
gi|54607016|NP_001003934.1| reticulon 3 isoform 1 
[Mus musculus] 3.71 7 103878 

3155 gi|34740335|NP_035784.1| tubulin 3.73 5 50151 
21023 gi|160298217|NP_034487.2| glutathione S-transferase 3.78 7 25563 

774 
gi|21450625|NP_659207.1| eukaryotic translation 
initiation factor 4A1 [Mus musculus] 4 5 46154 

33922 gi|31980840|NP_059078.2| RAB11a 3.81 7 24393 
34327 gi|6679583|NP_033023.1| RAB11B 3.81 7 24489 

18906 
gi|6755350|NP_035417.1| ribosomal protein L10A 
[Mus musculus] 3.82 7 24916 

30355 gi|6679651|NP_031959.1| enolase 3 3.84 5 47024 

9862 
gi|6671549|NP_031479.1| peroxiredoxin 6 [Mus 
musculus] 3.84 7 24826 

11863 gi|31980648|NP_058054.2| ATP synthase 3.87 4 56300 

8930 
gi|16716353|NP_444306.1| reticulon 3 isoform 4 
[Mus musculus] 3.90 7 25427 

15999 
gi|83699424|NP_033103.2| ribosomal protein L18 
[Mus musculus] 3.95 7 21644 

14706 
gi|6680836|NP_031617.1| calreticulin [Mus 
musculus] 3.97 4 47994 

3727 gi|32401425|NP_861461.1| glutathione S-transferase 3.98 7 23537 
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22455 gi|6753036|NP_033786.1| aldehyde dehydrogenase 2 4.02 4 56537 

33577 
gi|28916703|NP_796230.1| peroxiredoxin 5 related 
sequence 1 protein [Mus musculus] 4.02 7 24995 

23262 
gi|71774133|NP_035279.2| peptidylprolyl isomerase 
B [Mus musculus] 4.04 7 23713 

30359 

gi|176865998|NP_001116509.1| eukaryotic 
translation initiation factor 4A2 isoform b [Mus 
musculus] 4.13 5 36166 

5580 
gi|21313144|NP_080218.1| GTP-binding protein 
PTD004 isoform a [Mus musculus] 4.18 5 44729 

14998 
gi|6755100|NP_035249.1| ErbB3-binding protein 1 
[Mus musculus] 4.21 5 43698 

23491 
gi|21704100|NP_663533.1| mitochondrial 
trifunctional protein 4.25 5 51386 

2941 
gi|6681069|NP_031817.1| cysteine and glycine-rich 
protein 1 [Mus musculus] 4.27 7 20583 

26783 
gi|6755376|NP_035430.1| ribosomal protein S7 [Mus 
musculus] 4.28 7 22126 

29782 
gi|33186863|NP_058018.2| ribosomal protein L13 
[Mus musculus] 4.28 7 24305 

5865 
gi|20070420|NP_613067.1| es1 protein [Mus 
musculus] 4.33 7 28090 

26529 
gi|70778976|NP_032854.2| phosphoglycerate kinase 
1 [Mus musculus] 4.39 5 44550 

24632 gi|148747526|NP_033031.2| RAB7 4.40 7 23489 
3155 gi|34740335|NP_035784.1| tubulin 4.44 4 50151 

8383 
gi|124486895|NP_001074743.1| phosphogluconate 
dehydrogenase [Mus musculus] 4.45 5 53247 

1060 
gi|46849708|NP_035636.1| succinate-Coenzyme A 
ligase 4 5 50114 

15153 
gi|33859554|NP_034339.1| fumarate hydratase 1 
[Mus musculus] 4.48 5 54370 

6996 gi|31981939|NP_033477.2| tubulin 4.49 5 49585 

31422 
gi|33504483|NP_084043.1| ribosomal protein S9-like 
[Mus musculus] 4.57 7 22591 

34006 gi|31982526|NP_065631.3| parvin 4.58 5 42329 

31759 
gi|8393784|NP_059076.1| septin 9 isoform c [Mus 
musculus] 4.59 4 38599 

8154 gi|22165384|NP_666228.1| tubulin 4.84 5 49831 

27488 
gi|33859662|NP_036167.1| vesicle amine transport 
protein 1 homolog (T californica) [Mus musculus] 4.85 5 43096 

11292 gi|6754816|NP_035021.1| septin 2 [Mus musculus] 4.90 5 41525 
20408 gi|78214312|NP_033855.2| ATP synthase 4.90 7 28948 
16829 gi|113866024|NP_077776.2| RAB5C 4.94 7 23412 
18218 gi|13385374|NP_080163.1| RAB5A 4.95 7 23598 

4580 gi|31981562|NP_035229.2| pyruvate kinase 4.96 5 57845 
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24536 gi|21313162|NP_083852.1| RAB1B 4.96 7 22187 
22200 gi|6679587|NP_033022.1| RAB1 4.97 7 22677 

3977 gi|28916687|NP_803130.1| RAB5B 5.05 7 23706 
31286 gi|6755262|NP_035359.1| RAB5B 5.05 7 23706 

1363 gi|21746161|NP_076205.1| tubulin 5.21 5 49953 

15891 
gi|28173550|NP_033989.2| cell division cycle 10 
homolog [Mus musculus] 5.26 5 50649 

5086 gi|27734154|NP_775589.1| RAB8B 5.40 7 23603 

19735 
gi|38372905|NP_075615.2| cell line NK14 derived 
transforming oncogene [Mus musculus] 5.40 7 23668 

22578 

gi|21313536|NP_084501.1| dihydrolipoamide S-
succinyltransferase (E2 component of 2-oxo-glutarate 
complex) [Mus musculus] 5.44 5 48994 

5239 gi|7710086|NP_057885.1| RAB10 5.50 7 22540 

27592 
gi|21311975|NP_080953.1| RAS-associated protein 
RAB13 [Mus musculus] 5.69 7 22770 

20432 
gi|58037109|NP_080960.1| NADH dehydrogenase 
(ubiquinone) 1 beta subcomplex 5.76 7 21023 

3452 
gi|38198665|NP_938085.1| p47 protein [Mus 
musculus] 5.76 5 40953 

1363 gi|21746161|NP_076205.1| tubulin 5.87 4 49953 
8154 gi|22165384|NP_666228.1| tubulin 5.87 4 49831 

18082 
gi|116089273|NP_032138.3| guanosine diphosphate 
(GDP) dissociation inhibitor 2 [Mus musculus] 5.99 5 50537 

31587 
gi|6755202|NP_036101.1| proteasome beta 3 subunit 
[Mus musculus] 6.04 7 22965 

15035 
gi|22267440|NP_059071.1| osteoclast stimulating 
factor 1 [Mus musculus] 6.54 7 23782 

24832 gi|10946940|NP_067493.1| RAB2A 6.72 7 23547 

35160 
gi|167716841|YP_001686702.1| ATP synthase F0 
subunit 8 [Mus musculus musculus] 6.75 10 7784 

20950 
gi|34538602|NP_904332.1| ATP synthase F0 subunit 
8 [Mus musculus] 6.75 10 7766 

3196 
gi|148747558|NP_035693.3| peroxiredoxin 2 [Mus 
musculus] 6.76 7 21778 

27032 
gi|31982856|NP_031887.2| dihydrolipoamide 
dehydrogenase [Mus musculus] 7.15 4 54272 

13051 
gi|61888838|NP_058043.3| hydroxyacyl-Coenzyme 
A dehydrogenase type II [Mus musculus] 7.74 7 27273 

16005 gi|21312564|NP_082320.1| calponin 3 8.03 5 36428 

12266 
gi|30519997|NP_848760.1| bleomycin hydrolase 
[Mus musculus] 8.18 5 52511 

16513 
gi|34328206|NP_035840.2| tryptophanyl-tRNA 
synthetase [Mus musculus] 9.35 4 54325 

34425 
gi|6754994|NP_035995.1| poly(rC) binding protein 1 
[Mus musculus] 11.52 5 37497 
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8735 gi|133922588|NP_001001892.2| histocompatibility 2 13.00 5 41301 

29867 
gi|6996913|NP_031611.1| annexin A2 [Mus 
musculus] 29.12 5 38676 

 
1 Identification number for LC-MS/MS 
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Table App.3.3. Proteins unique to T3D infection in primary cardiac myocyte cultures 
 

Protein
Key 1 Protein.Name 

Gel 
Slice 

protein.
fmolOn
Column 
2 

    

16512 
gi|104294890|NP_001035785.1| signaling molecule ATTP [Mus 
musculus] 9 22

15164 
gi|10946948|NP_067499.1| nicotinamide phosphoribosyltransferase [Mus 
musculus] 4 48

5514 
gi|110625979|NP_080283.3| eukaryotic translation elongation factor 1 
gamma [Mus musculus] 4 45

20442 
gi|110626104|NP_032357.2| interferon-induced protein with 
tetratricopeptide repeats 1 [Mus musculus] 4 25

20442 
gi|110626104|NP_032357.2| interferon-induced protein with 
tetratricopeptide repeats 1 [Mus musculus] 5 99

30942 
gi|112807186|NP_766307.2| GCN1 general control of amino-acid 
synthesis 1-like 1 [Mus musculus] 1 3

30942 
gi|112807186|NP_766307.2| GCN1 general control of amino-acid 
synthesis 1-like 1 [Mus musculus] 4 58

15978 
gi|114326482|NP_033309.3| signal transducer and activator of 
transcription 1 [Mus musculus] 3 62

14987 gi|117956381|NP_598774.2| proteasome (prosome 5 238

946 
gi|118601013|NP_033828.2| adenine phosphoribosyl transferase [Mus 
musculus] 8 47

26519 gi|124430543|NP_079894.2| sorcin isoform 2 [Mus musculus] 7 41
519 gi|124487139|NP_001074654.1| filamin C 2 11

9223 gi|124517663|NP_034860.2| annexin A1 [Mus musculus] 5 214

13723 
gi|13195624|NP_077159.1| NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex 10 [Mus musculus] 5 153

19325 gi|13195690|NP_077239.1| ribosomal protein S27a [Mus musculus] 7 163
6546 gi|133778955|NP_034510.3| histocompatibility 2 4 34
6546 gi|133778955|NP_034510.3| histocompatibility 2 5 435

30782 
gi|13385290|NP_080097.1| calcium-regulated heat-stable protein (24kD) 
[Mus musculus] 7 35

34858 gi|146229342|NP_067624.2| myosin light chain 2 8 208

28722 
gi|146260276|NP_001005858.2| similar to interferon-induced protein with 
tetratricopeptide repeats 3 [Mus musculus] 5 156

15475 gi|148222065|NP_035019.1| nebulin [Mus musculus] 8 44

11456 
gi|148747424|NP_031476.3| solute carrier family 25 (mitochondrial 
carrier 3 19

11456 
gi|148747424|NP_031476.3| solute carrier family 25 (mitochondrial 
carrier 2 49

16794 
gi|153945886|NP_766277.3| DEAD/H box polypeptide RIG-I [Mus 
musculus] 3 13

15990 gi|157671923|NP_062613.3| ubiquitin C [Mus musculus] 2 80
15990 gi|157671923|NP_062613.3| ubiquitin C [Mus musculus] 4 91
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15990 gi|157671923|NP_062613.3| ubiquitin C [Mus musculus] 7 163

33169 
gi|158635992|NP_058557.2| carboxyl terminal LIM domain protein 1 
[Mus musculus] 5 232

12826 gi|160333390|NP_034520.2| histocompatibility 2 5 324
24771 gi|160333553|NP_033102.2| ribosomal protein L12 [Mus musculus] 8 198

2347 gi|160420310|NP_001091448.2| H2b histone family 8 509
33886 gi|165377065|NP_079923.3| UMP-CMP kinase [Mus musculus] 7 45

3571 gi|16716381|NP_444322.1| lysyl-tRNA synthetase [Mus musculus] 3 15

20181 
gi|170295823|NP_035823.3| vascular cell adhesion molecule 1 [Mus 
musculus] 3 37

18974 gi|170650724|NP_032846.2| peptidase D [Mus musculus] 4 32
24342 gi|188528613|NP_071306.2| glia maturation factor 8 40
34702 gi|19527228|NP_598768.1| CDGSH iron sulfur domain 1 [Mus musculus] 9 44
32935 gi|19527306|NP_598840.1| adenosine kinase [Mus musculus] 5 127

1454 gi|21312570|NP_081676.1| lectin 4 141

32663 
gi|21553309|NP_659146.1| apolipoprotein A-I binding protein [Mus 
musculus] 7 74

3980 gi|22094075|NP_031477.1| solute carrier family 25 3 19
3980 gi|22094075|NP_031477.1| solute carrier family 25 2 46

32266 gi|23956082|NP_058676.1| ribosomal protein L5 [Mus musculus] 1 23

2463 
gi|27229082|NP_081239.1| leucine zipper and CTNNBIP1 domain 
containing [Mus musculus] 7 30

34428 gi|27369748|NP_766120.1| aldhehyde dehydrogenase family 5 4 123
26269 gi|29244126|NP_808356.1| H2A histone family 8 429
16164 gi|29788764|NP_033764.2| adenylosuccinate lyase [Mus musculus] 4 44

9234 gi|30061379|NP_783592.1| histone cluster 1 8 429
4891 gi|30089706|NP_835501.1| histone cluster 1 8 509

21797 
gi|31543946|NP_067359.2| radical S-adenosyl methionine domain 
containing 2 [Mus musculus] 5 68

28732 gi|31560560|NP_035159.2| ribosomal protein SA [Mus musculus] 5 257
3555 gi|31980821|NP_058586.2| dynactin 3 [Mus musculus] 8 86
3054 gi|31981458|NP_444338.2| glutaredoxin [Mus musculus] 9 23
4580 gi|31981562|NP_035229.2| pyruvate kinase 2 14
7950 gi|31982522|NP_031409.2| acyl-Coenzyme A dehydrogenase 5 244

16536 gi|33469123|NP_036185.1| asparagine synthetase [Mus musculus] 4 54
15153 gi|33859554|NP_034339.1| fumarate hydratase 1 [Mus musculus] 4 36
19435 gi|34878892|NP_035027.1| neurofibromin [Mus musculus] 8 51

33942 
gi|45592934|NP_033033.1| RAS-related C3 botulinum substrate 1 [Mus 
musculus] 8 60

4826 
gi|46275816|NP_996893.1| MAM domain containing 
glycosylphosphatidylinositol anchor 2 [Mus musculus] 8 172

12707 
gi|46559412|NP_848142.1| protein kinase C and casein kinase substrate in 
neurons 1 [Mus musculus] 5 147
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26029 
gi|54292132|NP_803155.1| phosphoserine aminotransferase 1 [Mus 
musculus] 5 88

21520 gi|56606023|NP_001008419.1| aldehyde oxidase 3-like 1 [Mus musculus] 7 35

14438 
gi|6677977|NP_033213.1| cytochrome c oxidase subunit VIIa polypeptide 
2-like [Mus musculus] 9 74

7863 gi|6679299|NP_032857.1| prohibitin [Mus musculus] 7 22
17102 gi|6679421|NP_032924.1| cytochrome P450 reductase [Mus musculus] 3 27
18188 gi|6679961|NP_032124.1| myotrophin [Mus musculus] 9 56

10627 
gi|6680359|NP_032356.1| interferon gamma inducible protein 47 [Mus 
musculus] 5 73

672 
gi|6680363|NP_032358.1| interferon-induced protein with 
tetratricopeptide repeats 2 [Mus musculus] 4 78

8482 gi|66955877|NP_034524.2| histocompatibility 2 5 324

3408 
gi|6753098|NP_033824.1| apolipoprotein B editing complex 2 [Mus 
musculus] 7 101

10093 
gi|6753178|NP_035923.1| barrier to autointegration factor 1 [Mus 
musculus] 9 30

1930 gi|6753364|NP_033991.1| cell division cycle 42 [Mus musculus] 7 37

7543 
gi|6753950|NP_034390.1| guanylate nucleotide binding protein 2 [Mus 
musculus] 4 103

17078 gi|6754132|NP_034521.1| histocompatibility 2 5 324

31140 
gi|6754288|NP_034631.1| interferon-induced protein with 
tetratricopeptide repeats 3 [Mus musculus] 5 208

122 gi|6755076|NP_035230.1| protein kinase 5 162
8541 gi|6755206|NP_035317.1| proteasome (prosome 7 69

17641 gi|7106331|NP_034566.1| H2A histone family 8 309
14498 gi|7110693|NP_032880.1| protein kinase 5 162

6994 gi|7305443|NP_038749.1| ribosomal protein L7a [Mus musculus] 1 8
4812 gi|75677414|NP_031829.2| cortactin [Mus musculus] 3 19

2695 
gi|77736537|NP_958927.2| mitogen-activated protein kinase kinase 
kinase kinase 5 [Mus musculus] 2 6

2695 
gi|77736537|NP_958927.2| mitogen-activated protein kinase kinase 
kinase kinase 5 [Mus musculus] 3 38

31278 
gi|82617575|NP_084011.1| glutamyl-prolyl-tRNA synthetase [Mus 
musculus] 2 24

3140 
gi|84042521|NP_001033320.1| barrier to autointegration factor 1 [Mus 
musculus] 9 30

30889 
gi|84781779|NP_001028477.1| NADH dehydrogenase (ubiquinone) 1 
beta subcomplex 8 25

33787 
gi|85861164|NP_035086.2| oxoglutarate dehydrogenase (lipoamide) [Mus 
musculus] 3 47

23183 
gi|90093349|NP_033758.2| activity-dependent neuroprotective protein 
[Mus musculus] 4 33

1 Identification number for LC-MS/MS; 
2 Concentration calculated based on molecular weight of the indicated protein, relative to the internal 

standard 
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Table App.3.4. Proteins unique to Mock infection in primary cardiac myocyte cultures 
 

Protein 
Key 1 Protein Name 

Gel 
Slice 

protein.f
molOn

Column 
2

6736 gi|100818462|NP_663519.2| RAP1 4 17
4241 gi|109150433|NP_062757.2| leprecan 1 isoform 2 [Mus musculus] 3 15

29911 gi|10946574|NP_067248.1| creatine kinase 5 150

31743 
gi|10946796|NP_067405.1| Rab interacting lysosomal protein-like 1 [Mus 
musculus] 9 28

16419 gi|10946862|NP_067442.1| troponin I 7 17

24621 
gi|110225360|NP_001035992.1| Bloom syndrome protein homolog [Mus 
musculus] 4 62

26426 
gi|110227377|NP_001035999.1| gelsolin-like capping protein [Mus 
musculus] 5 53

15276 gi|110227379|NP_031625.2| gelsolin-like capping protein [Mus musculus] 5 53

5514 
gi|110625979|NP_080283.3| eukaryotic translation elongation factor 1 
gamma [Mus musculus] 1 23

5514 
gi|110625979|NP_080283.3| eukaryotic translation elongation factor 1 
gamma [Mus musculus] 5 87

2449 gi|110626031|NP_035447.3| KH domain containing 4 56
1746 gi|112181182|NP_031773.2| cytochrome c oxidase 9 1216

8394 
gi|113205059|NP_035862.2| nuclease sensitive element binding protein 1 
[Mus musculus] 5 134

1742 gi|114326499|NP_075017.2| myosin 7 19
1742 gi|114326499|NP_075017.2| myosin 9 105
7838 gi|115270960|NP_038891.4| Bcl2-associated athanogene 3 [Mus musculus] 3 16

17572 gi|116014342|NP_001070652.1| basigin isoform 2 [Mus musculus] 4 43
17572 gi|116014342|NP_001070652.1| basigin isoform 2 [Mus musculus] 5 63

8460 
gi|116256512|NP_001070733.1| heterogeneous nuclear ribonucleoprotein D 
isoform a [Mus musculus] 5 86

8876 
gi|116256516|NP_001070735.1| heterogeneous nuclear ribonucleoprotein D 
isoform d [Mus musculus] 5 86

9938 gi|117606316|NP_076362.2| centrosomal protein 70 [Mus musculus] 4 109
13322 gi|117676367|NP_035055.2| novel nuclear protein 1 [Mus musculus] 9 2841
32651 gi|117956377|NP_058571.2| Y box protein 2 [Mus musculus] 5 78

11353 
gi|124248577|NP_036004.2| proteasome 26S  ATPase subunit 4 [Mus 
musculus] 5 78

6065 gi|124517693|NP_001074906.1| fibulin 2 isoform b [Mus musculus] 2 18

35110 
gi|125490378|NP_058057.3| nuclear autoantigenic sperm protein isoform 2 
[Mus musculus] 4 30

6341 
gi|125628659|NP_075553.2| aspartyl beta-hydroxylase isoform 1 [Mus 
musculus] 3 24

26004 
gi|126090505|NP_001074944.1| nuclear autoantigenic sperm protein 
isoform 1 [Mus musculus] 4 30

4913 
gi|12963653|NP_075860.1| protein (peptidyl-prolyl cis/trans isomerase) 
NIMA-interacting 1 [Mus musculus] 8 22
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490 gi|13195626|NP_077160.1| glutathione peroxidase 7 [Mus musculus] 7 11
9283 gi|13195648|NP_077188.1| reticulon 4 isoform C [Mus musculus] 5 36

12793 
gi|13384998|NP_079838.1| tetratricopeptide repeat domain 11 [Mus 
musculus] 8 37

18251 gi|13385036|NP_079862.1| ribosomal protein L15 [Mus musculus] 7 22
28645 gi|13385090|NP_079904.1| cytochrome c oxidase 9 556
2649 gi|13385168|NP_079986.1| ubiquinol-cytochrome c reductase 7 139

30027 
gi|13385260|NP_080066.1| thioesterase superfamily member 2 [Mus 
musculus] 8 65

19816 
gi|13385296|NP_080100.1| basic leucine zipper and W2 domains 1 [Mus 
musculus] 5 94

28757 gi|13385434|NP_080215.1| phosphoribosylaminoimidazole carboxylase 5 30

17219 
gi|13385492|NP_080263.1| NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex 8 168

25605 
gi|13385558|NP_080337.1| NADH dehydrogenase (ubiquinone) 1 beta 
subcomplex 8 [Mus musculus] 8 302

14566 gi|13385854|NP_080628.1| peptidylprolyl isomerase D [Mus musculus] 5 56

25696 
gi|13385872|NP_080650.1| interleukin enhancer binding factor 2 [Mus 
musculus] 5 23

20669 gi|13385942|NP_080720.1| citrate synthase [Mus musculus] 5 328

29809 
gi|13386060|NP_080835.1| thioredoxin domain containing 17 [Mus 
musculus] 9 82

23281 
gi|13386100|NP_080890.1| NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex 9 135

12018 gi|13386122|NP_080908.1| replication protein A3 [Mus musculus] 9 38
24124 gi|13386230|NP_081692.1| calmodulin-like 3 [Mus musculus] 8 63
8486 gi|13386272|NP_082221.1| citrate synthase-like protein [Mus musculus] 5 71

21734 gi|13399310|NP_080239.1| ribosomal protein S10 [Mus musculus] 7 82

22885 
gi|134031976|NP_082509.2| leucine-rich PPR motif-containing protein 
[Mus musculus] 2 25

1626 
gi|13626040|NP_112462.1| A kinase (PRKA) anchor protein (gravin) 12 
[Mus musculus] 2 15

26556 gi|145279206|NP_035213.2| phosphatidylinositol 3-kinase 1 41

17704 
gi|146260280|NP_001041526.1| heterogeneous nuclear ribonucleoprotein 
A/B isoform 1 [Mus musculus] 5 36

15990 gi|157671923|NP_062613.3| ubiquitin C [Mus musculus] 5 54

26919 
gi|157909799|NP_033057.3| retinoblastoma binding protein 7 [Mus 
musculus] 5 31

9229 gi|15826844|NP_035584.1| serine (or cysteine) proteinase inhibitor 5 29
7799 gi|158517832|NP_035473.2| SEC61 9 112

31338 
gi|158631225|NP_034250.3| eukaryotic translation initiation factor 1A [Mus 
musculus] 8 64

21485 gi|158966670|NP_001103681.1| annexin A6 isoform b [Mus musculus] 4 252

18474 
gi|160333923|NP_058085.2| heterogeneous nuclear ribonucleoprotein U 
[Mus musculus] 3 38
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4804 
gi|160707896|NP_035629.2| serine/threonine kinase receptor associated 
protein [Mus musculus] 5 37

11221 gi|161016826|NP_031900.3| receptor accessory protein 5 [Mus musculus] 8 69
1014 gi|162417975|NP_034627.3| isocitrate dehydrogenase 1 (NADP+) 5 33

29663 gi|162417977|NP_001104790.1| isocitrate dehydrogenase 1 (NADP+) 5 33
11983 gi|164698479|NP_001106958.1| septin 9 isoform a [Mus musculus] 5 7
11983 gi|164698479|NP_001106958.1| septin 9 isoform a [Mus musculus] 4 35
9238 gi|164698481|NP_001106959.1| septin 9 isoform b [Mus musculus] 5 7
9238 gi|164698481|NP_001106959.1| septin 9 isoform b [Mus musculus] 4 35

15383 gi|164698483|NP_001106960.1| septin 9 isoform c [Mus musculus] 5 7
15383 gi|164698483|NP_001106960.1| septin 9 isoform c [Mus musculus] 4 33
3571 gi|16716381|NP_444322.1| lysyl-tRNA synthetase [Mus musculus] 4 61

2427 
gi|167234372|NP_663600.2| eukaryotic translation initiation factor 4B [Mus 
musculus] 3 27

25495 gi|169808394|NP_081925.2| spermatogenesis associated 9 202
5472 gi|170295840|NP_035718.2| tripartite motif protein 28 [Mus musculus] 3 21

17680 gi|171906578|NP_033037.2| RAD23b homolog [Mus musculus] 4 58
7128 gi|18390323|NP_080973.1| RAB14 7 29

25222 
gi|183980004|NP_796275.3| heterogeneous nuclear ribonucleoprotein L 
[Mus musculus] 4 91

4765 
gi|18700004|NP_570934.1| acetyl-Coenzyme A acyltransferase 1 [Mus 
musculus] 5 38

13540 
gi|188219614|NP_035800.2| ubiquitin carboxy-terminal hydrolase L1 [Mus 
musculus] 7 63

32216 
gi|19705424|NP_033465.1| proteasome 26S non-ATPase subunit 3 [Mus 
musculus] 4 49

7040 
gi|19882201|NP_598862.1| proteasome 26S non-ATPase subunit 2 [Mus 
musculus] 3 13

32510 
gi|20806532|NP_035863.1| cold shock domain protein A short isoform [Mus 
musculus] 5 78

16550 
gi|21312298|NP_082506.1| serine hydroxymethyltransferase 2 
(mitochondrial) [Mus musculus] 5 59

7870 gi|21312968|NP_080431.1| signal sequence receptor 8 33

34687 
gi|21313140|NP_083840.1| Tax1 (human T-cell leukemia virus type I) 
binding protein 3 [Mus musculus] 9 144

32008 
gi|21703726|NP_663335.1| isopentenyl-diphosphate delta isomerase isoform 
1 [Mus musculus] 1 26

4958 gi|21704066|NP_663516.1| RAS-related protein-1a [Mus musculus] 7 31

2018 
gi|21886811|NP_058020.1| S100 calcium binding protein A11 (calizzarin) 
[Mus musculus] 9 1140

3980 gi|22094075|NP_031477.1| solute carrier family 25 8 8

24816 
gi|22122795|NP_666341.1| dynein cytoplasmic 1 light intermediate chain 1 
[Mus musculus] 4 58

17778 
gi|22122797|NP_666342.1| acetyl-Coenzyme A acyltransferase 1B [Mus 
musculus] 5 38

3586 gi|25742730|NP_742083.1| ribosomal protein L32 [Mus musculus] 8 55
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6766 
gi|27754103|NP_080235.2| proteasome 26S ATPase subunit 6 [Mus 
musculus] 5 77

22764 gi|28076915|NP_081148.1| ubiquitin-associated protein 2 [Mus musculus] 9 32
22866 gi|28076935|NP_081427.1| dynactin 2 [Mus musculus] 5 35
25225 gi|28974984|NP_803228.1| aspartyl-tRNA synthetase [Mus musculus] 4 26
12636 gi|29789191|NP_081626.1| asparaginyl-tRNA synthetase [Mus musculus] 4 68
8396 gi|30089708|NP_783588.1| histone cluster 1 10 38

22598 
gi|30424876|NP_780445.1| Fe-containing alcohol dehydrogenase 1 [Mus 
musculus] 1 15

22598 
gi|30424876|NP_780445.1| Fe-containing alcohol dehydrogenase 1 [Mus 
musculus] 9 24

11634 gi|30794412|NP_081703.1| TAF15 RNA polymerase II 4 131
4247 gi|31542070|NP_067305.2| acid phosphatase 1 8 32
5495 gi|31542159|NP_058025.2| ATPase 2 24

21139 gi|31543940|NP_062780.2| vesicle-associated membrane protein 7 33

23918 
gi|31543974|NP_061223.2| tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein 7 66

32532 
gi|31560267|NP_075627.2| mitogen activated protein kinase kinase 2 [Mus 
musculus] 5 52

5620 gi|31560517|NP_036105.2| ribosomal protein L27a [Mus musculus] 7 61
19476 gi|31980808|NP_058572.2| eukaryotic translation initiation factor 3 5 53
31975 gi|31981147|NP_077754.2| leucine aminopeptidase 3 [Mus musculus] 4 36
20527 gi|31981273|NP_075638.2| CNDP dipeptidase 2 [Mus musculus] 5 40
30927 gi|31981302|NP_038500.2| annexin A6 isoform a [Mus musculus] 4 252

10938 
gi|31981748|NP_660117.2| ribonuclease/angiogenin inhibitor 1 [Mus 
musculus] 5 87

929 
gi|31981892|NP_666236.2| Rho GTPase activating protein 1 [Mus 
musculus] 5 45

28065 
gi|32567788|NP_666306.2| phosphatidylinositol-binding clathrin assembly 
protein [Mus musculus] 4 50

24931 
gi|32880197|NP_872591.1| heterogeneous nuclear ribonucleoprotein A2/B1 
isoform 2 [Mus musculus] 7 24

5035 gi|33620739|NP_034990.1| myosin 9 357
21963 gi|33859604|NP_035318.1| proteasome (prosome 5 31
4145 gi|33859811|NP_849209.1| mitochondrial trifunctional protein 1 46

12944 gi|34328185|NP_035309.2| prosaposin [Mus musculus] 9 280
22085 gi|34419622|NP_570951.2| poly(A) binding protein 4 27
22085 gi|34419622|NP_570951.2| poly(A) binding protein 3 33
20948 gi|34538600|NP_904330.1| cytochrome c oxidase subunit I [Mus musculus] 1 45
8554 gi|34610207|NP_666329.2| alanyl-tRNA synthetase [Mus musculus] 3 21

16322 gi|34915988|NP_033898.1| basigin isoform 1 [Mus musculus] 4 43
16322 gi|34915988|NP_033898.1| basigin isoform 1 [Mus musculus] 5 63
28072 gi|39930477|NP_149156.1| septin 8 [Mus musculus] 5 29
3844 gi|41282022|NP_908942.1| calumenin isoform 2 [Mus musculus] 5 145
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Table App.3.4. Continued 
 

6049 gi|45476573|NP_032414.1| eukaryotic translation initiation factor 3 5 30

7193 
gi|47458804|NP_998824.1| signal transducer and activator of transcription 3 
isoform 1 [Mus musculus] 3 10

34958 gi|50363232|NP_057910.3| nestin [Mus musculus] 1 92
5423 gi|55926127|NP_067262.1| spectrin beta 3 [Mus musculus] 1 44

26423 gi|56605979|NP_663430.2| basic transcription factor 3 [Mus musculus] 7 47

28693 
gi|58037145|NP_081219.1| small nuclear ribonucleoprotein D2 [Mus 
musculus] 8 87

5797 
gi|58037481|NP_084101.1| sec1 family domain containing 1 [Mus 
musculus] 4 27

2077 
gi|59797056|NP_032751.1| natriuretic peptide precursor type A [Mus 
musculus] 8 147

35171 
gi|62184371|YP_220565.1| cytochrome c oxidase subunit I [Mus musculus 
molossinus] 1 45

3283 gi|6671507|NP_031418.1| actin 4 48
7532 gi|66773165|NP_062774.2| acid phosphatase 6 5 17

19294 gi|6677779|NP_033107.1| ribosomal protein L28 [Mus musculus] 8 89
25356 gi|6677801|NP_033118.1| ribosomal protein S17 [Mus musculus] 9 238

30543 
gi|6678077|NP_033268.1| secreted acidic cysteine rich glycoprotein [Mus 
musculus] 5 62

14025 gi|6678369|NP_033419.1| troponin C 8 73
31719 gi|6678437|NP_033455.1| tumor protein 7 68

25182 
gi|6678551|NP_033523.1| vesicle-associated membrane protein 2 [Mus 
musculus] 9 143

10223 gi|6678682|NP_032521.1| lectin 10 18
10223 gi|6678682|NP_032521.1| lectin 9 126

23135 
gi|6678794|NP_032953.1| mitogen-activated protein kinase kinase 1 [Mus 
musculus] 5 59

2144 
gi|6679012|NP_032698.1| nucleosome assembly protein 1-like 4 [Mus 
musculus] 5 56

33598 gi|6679158|NP_032775.1| nucleobindin 1 [Mus musculus] 4 41
6074 gi|6679465|NP_032951.1| protein kinase C substrate 80K-H [Mus musculus] 4 98

29655 gi|6680229|NP_032278.1| high mobility group box 2 [Mus musculus] 7 23
31431 gi|6680297|NP_032324.1| DnaJ (Hsp40) homolog 5 21
6283 gi|6680618|NP_031408.1| acyl-Coenzyme A dehydrogenase 5 103

17952 gi|6680720|NP_031505.1| ADP-ribosylation factor 4 [Mus musculus] 8 28
3132 gi|6680832|NP_031615.1| calmodulin 2 [Mus musculus] 8 63

22680 gi|6680834|NP_031616.1| calmodulin 3 [Mus musculus] 8 63
14706 gi|6680836|NP_031617.1| calreticulin [Mus musculus] 5 457
22455 gi|6753036|NP_033786.1| aldehyde dehydrogenase 2 5 36
15308 gi|6753060|NP_033803.1| annexin A5 [Mus musculus] 7 28
17801 gi|6753138|NP_033851.1| Na+/K+ -ATPase beta 1 subunit [Mus musculus] 5 64
2011 gi|6753244|NP_033920.1| calmodulin 1 [Mus musculus] 8 63

8786 
gi|6753498|NP_034071.1| cytochrome c oxidase subunit IV isoform 1 [Mus 
musculus] 9 111
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Table App.3.4. Continued 
 

7177 gi|6754206|NP_034568.1| hexokinase 1 [Mus musculus] 3 48
16397 gi|6754208|NP_034569.1| high mobility group box 1 [Mus musculus] 7 32

18004 
gi|6754222|NP_034578.1| heterogeneous nuclear ribonucleoprotein A/B 
isoform 2 [Mus musculus] 5 36

7264 gi|6754450|NP_034764.1| fatty acid binding protein 5 9 70

23854 
gi|6754696|NP_034928.1| macrophage migration inhibitory factor [Mus 
musculus] 9 221

24217 
gi|6754910|NP_035078.1| nuclear distribution gene C homolog [Mus 
musculus] 5 65

26563 gi|6754970|NP_035161.1| procollagen-proline 4 86

32638 
gi|6754974|NP_035991.1| protein kinase C and casein kinase substrate in 
neurons 1 [Mus musculus] 5 147

4406 gi|6755106|NP_035252.1| procollagen-lysine 3 29
33188 gi|6755300|NP_035384.1| retinol binding protein 1 8 67
18390 gi|6755372|NP_036182.1| ribosomal protein S3 [Mus musculus] 1 45

14408 
gi|6755967|NP_035826.1| voltage-dependent anion channel 3 [Mus 
musculus] 1 62

1439 gi|6755995|NP_035845.1| WD repeat domain 1 [Mus musculus] 1 47
27977 gi|7106303|NP_034249.1| EH-domain containing 1 [Mus musculus] 4 87

27960 
gi|7106381|NP_035992.1| protein kinase C and casein kinase substrate in 
neurons 2 [Mus musculus] 4 42

9543 
gi|72004262|NP_001025445.1| NADH dehydrogenase (ubiquinone) Fe-S 
protein 5 [Mus musculus] 8 32

8524 
gi|7305305|NP_038892.1| N-myc downstream regulated gene 2 [Mus 
musculus] 5 195

2451 gi|7305441|NP_038790.1| ribosomal protein L3 [Mus musculus] 5 37

8662 
gi|74315975|NP_081633.1| proteasome 26S non-ATPase subunit 1 [Mus 
musculus] 3 14

9795 
gi|7549799|NP_035795.1| ubiquitin-conjugating enzyme E2I [Mus 
musculus] 8 60

28103 gi|75677420|NP_031762.2| collagen 1 203

4899 
gi|78711834|NP_001030609.1| A kinase (PRKA) anchor protein 2 isoform 2 
[Mus musculus] 2 20

5593 gi|7949005|NP_058035.1| ATP synthase 9 129
1767 gi|83745120|NP_080296.3| ribosomal protein 8 78

3950 
gi|83816893|NP_031866.2| DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 
[Mus musculus] 4 153

22615 
gi|8392847|NP_058556.1| ARP1 actin-related protein 1 homolog A [Mus 
musculus] 5 49

971 gi|8393627|NP_058545.1| interferon regulatory factor 3 [Mus musculus] 5 7
13577 gi|8393866|NP_058674.1| ornithine aminotransferase [Mus musculus] 5 107

13040 
gi|84662730|NP_476513.2| far upstream element (FUSE) binding protein 1 
[Mus musculus] 3 34

29892 gi|84662736|NP_035420.2| ribosomal protein L6 [Mus musculus] 1 58
7169 gi|88853578|NP_031480.2| adaptor protein complex AP-1 3 20
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Table App.3.4. Continued 
 

7544 
gi|91064878|NP_081506.3| protein kinase C binding protein 1 [Mus 
musculus] 4 142

2907 gi|9256519|NP_061341.1| ribosomal protein 9 624

7447 
gi|93587673|NP_001035277.1| DEAD box polypeptide 17 isoform 4 [Mus 
musculus] 4 62

6454 gi|94158994|NP_031492.2| apoptosis inhibitor 5 [Mus musculus] 4 24
1222 gi|9506767|NP_062342.1| histone cluster 2 7 31

12919 gi|9506843|NP_062263.1| lamin A isoform C2 [Mus musculus] 3 18
12919 gi|9506843|NP_062263.1| lamin A isoform C2 [Mus musculus] 4 60
5319 gi|9790261|NP_062652.1| Trk-fused [Mus musculus] 4 70

24483 
gi|9910452|NP_064304.1| mitogen-activated protein kinase kinase 1 
interacting protein 1 [Mus musculus] 9 126

 
1 Identification number for LC-MS/MS; 
2 Concentration calculated based on molecular weight of the indicated protein, relative to the internal 

standard 
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Table App. 3.5. Heat shock proteins identified by LC-MS/MS in T3D- and Mock-infected primary 
cardiac myocyte cultures 

 

Protein 
Key 1 

GenBank 
accession 
number 

Official 
Name 

Official 
Symbol Also known as Sample

Gel 
Slice 

protein 
Fmol 
On 

Colum
n 2 

Fold 
change 
(T3D/ 
mock) 

9939 NP_0385
88.2 

heat shock 
protein 1 

Hspb1 27kDa; Hsp25; Hspb1 
Mock 7 26  
T3D 9 144 -3.48 25564 NP_0323

29.1 
heat shock 
protein 1  
(chaperonin 
10) 

Hspe1 10kDa; mt-cpn10; 
MGC117526; Hspe1 

Mock 9 503  
T3D 4 1172 1.74 25692 NP_0346

07.3 
heat shock 
protein 1 
(chaperonin
) 

Hspd1 60kDa; Hsp60; Hspd1 

Mock 4 674  

T3D 3 223  
Mock 4 111  

2685 NP_0385
86.2 

heat shock 
protein 1-
like 

Hspa1I Msh5; Hsc70t; 
MGC150263; 
MGC150264; Hspa1l 

Mock 5 53  
T3D 3 227  
Mock 4 119  

16358 NP_0346
09.2 

heat shock 
protein 1A 

Hspa1a Hsp72; hsp68; Hsp70-3; 
Hsp70.3; hsp70A1; 
MGC189852; Hspa1a 

Mock 5 53  
T3D 3 227  
Mock 4 119  

16965 NP_0346
08.2 

heat shock 
protein 1B 

Hspa1b Hsp70; hsp68; Hsp70-1; 
Hsp70.1; Hspa1b 

Mock 5 53  
T3D 3 427 3.78 
Mock 3 113  
T3D 4 157 -2.44 
Mock 4 382  

1916 NP_0010
02012.1 

heat shock 
protein 2 

Hspa2 70kDa; HSP70.2; 
HSP70A2; Hsp70-2; 
MGC7795; 
MGC58299; Hspa2 

Mock 5 53  
31320 NP_0323

26.3 
heat shock 
protein 4 

Hspa4 70kDa; APG-2; 
Hsp110; Hsp70RY; 
AI317151; KIAA4025; 
mKIAA4025; Hspa4 

T3D 3 41 1.24 

     Mock 3 34  

T3D 3 744 1.78 
Mock 3 419  

29256 NP_0717
05.2 

heat shock 
protein 5 

Hspa5 Bip; Sez7; mBiP; 
78kDa; Grp78; SEZ-7; 
Hsce70; AL022860; 
AU019543; D2Wsu17e; 
D2Wsu141e; Hspa5 Mock 4 801  

21081 NP_0388
96.2 

heat shock 
protein 
family, 
 member 7 
(cardiovasc
ular) 

Hspb7 27kDa; cvHsp; Hsp25-
2; MGC107591; Hspb7

Mock 7 8  
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Table App.3.5. Continued 
 

T3D 3 1055 1.93 
Mock 3 547  

T3D 4 265 -5.21 
Mock 4 1382  

9525 NP_1124
42.2 

heat shock 
protein 8 

Hspa8 Hsc70; Hsc71; Hsc73; 
Hsp73; Hspa10; 
MGC102007; 
MGC106514; 
MGC118485; 
2410008N15Rik; Hspa8

Mock 5 99  

T3D 3 253 1.88 
Mock 3 134  

T3D 4 36 -11.31 

368 NP_0346
11.2 

heat shock 
protein9 

Hspa9 Csa; Mot2; 74kDa; 
Grp75; Hsc74; Hsp74; 
Mot-2; Pbp74; Hsp74a; 
Hspa9a; Mthsp70; 
Mortalin; Hspa9 Mock 4 413  

T3D 5 103 1.64 18068 NP_0806
76.3 

DnaJ 
(Hsp40) 
homolog,  
subfamily 
B, member 
11 

Dnajb11 Dj9; ABBP-2; 
AL024055; 
1810031F23Rik; 
Dnajb11 

Mock 5 63  

T3D 1 22 -12.54 
Mock 1 274  
T3D 2 40 3.23 
Mock 2 13  
T3D 3 738 -1.19 
Mock 3 878  
T3D 4 95 2.81 

238 NP_0323
28.2 

heat shock 
protein 90 
alpha 
 (cytosolic), 
class B 
member 1 

Hsp90ab
1 

90kDa; Hsp84; Hsp90; 
Hspcb; C81438; Hsp84-
1; AL022974; 
MGC115780; 
Hsp90ab1 

Mock 4 34  

T3D 1 21 -5.24 
Mock 1 111  
T3D 2 40 3.23 
Mock 2 13  
T3D 3 735 -1.10 

11985 NP_0346
10.1 

heat shock 
protein 90, 
alpha 
(cytosolic), 
class A 
member 1 

Hsp90aa1 hsp4; 86kDa; 89kDa; 
Hsp89; Hsp90; Hspca; 
Hsp86-1; AL024080; 
AL024147; Hsp90aa1 

Mock 3 808  

Mock 1 82  
T3D 3 356 -1.38 
Mock 3 489  
T3D 4 59 4.26 

1755 NP_0357
61.1 

heat shock 
protein 90, 
 beta 
(Grp94), 
member 1 

Hsp90b1 TA-3; Tra1; gp96; 
ERp99; GRP94; Targ2; 
Tra-1; Hsp90b1 

Mock 4 14  

14897 
NP_0385

87.2 

heat shock 
105kDa/11

0kDa 
protein 1 Hsph1 

105kDa; Hsp105; 
Hsp110; hsp-E7I; 
AI790491; Hsph1 Mock 3 9  

 

1 Identification number for LC-MS/MS; 
2 Concentration calculated based on molecular weight of the indicated protein, relative to the internal 
standard 
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APPENDIX 4 

 

Ingenuity Pathway Analysis (IPA) of Differentially Expressed Proteins 12 Hours Post-

Reovirus Infection of Primary Cardiac Myocyte Cultures  

 

INTRODUCTION 

 

Reovirus infection can activate many pathways, including the Ras/RalGEF/p38 (7), 

P53 (5), and JAK-STAT pathways (4). In order to identify additional pathways that may be 

activated by reovirus infection of cardiac myocytes, and novel proteins that might be 

involved in known pathways, we used Ingenuity Pathways Analysis (IPA) software 

(http://www.ingenuity.com/) to analyze the MALDI-TOF-TOF proteomics data obtained 

from reovirus-infected primary cardiac myocyte cultures (Chapter 3). IPA software is applied 

to proteomic data to analyze pathways and protein-protein interactions. It can construct 

networks of directly interacting proteins and build dynamic pathway models based on 

information in the Ingenuity Pathway Knowledge Base. It is currently widely used in diverse 

research fields, such as bioinformatics (6), oncology (3), infectious diseases (1), and genetics 

(2). 

MATERIALS AND METHODS 

 

Differentially expressed proteins identified from MALDI-TOF-TOF in Chapter 3 

were analyzed by free trial IPA software using the Compare Analysis in the Core module. 

http://www.ingenuity.com/
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RESULTS 

 

Differentially expressed proteins among primary cardiac myocyte cultures 

infected with different reovirus strains. Comparison of differentially expressed proteins 

among the four different reovirus infections is summarized in Table App.4.1. Differentially 

expressed proteins unique to T3D or 8B infection are summarized in Tables App.4.2 and 4.3, 

respectively. Comparison of differentially expressed proteins that are unique to T3D and 8B 

infection are summarized in Table App.4.4. Since there were almost no uniquely 

differentially expressed proteins in T1L and DB93A infections, no summaries were prepared 

for those infections. For that reason, the following IPA analysis was also focused on only 

T3D and 8B infections. 

Biological function analysis. Differentially expressed proteins unique to either T3D 

or 8B infection, or unique to both of them, or common to all four virus infections were 

imported for IPA analysis. Proteins with the same biological function were grouped together, 

and groups were then further organized by virus strain-specific effects (see Supp. Table 3.2 

in Chapter 3). 

Canonical pathways analysis. The same set of proteins used for the biological 

function analysis was used for the canonical pathways analysis. Proteins that belong to the 

same pathway were grouped together, and groups were then further organized by virus strain-

specific effects (Table App.4.5). 

Network analysis. The same set of proteins used above was used for the network 

analysis. A total of seven networks were constructed from identified proteins (3 for T3D 
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infection, and 4 for 8B infection). Molecular information for all of the 7 networks is 

summarized in Table App.4.6, Legends in the networks were summarized in Figure App.4.1, 

which are copied from Ingenuity Systems IPA 7 Feature Manual, and direct interactions 

between molecules in each network are shown in Figures App.4.2-4.8.    

Post translational modification (PTM) analysis. A detailed description for PTM 

analysis was provided in the Materials and Methods of Chapter 3. One interesting PTM 

identified here was phosphorylation of reovirus μNS. From the MS/MS information, one 

peptide with a mass of 1058.6 from spot 772 with peptide sequence of (R)MTLRSLMK(N) 

was predicted to be phosphorylated at the Serine amino acid. In addition, there were a total of 

29 proteins which were identified from more than 1 spot each, indicating PTMs. They are 

summarized in Table App.4.7. 

 

DISCUSSION 

 

The IPA analysis provided a visualization of possible protein-protein interactions and 

constructed protein networks among the pathways. This analysis suggested that the most 

myocarditic reovirus, 8B, triggered more pathways than the non-myocarditic reovirus, T3D, 

which might reflect its greater cytopathic effect.  While these analyses are only speculative, 

they are “hypothesis generating” and provide suggestions for future studies. 
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Table App.4.1. Comparison of differentially expressed proteins among the four 
different reovirus infections in primary cardiac myocyte cultures 12 hours post-

infection 

 
1 Average expression of triplicate samples for indicated virus infection, relative to triplicate samples for mock-
infected cultures.  A positive value indicates greater protein expression in the viral infection; a negative number 
means less protein expression in the viral infection. 

Spot # Accession# 

Avg 
Ratio 
T3D 1 

Avg 
Ratio 
 8B 1 

Avg 
Ratio 
DB93
A 1 

Avg 
Ratio 
T1L 

1  Function Description 

1854 P35601  13.32 7.06  
transcriptio
n regulator 

 replication factor C (activator 1) 
1, 145kDa 

804 IPI00461436 1.11 1.58 1.15 1.24 other 
 chromosome 18 open reading 
frame 55 

791 Q9CWW7 1.22 1.91 1.21 2.2
transcriptio
n regulator  CXXC finger 1 (PHD domain) 

2550 IPI00468068 -1.77 -2.54 -1.41 -1.44 other 
(P14602) Heat shock 27 kDa 
protein (HSP 27) 

2552 IPI00468068 1.45 1.24 1.38 1.24 other 
(P14602) Heat shock 27 kDa 
protein (HSP 27) 

747 IPI00169804  3.86  2.86 kinase  adenosine kinase 
880 Q04750  -1.36  -1.1 enzyme  topoisomerase (DNA) I 
864 Q99MN1  2.26  1.47 enzyme  lysyl-tRNA synthetase 

490 IPI00283327 1.26  1.14  other 

 asp (abnormal spindle) homolog, 
microcephaly associated 
(Drosophila) 

809 IPI00775950 -1.08  -1.12  other  caldesmon 1 

1379 IPI00756691 -1.12 -1.22 -1.1  other 
 golgi reassembly stacking protein 
2, 55kDa 

1563 Q64345 6.42 2.23 1.83  other 
 interferon-induced protein with 
tetratricopeptide repeats 3 

1564 Q64345 5.99 2.09 1.85  other 
 interferon-induced protein with 
tetratricopeptide repeats 3 

1968 Q61937 1.12 1.23 1.2  
transcriptio
n regulator  nucleophosmin 1 
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Table App.4.2. Differentially expressed proteins unique to T3D infection in primary 
cardiac myocyte cultures 

 
 

Spot 
# 

Brief name 
 in IPA Accession # 

Avg 
Ratio 
T3D/ 
Mock 
1 Function Description 

901 IMMT IPI00381413 -1.47  other 
 inner membrane protein, mitochondrial 
(mitofilin) 

763  CCDC49 IPI00119661 -1.36  other  coiled-coil domain containing 49 
67 GOLGA4 Q91VW5 -1.23  other  golgi autoantigen, golgin subfamily a, 4 

1757 DNAJB11 Q99KV1 -1.2  other 
 DnaJ (Hsp40) homolog, subfamily B, 
member 11 

1858 SUGT1 Q9CX34 -1.09  other 
 SGT1, suppressor of G2 allele of SKP1 
(S. cerevisiae) 

558 PDD6IP Q9WU78 -1.08  other 
 programmed cell death 6 interacting 
protein 

2097 EEF1D P57776 -1.08
 translation 
regulator 

 eukaryotic translation elongation factor 1 
delta (guanine nucleotide exchange 
protein) 

918 LMNB1 P14733 1.1  other  lamin B1 
1025 PGM1 Q9D0F9 1.1  enzyme  phosphoglucomutase 1 
1712 ACTB IPI00110850 1.11  other  actin, beta 

2400 PSME1 P97371 1.13  other 
 proteasome (prosome, macropain) 
activator subunit 1 (PA28 alpha) 

2121 PPA1 IPI00110684 1.19  enzyme  pyrophosphatase (inorganic) 1 
2022 TPM1 IPI00123316 1.22  other  tropomyosin 1 (alpha) 
1784 TNNT2 P50752 1.23  other  troponin T type 2 (cardiac) 

326 POLR3E Q9CZT4 1.37

 
transcriptio
n regulator 

 polymerase (RNA) III (DNA directed) 
polypeptide E (80kD) 

530  IMMT IPI00395113 1.38  other 
 inner membrane protein, mitochondrial 
(mitofilin) 

325  ZFP62 IPI00410892 1.41  other  zinc finger protein 62 homolog (mouse) 
2103 C13ORF24 IPI00317622 1.49  other  chromosome 13 open reading frame 24 

532 
 ZFP422-
RS1 IPI00347645 1.68  other 

 zinc finger protein 422, related sequence 
1 

585  EG328825 IPI00340036 1.9  other  predicted gene, EG328825 
 

1 As for Table 1. 
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Table App.4.3. Differentially expressed proteins unique to 8B infection in primary 
cardiac myocyte cultures 

 

Spot 
# 

Brief name 
 in IPA Accession # 

Avg 
Ratio 
8B/ 
Mock 
1 Function Description 

119 LAMB1 P02469 1.13 other  laminin, beta 1 

139 RFC1 P35601 -1.23
transcription 
regulator  replication factor C (activator 1) 1, 145kDa 

166 ASPM IPI00283327 1.14 other 
 asp (abnormal spindle) homolog, microcephaly 
associated (Drosophila) 

199 COL1A1 P11087 1.25 other  collagen, type I, alpha 1 
200 COL1A1 P11087 1.16 other  collagen, type I, alpha 1 
210 COL1A1 P11087 1.2 other  collagen, type I, alpha 1 

337 MYH6 Q02566 -1.32 enzyme 
 myosin, heavy chain 6, cardiac muscle, alpha 
(cardiomyopathy, hypertrophic 1) 

340  ZFP758 IPI00457523 -1.13 other  zinc finger protein 758 

342 MYH6 Q02566 -1.38 enzyme 
 myosin, heavy chain 6, cardiac muscle, alpha 
(cardiomyopathy, hypertrophic 1) 

416 UTP11L Q9CZJ1 -1.19 other 
 UTP11-like, U3 small nucleolar ribonucleoprotein, 
(yeast) 

444 UBE1 Q02053 -1.09 enzyme  ubiquitin-activating enzyme E1 
470 HSPA4 Q61316 -1.08 other  heat shock 70kDa protein 4 
497 UBE1 Q02053 -1.13 enzyme  ubiquitin-activating enzyme E1 
520 STRN O55106 -1.17 other  striatin, calmodulin binding protein 
521 VCP Q01853 -1.14 enzyme  valosin-containing protein 
541 HSPA4L P48722 -1.17 other  heat shock 70kDa protein 4-like 

605 PLOD2 Q9R0B9 1.04 enzyme 
 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 
2 

606 PRKCSH IPI00115680 1.13 enzyme  protein kinase C substrate 80K-H 

609 GFM1 Q8K0D5 1.11
translation 
regulator  G elongation factor, mitochondrial 1 

618 GLG1 Q61543 1.27 other  golgi apparatus protein 1 
624 VCP Q01853 -1.05 enzyme  valosin-containing protein 
666 GSN P13020 -1.25 other  gelsolin (amyloidosis, Finnish type) 

677 PLOD3 Q9R0E1 1.12 enzyme 
 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 
3 

710  GSPT1 IPI00230355 -1.17
translation 
regulator  G1 to S phase transition 1 

719 GFM1 Q8K0D5 -1.18
translation 
regulator  G elongation factor, mitochondrial 1 

735 GOLGA4 Q91VW5 1.14 other  golgi autoantigen, golgin subfamily a, 4 

754 
 6430526 
N21RIK IPI00623614 3.53 other  RIKEN cDNA 6430526N21 gene 

761 ASPM IPI00283327 1.82 other 
 asp (abnormal spindle) homolog, microcephaly 
associated (Drosophila) 

787 CALD1 IPI00775950 1.24 other  caldesmon 1 
797 DYNC1I2 O88487 1.15 other  dynein, cytoplasmic 1, intermediate chain 2 
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801  NDUFS1 IPI00308882 1.18 enzyme 
 NADH dehydrogenase (ubiquinone) Fe-S protein 
1, 75kDa (NADH-coenzyme Q reductase) 

852 HSPA5 P20029 1.17 other 
 heat shock 70kDa protein 5 (glucose-regulated 
protein, 78kDa) 

869 HSPA9 P38647 1.39 other  heat shock 70kDa protein 9 (mortalin) 
870  ZNF791 IPI00350919 1.26 other  zinc finger protein 791 
874 PDIA4 P08003 1.19 enzyme  protein disulfide isomerase family A, member 4 

951 SDHA IPI00230351 1.15 enzyme 
 succinate dehydrogenase complex, subunit A, 
flavoprotein (Fp) 

952 PLS3 IPI00776023 1.12 other  plastin 3 (T isoform) 
954 HSPA1B P17879 1.2 other  heat shock 70kDa protein 1B 
973 LCP1 Q61233 1.09 other  lymphocyte cytosolic protein 1 (L-plastin) 

1082 P4HA1 Q60715 1.23 enzyme 
 procollagen-proline, 2-oxoglutarate 4-dioxygenase 
(proline 4-hydroxylase), alpha polypeptide I 

1092 P4HA1 Q60715 1.24 enzyme 
 procollagen-proline, 2-oxoglutarate 4-dioxygenase 
(proline 4-hydroxylase), alpha polypeptide I 

1153 PDIA3 P27773 1.22 peptidase  protein disulfide isomerase family A, member 3 
1166 PDIA3 P27773 1.14 peptidase  protein disulfide isomerase family A, member 3 

1188 CAP2 Q9CYT6 -1.35 other 
 CAP, adenylate cyclase-associated protein, 2 
(yeast) 

1219 P4HB P09103 1.12 enzyme 
 procollagen-proline, 2-oxoglutarate 4-dioxygenase 
(proline 4-hydroxylase), beta polypeptide 

1234 P4HB P09103 1.05 enzyme 
 procollagen-proline, 2-oxoglutarate 4-dioxygenase 
(proline 4-hydroxylase), beta polypeptide 

1280 FSCN1 Q61553 1.14 other 
 fascin homolog 1, actin-bundling protein 
(Strongylocentrotus purpuratus) 

1283 DLD O08749 1.15 enzyme  dihydrolipoamide dehydrogenase 
1290 RAD23B P54728 -1.09 other  RAD23 homolog B (S. cerevisiae) 

1392 ATP5B P56480 1.09 transporter 
 ATP synthase, H+ transporting, mitochondrial F1 
complex, beta polypeptide 

1416 SEPT11 IPI00454143 1.16 other  septin 11 
1464 DCTN2 IPI00116112 -1.08 other  dynactin 2 (p50) 

1474 PRKAR1A IPI00762049 -1.17 kinase 
 protein kinase, cAMP-dependent, regulatory, type 
I, alpha (tissue specific extinguisher 1) 

1511 PDIA6 IPI00222496 1.08 enzyme  protein disulfide isomerase family A, member 6 

1514 ENO1 P17182 1.3
transcription 
regulator  enolase 1, (alpha) 

1515 ENO1 P17182 -1.15
transcription 
regulator  enolase 1, (alpha) 

1554 ENO3 P21550 -1.37 enzyme  enolase 3 (beta, muscle) 
1581 UQCRC1 Q9CZ13 1.17 enzyme  ubiquinol-cytochrome c reductase core protein I 
1584 PDHA1 P35486 -1.2 enzyme  pyruvate dehydrogenase (lipoamide) alpha 1 
1680 ACOT2 Q9QYR9 1.12 enzyme  acyl-CoA thioesterase 2 

1812 NDUFA10 Q99LC3 1.14 enzyme 
 NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex, 10, 42kDa 

1964  PPP1CB IPI00311873 -1.16
 
phosphatase

 protein phosphatase 1, catalytic subunit, beta 
isoform 

2017 LDHB P16125 -1.2 enzyme  lactate dehydrogenase B 
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2024 LASP1 Q61792 1.14 transporter  LIM and SH3 protein 1 
2068 PDHB IPI00132042 -1.15 enzyme  pyruvate dehydrogenase (lipoamide) beta 
2114 MDH1 P14152 -1.24 enzyme  malate dehydrogenase 1, NAD (soluble) 
2124 MDH1 P14152 -1.25 enzyme  malate dehydrogenase 1, NAD (soluble) 
2246 ECH1 O35459 1.15 enzyme  enoyl Coenzyme A hydratase 1, peroxisomal 
2325  TPM4 IPI00421223 1.09 other  tropomyosin 4 

2356 APOBEC2 Q9WV35 -1.41 enzyme 
 apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like 2 

2470 ERP29 P57759 1.1 transporter  endoplasmic reticulum protein 29 
 

1 As for Table 1. 
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Table App.4.4. Comparison of differentially expressed proteins unique to both T3D and 
8B infections in primary cardiac myocyte cultures 

 

Spot 
# Accession# 

Avg 
Ratio 
T3D/ 
Mock 
1 

Avg 
Ratio 
8B/ 
Mock 
1 Function Description 

273 IPI00283327 1.12 -1.83 other 
 asp (abnormal spindle) homolog, microcephaly 
associated (Drosophila) 

341 Q02566 1.33 -1.32 enzyme 
 myosin, heavy chain 6, cardiac muscle, alpha 
(cardiomyopathy, hypertrophic 1) 

344 Q02566 1.3 -1.31 enzyme 
 myosin, heavy chain 6, cardiac muscle, alpha 
(cardiomyopathy, hypertrophic 1) 

535 P56399 1.27 -1.25 peptidase  ubiquitin specific peptidase 5 (isopeptidase T) 
723 Q8BUK6 -1.18 -1.19 other  hook homolog 3 (Drosophila) 
600 Q01853 -1.12 -1.13 enzyme  valosin-containing protein 

1355 IPI00113073 1.07 -1.12 enzyme  aldehyde dehydrogenase 1 family, member B1 
350 Q91VW5 -1.19 -1.11 other  golgi autoantigen, golgin subfamily a, 4 

1135 IPI00462482 -1.08 -1.09 other 
 UDP-N-acteylglucosamine pyrophosphorylase 
1-like 1 

1486 IPI00313296 -1.12 -1.09 other  ribonuclease/angiogenin inhibitor 1 
1592 IPI00138084 -1.08 -1.08 kinase  adenosine kinase 
462 Q01853 -1.06 -1.07 enzyme  valosin-containing protein 

1286 Q61553 1.09 1.14 other 
 fascin homolog 1, actin-bundling protein 
(Strongylocentrotus purpuratus) 

502 P08113 1.51 1.15 other 
 heat shock protein 90kDa beta (Grp94), 
member 1 

619 P23116 1.22 1.17
translation 
regulator 

 eukaryotic translation initiation factor 3, subunit 
A 

1614 Q07076 1.19 1.2
ion 
channel  annexin A7 

178 P46735 1.22 1.29 other  myosin IB 
871 IPI00406652 1.28 1.61 other  chromosome 14 open reading frame 50 

 

1 As for Table 1. 
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Table App.4.5. Canonical pathway analysis for differentially expressed proteins in T3D- 
and 8B-infected primary cardiac myocyte cultures 

 
Canonical Pathways Group  -Log(P-

value) 
Ratio Molecules 

Unique for T3D     
 Mechanisms of Viral Exit from 
Host Cells 

T3D 4.01E00 6.82E-02  ACTB, PDCD6IP, LMNB1

 Caveolar-mediated Endocytosis T3D 8.12E-01 1.22E-02  ACTB 
 VEGF Signaling T3D 7.45E-01 1.03E-02  ACTB 
 Virus Entry via Endocytic 
Pathways 

T3D 7.35E-01 1.04E-02  ACTB 

 Fcγ Receptor-mediated 
Phagocytosis in Macrophages and 
Monocytes 

T3D 7.13E-01 9.62E-03  ACTB 

 Clathrin-mediated Endocytosis T3D 5.25E-01 5.99E-03  ACTB 
 Leukocyte Extravasation 
Signaling 

T3D 4.73E-01 5.13E-03  ACTB 

 LPS/IL-1 Mediated Inhibition of 
RXR Function 

T3D 4.33E-01 4.88E-03  ALDH1B1 

 Xenobiotic Metabolism Signaling T3D 3.48E-01 3.52E-03  ALDH1B1 
 Cardiac Hypertrophy Signaling T3D 4.01E-01 4.29E-03  HSPB1 
For both T3D and 8B     

T3D 2.38E00 9.09E-03  MYH6, POLR3E, VCP, 
ADK (includes EG:132) 

 Purine Metabolism 

8B 1.22E00 9.09E-03  MYH6, ATP5B, VCP, 
ADK (includes EG:132) 

T3D 2.13E00 1.46E-02  TPM1, MYH6, TNNT2  Calcium Signaling 
8B 1.22E00 1.46E-02  MYH6, TPM4, PRKAR1A
T3D 2.1E00 1.62E-02  ACTB, DNAJB11, VCP  NRF2-mediated Oxidative Stress 

Response 8B 6.36E-01 1.08E-02  ERP29, VCP 
T3D 1.79E00 1.39E-02  ALDH1B1, PGM1  Glycolysis/Gluconeogenesis 
8B 6.63E00 4.86E-02  PDHA1 (includes 

EG:5160), ALDH1B1, 
ENO1,  
ENO3, DLD, PDHB 
(includes EG:5162), LDHB 

T3D 1.44E00 1.32E-02  MYH6, ACTB  Cellular Effects of Sildenafil 
(Viagra) 8B 2.36E00 2.65E-02  MYH6, PDIA3, PPP1CB, 

PRKAR1A 
T3D 1.38E00 1.27E-02  ALDH1B1, HSPB1  Aryl Hydrocarbon Receptor 

Signaling 8B 7.89E-01 1.27E-02  ALDH1B1, HSPB1 
T3D 1.35E00 1.22E-02  MYH6, ACTB  Tight Junction Signaling 
8B 7.7E-01 1.22E-02  MYH6, PRKAR1A 
T3D 1.29E00 1.49E-02  PSME1, USP5, SUGT1  Protein Ubiquitination Pathway 
8B 7.15E-01 1.49E-02  USP5, UBA1, HSPA5 
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T3D 1.27E00 1.16E-02  ALDH1B1  Ascorbate and Aldarate 
Metabolism 8B 9.41E-01 1.16E-02  ALDH1B1 

T3D 1.17E00 3.45E-02  IFIT3  Interferon Signaling 
8B 8.47E-01 3.45E-02  IFIT3 
T3D 1.16E00 1.1E-02  PGM1  Pentose Phosphate Pathway 
8B 8.34E-01 1.1E-02  PDHB (includes EG:5162) 
T3D 1.09E00 8.44E-03  MYH6, ACTB  Actin Cytoskeleton Signaling 
8B 1.05E00 1.27E-02  MYH6, PPP1CB, GSN 
T3D 1.03E00 8.62E-03  PGM1  Galactose Metabolism 
8B 7.1E-01 8.62E-03  PRKCSH 
T3D 1.01E00 8.33E-03  ALDH1B1  Histidine Metabolism 
8B 6.92E-01 8.33E-03  ALDH1B1 
T3D 9.83E-01 1E-02  ALDH1B1  Bile Acid Biosynthesis 
8B 6.66E-01 1E-02  ALDH1B1 
T3D 9.25E-01 1.02E-02  ALDH1B1  β-alanine Metabolism 
8B 1.5E00 2.04E-02  ALDH1B1, ECH1 
T3D 8.81E-01 1.54E-02  HSPB1  Death Receptor Signaling 
8B 5.72E-01 1.54E-02  HSPB1 
T3D 8.81E-01 7.69E-03  ALDH1B1  Propanoate Metabolism 
8B 2.43E00 2.31E-02  ALDH1B1, ECH1, LDHB 
T3D 8.75E-01 7.52E-03  ALDH1B1  Butanoate Metabolism 
8B 4.81E00 3.76E-02  SDHA (includes EG:6389), 

PDHA1 (includes 
EG:5160), ALDH1B1, 
ECH1, PDHB (includes 
EG:5162) 

T3D 8.55E-01 6.71E-03  ALDH1B1  Pyruvate Metabolism 
8B 6.03E00 4.03E-02  PDHA1 (includes 

EG:5160), ALDH1B1, 
DLD, MDH1, PDHB 
(includes EG:5162), LDHB 

T3D 8.3E-01 9.01E-03  ALDH1B1  Valine, Leucine and Isoleucine 
Degradation 8B 1.31E00 1.8E-02  ALDH1B1, ECH1 

T3D 8.12E-01 1.39E-02  ACTB  Agrin Interactions at 
Neuromuscular Junction 8B 5.09E-01 1.39E-02  LAMB1 

T3D 8.12E-01 5.46E-03  ALDH1B1  Arginine and Proline Metabolism 
8B 2.23E00 1.64E-02  ALDH1B1, P4HA1, P4HB 
T3D 7.64E-01 1.08E-02  ACTB  Regulation of Actin-based 

Motility by Rho 8B 1.19E00 2.15E-02  PPP1CB, GSN 
T3D 7.45E-01 5.05E-03  PGM1  Starch and Sucrose Metabolism 
8B 4.49E-01 5.05E-03  PRKCSH 
T3D 7.26E-01 6.41E-03  ALDH1B1  Glycerolipid Metabolism 
8B 4.33E-01 6.41E-03  ALDH1B1 
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T3D 7.13E-01 1.04E-02  HSPB1  IL-6 Signaling 
8B 1.09E00 2.08E-02  COL1A1, HSPB1 
T3D 7.05E-01 1.05E-02  HSPB1  p38 MAPK Signaling 
8B 4.14E-01 1.05E-02  HSPB1 
T3D 6.46E-01 8.77E-03  PDCD6IP  14-3-3-mediated Signaling 
8B 3.64E-01 8.77E-03  PDIA3 
T3D 5.87E-01 7.41E-03  MYH6  Hepatic Fibrosis / Hepatic Stellate 

Cell Activation 8B 8.52E-01 1.48E-02  COL1A1, MYH6 
T3D 5.76E-01 5.21E-03  ALDH1B1  Fatty Acid Metabolism 
8B 8.3E-01 1.04E-02  ALDH1B1, ECH1 
T3D 5.7E-01 3.92E-03  ALDH1B1  Tryptophan Metabolism 
8B 1.5E00 1.18E-02  ALDH1B1, ECH1, PLOD3
T3D 5.64E-01 4.31E-03  POLR3E  Pyrimidine Metabolism 
8B 2.96E-01 4.31E-03  APOBEC2 
T3D 5.56E-01 6.02E-03  PPA1  Oxidative Phosphorylation 
8B 3.13E00 3.01E-02  SDHA (includes EG:6389), 

NDUFS1, NDUFA10 
(includes EG:4705), 
ATP5B, UQCRC1 

T3D 5.53E-01 6.62E-03  ACTB  Germ Cell-Sertoli Cell Junction 
Signaling 8B 2.87E-01 6.62E-03  GSN 

T3D 5.48E-01 4.27E-03  ALDH1B1  Lysine Degradation 
8B 2.21E00 1.71E-02  ALDH1B1, PLOD2, 

ECH1, PLOD3 
T3D 5.3E-01 6.06E-03  FSCN1  Dendritic Cell Maturation 
8B 7.46E-01 1.21E-02  COL1A1, FSCN1 
T3D 4.67E-01 5.21E-03  HSPB1  ERK/MAPK Signaling 
8B 1.19E00 1.56E-02  PPP1CB, HSPB1, 

PRKAR1A 
T3D 4.44E-01 4.93E-03  ACTB  Integrin Signaling 
8B 2.02E-01 4.93E-03  PPP1CB 

Unique for 8B     
 Cardiac Hypertrophy Signaling 8B 1E00 1.29E-02  PDIA3, HSPB1, 

PRKAR1A 
 Glycerophospholipid Metabolism 8B 3.32E-01 5.15E-03  PDIA3 
 Glyoxylate and Dicarboxylate 
Metabolism 

8B 1.07E00 8.47E-03  MDH1 

 Glucocorticoid Receptor Signaling 8B 1.4E00 1.42E-02  HSPA4, HSPA1B, HSPA9, 
HSPA5 

 Lysine Biosynthesis 8B 1.29E00 1.52E-02  KARS 
 Arachidonic Acid Metabolism 8B 3.07E-01 4.42E-03  PLOD3 
 Synaptic Long Term Potentiation 8B 9.76E-01 1.74E-02  PPP1CB, PRKAR1A 
 Fatty Acid Elongation in 
Mitochondria 

8B 1.09E00 2.22E-02  ECH1 
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 Huntington's Disease Signaling 8B 4.03E00 2.97E-02  SDHA (includes EG:6389), 
HSPA4, DYNC1I2, 
HSPA1B, ATP5B, HSPA9, 
HSPA5 

 PPARα/RXRα Activation 8B 6.47E-01 1.08E-02  PDIA3, PRKAR1A 
 Hepatic Cholestasis 8B 2.98E-01 6.02E-03  PRKAR1A 
 Mitochondrial Dysfunction 8B 4.21E00 3.49E-02  SDHA (includes EG:6389), 

PDHA1 (includes 
EG:5160), NDUFS1, 
NDUFA10 (includes 
EG:4705), ATP5B, 
UQCRC1 

 PXR/RXR Activation 8B 5.2E-01 1.16E-02  PRKAR1A 
 TR/RXR Activation 8B 4.49E-01 1.06E-02  ENO1 
 Role of BRCA1 in DNA Damage 
Response 

8B 6.34E-01 1.89E-02  RFC1 

 RAR Activation 8B 2.44E-01 5.59E-03  PRKAR1A 
 α-Adrenergic Signaling 8B 4.21E-01 9.43E-03  PRKAR1A 
 CCR3 Signaling in Eosinophils 8B 3.55E-01 8.26E-03  PPP1CB 
 HIF1α Signaling 8B 4.06E-01 9.52E-03  LDHB 
 Melatonin Signaling 8B 1.26E00 2.56E-02  PDIA3, PRKAR1A 
 Neuropathic Pain Signaling In 
Dorsal Horn Neurons 

8B 1.03E00 1.92E-02  PDIA3, PRKAR1A 

 Endothelin-1 Signaling 8B 2.39E-01 5.35E-03  PDIA3 
 Relaxin Signaling 8B 3.17E-01 6.8E-03  PRKAR1A 
 Renin-Angiotensin Signaling 8B 3.7E-01 8.33E-03  PRKAR1A 
 Thrombin Signaling 8B 2.06E-01 4.93E-03  PDIA3 
 CDK5 Signaling 8B 1.95E00 3.19E-02  LAMB1, PPP1CB, 

PRKAR1A 
 Lipid Antigen Presentation by 
CD1 

8B 1.04E00 5E-02  PDIA3 

 Corticotropin Releasing Hormone 
Signaling 

8B 3.49E-01 7.35E-03  PRKAR1A 

 Role of CHK Proteins in Cell 
Cycle Checkpoint Control 

8B 7.96E-01 2.94E-02  RFC1 

 GNRH Signaling 8B 3.46E-01 7.52E-03  PRKAR1A 
 Melanocyte Development and 
Pigmentation Signaling 

8B 4.45E-01 1.12E-02  PRKAR1A 

 Androgen Signaling 8B 9.23E-01 1.41E-02  HSPA4, PRKAR1A 
 Aldosterone Signaling in 
Epithelial Cells 

8B 1.19E00 2.04E-02  PDIA3, HSPA5 

 CREB Signaling in Neurons 8B 6.7E-01 1.05E-02  PDIA3, PRKAR1A 
 Nucleotide Excision Repair 
Pathway 

8B 7.84E-01 2.86E-02  RAD23B 

 Nitric Oxide Signaling in the 
Cardiovascular System 

8B 4.99E-01 1.09E-02  PRKAR1A 
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 Cardiac β-adrenergic Signaling 8B 9.11E-01 1.45E-02  PPP1CB, PRKAR1A 
 Amyloid Processing 8B 6.34E-01 1.79E-02  PRKAR1A 
 Endoplasmic Reticulum Stress 
Pathway 

8B 1.04E00 5.56E-02  HSPA5 

 Insulin Receptor Signaling 8B 8.58E-01 1.45E-02  PPP1CB, PRKAR1A 
 Phototransduction Pathway 8B 6.26E-01 1.59E-02  PRKAR1A 
 Chemokine Signaling 8B 4.94E-01 1.3E-02  PPP1CB 
 Sonic Hedgehog Signaling 8B 8.62E-01 3.23E-02  PRKAR1A 
 IGF-1 Signaling 8B 4.29E-01 1.02E-02  PRKAR1A 
 Dopamine Receptor Signaling 8B 1.26E00 2.2E-02  PPP1CB, PRKAR1A 
 cAMP-mediated Signaling 8B 2.51E-01 6.1E-03  PRKAR1A 
 Hypoxia Signaling in the 
Cardiovascular System 

8B 5.47E-01 1.41E-02  P4HB 

 BMP signaling pathway 8B 4.89E-01 1.25E-02  PRKAR1A 
 Citrate Cycle 8B 3.43E00 5.08E-02  SDHA (includes EG:6389), 

DLD, MDH1 
 Methane Metabolism 8B 1.12E00 1.52E-02  PDIA6 
 Glycine, Serine and Threonine 
Metabolism 

8B 1.36E00 1.33E-02  PDIA3, DLD 

 Alanine and Aspartate Metabolism 8B 4.39E00 4.55E-02  PDHA1 (includes 
EG:5160), DLD, KARS, 
PDHB (includes EG:5162) 

 Valine, Leucine and Isoleucine 
Biosynthesis 

8B 3.02E00 4.55E-02  PDHA1 (includes 
EG:5160), PDHB (includes 
EG:5162) 

 Phenylalanine, Tyrosine and 
Tryptophan Biosynthesis 

8B 2.5E00 2.99E-02  ENO1, ENO3 

 Cysteine Metabolism 8B 7.01E-01 1.11E-02  LDHB 
 Ubiquinone Biosynthesis 8B 1.4E00 1.68E-02  NDUFS1, NDUFA10 

(includes EG:4705) 
 Phospholipid Degradation 8B 4.71E-01 9.35E-03  PDIA3 
 Inositol Phosphate Metabolism 8B 3.07E-01 5.68E-03  PDIA3 
 Pentose and Glucuronate 
Interconversions 

8B 6.57E-01 6.58E-03  PDIA6 

 Aminoacyl-tRNA Biosynthesis 8B 9.6E-01 1.2E-02  KARS 
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Table App.4.6. Network analysis comparing differentially expressed proteins from 
T3D- and 8B-infected primary cardiac myocyte cultures 1 

 
Network Analysis Molecules in Network Score Focus  

Molecules 
Top Functions 

 1  8B  ACSM3, ADK (includes EG:132), 
ALDH1B1, ASPM, beta-estradiol, Ck2, 
EIF3A, ENO1, EPO, FSH, GORASP2, 
HSPA4L, IFIT3, LCP1, LOC284230, 
MAMLD1, Mapk, MYC, NPM1 
(includes EG:18148), PDIA6, Pka, 
PLOD2, PLOD3, PLS3, PPP1CB, 
PRKAR1A, PRKCSH, RFC1, RNH1, 
RPL21 (includes EG:79449), SEPT11, 
TGFB1, TOP1, TRAF6, UBA1 

 49  22  Cell Cycle, Cancer, 
Drug Metabolism 

 1  T3D  ACTB, Actin, CALD1, Calmodulin, 
Caspase, Ck2, ERMN, ESPN, F Actin, 
Fascin, FSCN1, FSCN3, Hsp90, 
HSP90B1, HSPB1, IMMT, IPP, 
LMNB1, MAEA (includes EG:10296), 
MAP6, MYH6, MYH13, MYH16, 
MYH7B (includes EG:668940), 
MYO1B, Myosin, NLRP4A, NTP, 
PDCD6IP, PPA1, SUGT1, TNNT2, 
TPM1, Tropomyosin, VCP 

 35  15  Cardiovascular 
System 
Development 
 and Function, 
Skeletal and 
Muscular System 
Development and 
Function, Tissue 
Development 

 2  8B  Actin, ATP5B, ATPase, CALD1, 
Calmodulin, CAP2, Caspase, COL1A1, 
Collagen(s), ERK, F Actin, Fascin, 
FSCN1, GSN, GSPT1, Hsp70, Hsp90, 
HSP90B1, HSPA4, HSPA5, HSPA9, 
HSPA1B, HSPB1, LAMB1, MHC Class 
I (complex), MYH6, MYO1B, P4HA1, 
P4HB, PDIA3, PDIA4, TPM4, 
Tropomyosin, Ubiquitin, VCP 

 48  22  Cellular Function 
and Maintenance, 
Amino Acid 
 Metabolism, Post-
Translational 
Modification 

 2  T3D  ACSM3, ASPM, beta-estradiol, BUD31 
(includes EG:8896),  C11ORF10, 
C18ORF55, C9ORF5, CCDC49, 
CDC123, CHCHD8, CPA2, CXXC1, 
DSCR3, EEF1D, EIF3A, GINS3, 
GOLGA4, HNF4A, HOOK3, IFIT3, 
IFT122, IL10, KDELR3, PCDH21, 
PGM1, PIBF1, POLR3E, RNH1, 
SLC35A1, SLC35A5, TGFB1, TTC22, 
USP5, USP30, USP36 

 32  14  Cell-mediated 
Immune Response, 
Immunological  
Disease, Drug 
Metabolism 
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 3  8B  AMT (includes EG:275), C18ORF55, 
CXXC1, DLD, GFM1,  GLG1, 
GOLGA4, HNF4A, HOOK3, IL12 
(complex), KARS, LYRM4, MDH1, 
NDUFA3, NDUFA4, NDUFA5, 
NDUFA7, NDUFB1, NDUFB3, 
NDUFB5, NDUFS1, NDUFV1, PAN2 
(includes EG:9924), PDHA2, PDHA1 
(includes EG:29554), PDHA1 (includes 
EG:5160), PDHB (includes EG:5162), 
PDHX, RAD23B, TDO2, USP5, USP30, 
USP36, USP46, UTP11L (includes 
EG:51118) 

 32  16  Lipid Metabolism, 
Small Molecule 
Biochemistry, 
 Nucleic Acid 
Metabolism 

 3  T3D  ADK (includes EG:132), ALDH18A1, 
ALDH1A3, ALDH1B1,  ANXA7, 
BAG5, Ca2+, CASP14, CCL6, 
CIAPIN1, CIDEC, DLEU1, DNAJB6, 
DNAJB11, DNAJC13, DNASE1L3, 
FBN2 (includes EG:689008), GM2A, 
GORASP2, HCG 2015956, HIVEP2, 
HNRNPA0, Hsp70, KITLG, LTB4R2, 
MYC, MYO9B, NPM3, NPM1 (includes 
EG:18148), NQO2, PRL2C3, PSME1, 
TNF, TPP2, UBR2 

 14  7  Gene Expression, 
Cellular Assembly 
and  
Organization, Drug 
Metabolism 

 4  8B  ACOT2, ANXA7, APOBEC2, 
C11ORF82, CREB1, DCTN2,  
DYNC1I2, ECH1, EGFR, ENO3, 
ERP29, Hap1-Hd, HTT, IFI203, JPH2, 
KBTBD10, LASP1, LDHAL6A, LDHB, 
NDUFA10 (includes EG:4705), 
NDUFA9 (includes EG:362440), PDGF 
BB, PDRG1, PLD3, polyglutamic acid, 
PRRX2, SCAMP3, SDH, SDHA 
(includes EG:6389), SFXN3, SLC2A4, 
STRN, TNF, TP53, UQCRC1 

 26  14  Neurological 
Disease, Cell 
Death, 
 Hematological 
Disease 

 
1 Bold indicates proteins identified from SwissProt database searching using data from MALDI-TOF-TOF in the 

experiment. 
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Figure App.4.1. IPA symbols. Copied from Ingenuity Systems IPA 7 Feature Manual,  
Updated 11/2008; Copyright © Ingenuity Systems 2000 - 2009 All Rights Reserved. 
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Figure App.4.2. Network of differentially expressed proteins involved in cell cycle, 
cancer, and drug metabolism in 8B-infected primary cardiac myocyte cultures. Shaded 
proteins indicate the ones identified as differentially expressed in 2D-DIGE and MALDI-
TOF-TOF.  
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Figure App.4.3. Network of differentially expressed proteins involved in cardiovascular 
system development and function, skeletal and muscular system development and 
function, and tissue development in T3D-infected primary cardiac myocyte cultures. 
Legend is as for Figure 1. 
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Figure App.4.4. Network of differentially expressed proteins involved in cellular 
function and maintenance, amino acid metabolism, and post-translational modification 
in 8B-infected primary cardiac myocyte cultures. Legend is as for Figure 1. 
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Figure App.4.5. Network of differentially expressed proteins involved in cell-mediated 
immune responses, immunological disease, and drug metabolism in T3D-infected 
primary cardiac myocyte cultures. Legend is as for Figure 1. 
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Figure App.4.6. Network of differentially expressed proteins involved in lipid 
metabolism, small molecule biochemistry, and nucleic acid metabolism in 8B-infected 
primary cardiac myocyte cultures. Legend is as for Figure 1. 
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Figure App.4.7. Network of differentially expressed proteins involved in gene 
expression, cellular assembly and organization, and drug metabolism in T3D-infected 
primary cardiac myocyte cultures. Legend is as for Figure 1. 
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Figure App.4.8. Network of differentially expressed proteins involved in neurological 
disease, cell death, and hematological disease in 8B-infected primary cardiac myocyte 
cultures. Legend is as for Figure 1. 
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Table App.4.7. Differentially expressed proteins with putative PTMs 
 

Spot # ProMW ProPI AccessNum ProName 
1526, 2121 30926 11.4 SFR5_MOUSE (O35326) Splicing factor; arginine/serine-rich 5 
1219, 1234 57108 4.79 PDI_MOUSE (P09103) Protein disulfide isomerase precursor  
199, 200, 210 137859 5.84 CA11_MOUSE (P11087) Collagen alpha 1(I) chain precursor 
759, 765, 766, 772, 
806, 875 79910 5.66 VM3_REOVD (P12419) Major nonstructural protein mu-NS 
2114, 2124 36323 6.16 MDHC_MOUSE (P14152) Malate dehydrogenase; cytoplasmic  
2550, 2552, 2558 23000 6.12 HS27_MOUSE (P14602) Heat shock 27 kDa protein (HSP 27) 
1514, 1515 46980 6.36 ENOA_MOUSE (P17182) Alpha enolase (EC 4.2.1.11) 
193, 619, 901, 2068 161852 6.38 IF3A_MOUSE (P23116) Eukaryotic translation initiation factor 3 
1144, 1153, 1166 56586 5.98 PDA3_MOUSE (P27773) Protein disulfide isomerase A3 precursor
1118, 1411 64193 10.3 RT03_MAIZE (P27928) Mitochondrial ribosomal protein S3 
139, 1854, 1966 125907 9.38 RFC1_MOUSE (P35601) Activator 1 140 kDa subunit  
1396, 1405 56502 7.53 DHAM_MOUSE (P47738) Aldehyde dehydrogenase; mitochondrial 
535, 581 95772 4.89 UBP5_MOUSE (P56399) Ubiquitin carboxyl-terminal hydrolase 5 
2448, 2470 28805 5.9 ER29_MOUSE (P57759) Endoplasmic reticulum protein ERp29 

462, 521, 600, 624 89252 5.14 TERA_MOUSE 
(Q01853) Transitional endoplasmic reticulum 
ATPase 

743, 761 80660 9.76 XE7_HUMAN (Q02040) B-lymphocyte antigen precursor 
441, 444, 497 117734 5.43 UBA1_MOUSE (Q02053) Ubiquitin-activating enzyme E1 1 

337, 341, 342, 344 223427 5.57 MYH6_MOUSE
(Q02566) Myosin heavy chain; cardiac muscle 
alpha 

1082, 1092 60872 5.62 P4H1_MOUSE (Q60715) Prolyl 4-hydroxylase alpha-1 subunit 

952, 973 70105 5.2 PLSL_MOUSE 
(Q61233) L-plastin (Lymphocyte cytosolic protein 
1) 

606, 618, 870, 1359, 
1416 133646 6.45 GLG1_MOUSE (Q61543) Golgi apparatus protein 1 precursor 
1280, 1286 54240 6.21 FSC1_MOUSE (Q61553) Fascin (Singed-like protein) 
1968, 1974 32540 4.62 NPM_MOUSE (Q61937) Nucleophosmin (NPM) (Nucleolar 

787, 809, 1654 115891 5.69 SCP1_MOUSE 
(Q62209) Synaptonemal complex protein 1 (SCP-
1) 

1563, 1564 47192 5.51 IFT3_MOUSE (Q64345) Interferon-induced protein with 
609, 719 83497 6.48 EFG1_MOUSE (Q8K0D5) Elongation factor G 1; mitochondrial 
325, 1748, 1856 37000 9.86 XERC_SYNP7 (Q8KUV2) Tyrosine recombinase xerC 
605, 677 84473 6.34 PLO2_MOUSE (Q9R0B9) Procollagen-lysine;2-oxoglutarate 
185, 515, 530, 585, 
804, 871, 1773, 2103, 
2130 13633 11 RS13_RALSO (Q8XV35) 30S ribosomal protein S13 
67, 166, 350, 433, 
735, 1864, 1892 257406 5.3 GOA4_MOUSE (Q91VW5) Golgi autoantigen; golgin subfamily A
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APPENDIX 5 

 

Over-Expression of Hsp27D and Hsp25 by Transfection of Primary Cardiac Fibroblast 

Cultures 

 

INTRODUCTION 

 

Western blot analysis and indirect immunofluorescent microscopy demonstrated 

that mouse cardiac fibroblasts do not express detectable Hsp25 (Chapter 3). Therefore we 

wished to over-express Hsp25 in this cell type to determine whether Hsp25 expresses anti-

viral effects against reovirus infection. 

Dr. Wolfgang Dillmann at the University of California, San Diego generated 

constructs to over-express  wild type Hsp27, and also mutated Hsp27 (Hsp27A, with an 

alanine instead of serine at amino acids 15, 78 and 82 and therefore providing HSP27 that 

cannot be phosphorylated; and Hsp27D, with an aspartic acid at those same locations, and 

therefore providing a “phosphomimetic” form of HSP27) (1). While we use mouse cells in 

our studies and Hsp27 is the human form, their studies and others have shown that over-

expressed Hsp27 functions in mouse cardiac cells. They kindly provided their wild type and 

mutated Hsp27 plasmids for us to use in our experiments. However, DNA sequencing 

demonstrated that all 3 plasmids for Hsp27 were the same, and were all Hsp27D. Therefore, 

experiments were carried out using only the phosphomimetic Hsp27 (Hsp27D; subcloned 

into pCAGGs). Mouse Hsp25 was cloned into the pCAGGs for over-expression as well.  



 266

MATERIALS AND METHODS 

 

Hsp27D over-expression. Briefly, Hsp27D was PCR-amplified from Dr. 

Dillmann’s plasmid pSRHSP27D using primers that included restriction digestion sites and a 

Kozak site. The forward primer was #776: 5’-

CTCGAGGCCACCATGACCGAGCGCCGCGTC-3’ and the reverse was #777: 5’- 

CCCGGGTTACTTGGCGGCAGTCTCATCG-3’. High fidelity Phusion DNA polymerase 

and a gradient PCR with Tm of 70, 73, and 76ºC in Dr. Matthew Breen’s lab were used. The 

amplified Hsp27D sequence was subcloned into the pCAGGs vector (sequence shown in 

Figure App.5.1). Cardiac fibroblasts were transfected as described in Appendix I, resulting in 

approximately 50% of cells transfected. Plaque assays were as described in Chapter 2.  

Hsp25 over-expression. Full length cDNA of Hsp25 was amplified using gradient 

PCR from cDNA reverse transcribed from untreated mouse cardiac myocyte total cell RNA. 

PCR conditions were the same as those used for amplifying Hsp27D. Primers for Hsp25, 

Hsp25A (to change amino acids 15 and 86 from serine to alanine) and Hsp25D (to change 

amino acids 15 and 86 from serine to aspartic acid), are listed in Table App.5.1. 

QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, Catlog # 200518) 

was used to generate mutations.  Unfortunately, no colonies were isolated with the desired 

mutations, and therefore these constructs were not pursued further.  Cardiac fibroblasts were 

transfected and analyzed as for Hsp27D. 

Detection of reovirus replication by Western blot. Primary cardiac fibroblasts 

from Cr:NIH(S) and IFN-α/β-receptor-null (ABRKO) mice were transfected with either 
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Hsp27D or Hsp25 using an Amaxa kit (detailed description provided  in Appendix I). Forty-

eight hours post transfection, cells were infected with T3D or 8B at an moi of 3 pfu per cell. 

Whole cell lysates were harvested using TNE buffer (50 mM Tris HCl pH 7.6, 150 mM NaCl, 

2 mM EDTA pH 8.0, 1% (v/v) NP-40 containing a cocktail of protease and phosphatase 

inhibitors) at 16 and 24 hours post-infection. Rabbit anti-reovirus polyclonal antisera (Sherry 

laboratory preparation) was used to probe for T3D and 8B viral proteins at a 1:5000 dilution. 

Hsp25 and Hsp27 polyclonal antibodies from assay designs (catalog # SPA-801 and # SPA-

803, respectively) were applied at 1:1000 dilution to detect over-expressed Hsp25 and 

Hsp27D.  

 

RESULTS 

 

Transfected Hsp25 and Hsp27D do not inhibit virus replication in cardiac 

fibroblast cultures. Transfected Hsp27D did not inhibit reovirus replication in cardiac 

fibroblasts from either wild type or IFN-α/β receptor null mice (Figure App.5.2). Western 

Blot results were consistent with plaque assay results, in that neither over-expressed Hsp25 

nor Hsp27D repressed viral protein expression. Of interest, viral protein expression in both of 

pCAGGs empty vector-tansfected or Hsp25/Hsp27D-transfected samples was much lower 

than that in mock-transfected samples (Figure App.5.3). 
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DISCUSSION 

 

Transfected Hsp25 and Hsp27D did not inhibit reovirus replication. Several reasons 

may be responsible for this. First, the transfection rate for primary cardiac fibroblast cultures 

using the Amaxa kit is not high enough to transfect most of cells. Our flow cytometry results 

indicated that only about 50% of cells were transfected using a GFP-expressing plasmid. 

Therefore, even if Hsp25/Hsp27D inhibited reovirus replication two-fold, that would only 

decrease replication 25% in the cultures, and that would be difficult to detect by Western 

Blot or plaque assay. Second, cardiac fibroblasts do not express Hsp25, so they may not 

express the necessary proteins that coordinate with Hsp25 for Hsp25 to play its normal 

biological role.  Finally, we found that the Amaxa transfection process sometimes induced 

antiviral genes in both cardiac myocytes and fibroblasts even when empty vector was used 

(Appendix I).  Western Blot results here showed that virus replicated less in pCAGGs-

transfected than in mock-transfected cardiac fibroblasts, suggesting that the transfection 

process may have induced antiviral effects here as well.  This makes it difficult to interpret 

Hsp25/27D transfection results. 

 



 269

REFERENCES 
 
 

1. Hollander, J. M., J. L. Martin, D. D. Belke, B. T. Scott, E. Swanson, V. 
Krishnamoorthy, and W. H. Dillmann. 2004. Overexpression of wild-type heat 
shock protein 27 and a nonphosphorylatable heat shock protein 27 mutant protects 
against ischemia/reperfusion injury in a transgenic mouse model. Circulation 
110:3544-52. 

 



 270

…………………………………………………………………………………………… 
TGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTTaTTGTGCTGT
CTCATCATTTTGGCAAAGAATTCctcgagGCCACCATGACCGAGCGCCGCGTCCCCTTCTCGCTCCTGC
GGGGCCCCGACTGGGACCCCTTCCGCGACTGGTACCCGCATAGCCGCCTCTTCGACCAGGCCTTCG
GGCTGCCCCGGCTGCCGGAGGAGTGGTCGCAGTGGTTAGGCGGCAGCAGCTGGCCAGGCTACGTG
CGCCCCCTGCCCCCCGCCGCCATCGAGAGCCCCGCAGTGGCCGCGCCCGCCTACAGCCGCGCGCTC
GACCGGCAACTCGACAGCGGGGTCTCGGAGATCCGGCACACTGCGGACCGCTGGCGCGTGTCCCTG
GATGTCAACCACTTCGCCCCGGACGAGCTGACGGTCAAGACCAAGGATGGCGTGGTGGAGATCACC
GGCAAGCACGAGGAGCGGCAGGACGAGCATGGCTACATCTCCCGGTGCTTCACGCGGAAATACACG
CTGCCCCCCGGTGTGGACCCCACCCAAGTTTCCTCCTCCCTGTCCCCTGAGGGCACACTGACCGTGG
AGGCCCCCATGCCCAAGCTAGCCACGCAGTCCAACGAGATCACCATCCCAGTCACCTTCGAGTCGCG
GGCCCAGCTTGGGGGCCCAGAAGCTGCAAAATCCGATGAGACTGCCGCCAAGTAAcccgggcaccaccacca
ccaccactgagatatctgagctcaaTTCACTCCTCAGGTGCAGGCTGCCTATCAGAAGGTGGTGGCTGGTGTGGC
CAATGCCCTGGCTCACAAATACCACTGAGATCGATCTTTTTCCCTCTGCCAAAAATTATGGGGACA
TCATGAAGCCC………………………………………… 
 
 
Figure App.5.1. Full length cDNA sequence of Hsp27D with part of pCAGGs sequence. 
Bold italic capital letters indicate cDNA sequence for Hsp27D, shaded letters indicate 
mutated bases, underlined lower case letters indicate restriction enzyme sites, and underlined 
capital letters indicate the Kozak site. 
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Table App.5.1. Primers for amplifying wild type and mutated Hsp25 1 
 

Gene name Primers Sequences 
Forward 
(#789) 

5’-CTCGAGGCCACCATGACCGAGCGCCGCGTG-3’ Hsp25 

Reverse 
(#790) 

5’-CCCGGGCTACTTGGCTCCAGACTGTTCAGAC-3’ 

Forward 
(#813) 

5’-CTGCGGAGCCCGGACTGGGAACCATTC-3’ HSP25D(Ser15) 

Reverse 
(#814) 

5’-GAATGGTTCCCAGTCCGGGCTCCGCAG-3’ 

Forward 
(#815) 

5’-CTGCGGAGCCCGGCCTGGGAACCATTC-3’ HSP25A(Ser15) 

Reverse 
(#816) 

5’-GAATGGTTCCCAGGCCGGGCTCCGCAG-3’ 

Forward 
(#817) 

5’-TCAACCGACAGCTCGACAGCGGGGTCTCGGA-3’ HSP25D(Ser86) 

Reverse 
(#818) 

5’-TCCGAGACCCCGCTGTCGAGCTGTCGGTTGA-3’ 

Forward 
(#819) 

5’-TCAACCGACAGCTCGCCAGCGGGGTCTCGGA-3’ HSP25A(Ser86) 

Reverse 
(#820) 

5’-TCCGAGACCCCGCTGGCGAGCTGTCGGTTGA-3’ 

 
1 Bold indicates the mutated nucleotides. 
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Figure App.5.2.  Transfected Hsp27D / Hsp25 does not affect reovirus replication.  
Triplicate wells of primary cardiac fibroblast cultures were transfected with the indicated 
plasmid, and were infected with the indicated virus 24 hours later.  A) Infections in cells 
generated from wild type or IFN-α/β-receptor-null (ABRKO) mice at an moi of 10 pfu per 
cell, harvested at 52 hours post-infection.  B) Infections in cells generated from wild type 
mice at an moi of 3 pfu per cell, harvested at the indicated time post-infection.  Bars 
represent the average ± standard deviation. 
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Figure App.5.3. Effects of transfected Hsp25 / Hsp27D on reovirus protein expression in 
wild type and ABRKO primary cardiac fibroblast cultures 
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SUMMARY 

 

Since myocarditis is so common in humans, and viruses are such important pathogens 

causing myocarditis, it is critical to elucidate the mechanisms for the host immune system’s 

antiviral effects in defense against virus infection. Type I IFN (IFN-α/β) plays an essential 

role in innate immunity. Reovirus induction of and sensitivity to IFN-β has been 

demonstrated to determine myocarditis in vivo in a mouse model and in vitro in primary 

murine cardiac myocyte and cardiac fibroblast cultures. However, the antiviral effects of 

IFN-α, which uses the same receptor as IFN-β, and in particular the antiviral roles of 

individual IFN-α subtypes, have not been clearly investigated yet. The major reason for this 

is the high homology among IFN-α subtypes, which makes distinguishing between IFN-α 

subtypes very difficult. Here we developed a 3’-base mismatch method to design primers for 

Real-Time PCR to quantify reovirus T3D induction of 14 individual IFN-α subtypes in 

primary murine cardiac myocyte and cardiac fibroblast cultures. Primers were demonstrated 

to amplify individual IFN-α subtypes with extreme specificity, and IFN-α1, -α2, -α4, -α5 and 

–α8/6 were induced significantly by T3D infection in both cell types.  Comparison of IFN-α 

subtype induction between cardiac myocytes and cardiac fibroblasts revealed that reovirus 

induction of IFN-α is both subtype- and cell type-specific. The levels of IFN-α expression 

were both higher and spanned a greater range in cardiac myocytes than in fibroblasts. Viral 

induction of IFN-α1, -α2, -α5, and -α8/6 required IFN-α/β signaling in both cell types, 

while induction of IFN-β and -α4 was more dependent on IFN signaling in myocytes than 

fibroblasts. Since IFN expresses its antiviral effects through induction of IFN stimulated 
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genes (ISGs), IFN-α induction of ISG56, a well-characterized antiviral protein, and IRF7, an 

IFN-induced transcription regulator was determined by treating cardiac myocytes and cardiac 

fibroblasts with purified murine IFN-α1, -α2, -α4, or -α5 from PBL.  This was a fortunate 

collaboration, because these preparations are not yet commercially available. Results 

identified that treatment with the IFN-α subtypes induced IRF7 and ISG56 in both cardiac 

cell types, however induction was always greater in cardiac fibroblasts than in cardiac 

myocytes consistent with our previous reports for IFN-β. Finally, the antiviral effects of each 

IFN-α subtype was determined. Results showed that all of the IFN-α subtypes tested 

exhibited antiviral effects and inhibited reovirus T3D replication in both cell types. The IFN-

α antiviral effects were subtype-specific, and suggested that IFN-α4 and –α5 were stronger 

than IFN-α1 and –α2. This first investigation of viral induction of IFN-α in cardiac cells for 

any virus demonstrates that IFN-α is induced in cardiac cells, that it is both subtype- and cell 

type-specific, and that it is likely important in the antiviral cardiac response.  In the future, it 

would be of interest to investigate several areas.  First, why does reovirus infection of cardiac 

cells induce only certain IFN-α subtypes?  While transcription factors regulating expression 

of some IFN-α subtypes have been identified, it is not clear whether their roles are cell type-

specific.  For example, IRF-3 is required for viral induction of IFN-β in early passage MEFs 

but not late passage MEFs, because late passage MEFs express high basal levels of IRF-7 (3).  

It is also not clear whether reovirus would activate those transcription factors equally well in 

different cell types. Second, are these IFN-α subtypes antiviral against other myocarditic 

viruses in cardiac cells? The different Type I IFNs bind the same receptor but stimulate 



 276

different responses (4).  Viruses subvert IFN signaling by different mechanisms (5), so it is 

possible this repression would be both IFN-α subtype- and virus-specific.  Finally, do 

individual IFN-α subtypes play an antiviral role in vivo? While there have been two studies 

where different IFN-α subtypes were injected into mice to determine their effects protecting 

against myocarditis, those studies used viruses that induced immune-mediated pathology (2, 

8), so it is not clear how IFN-α subtypes would affect direct virus-induced cardiac pathology.  

Mice could be injected as in those studies and tested for reovirus, or mice could be deleted 

for individual IFN-α genes. However, it would probably be difficult to detect the effect of 

deleting single IFN-α genes while all other Type I IFN genes were intact.    

In addition, a proteomics tool, 2D-DIGE, coupled with MALDI-TOF-TOF, was 

applied to identify novel antiviral proteins and post-translational modifications in reovirus-

infected primary murine cardiac myocyte cultures. First, a time course study using T3D only, 

which was chosen for its ability to induce IFN well, was carried out to determine a good time 

point for the subsequent virus panel experiment. Results demonstrated that 12 hours post-

infection would likely identify differentially expressed proteins occurring at both early (8 

hour) and late (18 hour) times post-infection. The next experiment was designed to compare 

proteome changes induced by reoviruses with different potentials for causing myocarditis 

and inducing IFN-β. A small panel of viruses, which included T3D, 8B, DB93A and T1L, 

provided both typical cases (T3D inducing IFN well and being non-myocarditic) and atypical 

cases (DB93A inducing IFN poorly but still being non-myocarditic). One hundred and 

twenty-four differentially expressed proteins were identified, and their expression patterns 

correlated with virus infection, the potential to induce IFN-β or the potential to cause 
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myocarditis. Most of the identified proteins were unique for T3D or 8B or for both T3D and 

8B. So the subsequent IPA pathway analysis excluded DB93A and T1L and compared T3D 

and 8B only. IPA analysis revealed that 8B affected more molecules with various biological 

functions and diverse pathways than T3D, which may be correlated with its potent 

myocarditic phenotype. Moreover, PTM analysis identified that modification of a small heat 

shock protein, Hsp25, is virus strain-specific. While all four reoviruses up-regulated Hsp25 

diphosphorylation through a p38-MAPK-dependent and IFN-independent pathway, 8B 

infection decreased total Hsp25 protein. This is the first evidence that a virus can modulate 

Hsp25 by decreasing its abundance. Our preliminary data showed that inhibition of Hsp25 

phosphorylation by a p38-MAPK inhibitor increased cytopathic effect (CPE) induced by 

T3D in IFN-α/β-null cardiac myocyte cultures and induced by 8B in wild type cultures. 

However, transfection of a phosphorylation mimic mutated Hsp27 (Hsp27D) and wild type 

Hsp25 into cardiac fibroblasts did not decrease CPE or viral replication, may be due to the 

inefficiency of the Amaxa transfection method. Therefore, further investigations of the 

potential antiviral functions of Hsp25 and its phosphorylated form in the heart need a better 

approach, such as using Hsp25 transgenic mice. If over-expressed Hsp25 is antiviral, what is 

the mechanism?  Many mechanisms have been proposed for Hsp25 cardioprotective and anti-

apoptotic functions; are they also involved in antiviral effects? Another interesting direction 

is to study how the potently myocarditic reovirus 8B can decrease total Hsp25. Is it by 

degrading Hsp25 protein or mRNA, or by affecting synthesis by some post-transcriptional 

mechanism? And which reovirus gene(s) is responsible for this effect? Finally, is Hsp25 

antiviral for other viruses, does it use similar mechanisms, and do those viruses subvert 
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Hsp25 function?  There are many questions, because an antiviral role for Hsp25 is a new 

field.  

Results here demonstrate that reovirus infection can induce IFN-α secretion and 

phosphorylation of Hsp25. Could there be underyling mechanistic links between these two 

processes? It has been reported that IFN-β treatment can moderately up-regulate 

phosphorylation of Hsp27 in primary astrocyte cultures from human fetal brain (6). In 

addition, IFN-α was found to increase Hsp27 expression and activate p38-MAPK 

phosphorylation in human oropharyngeal epidermoid carcinoma KB cells (1). Although 

those studies emphasized the capacity of IFN-α to induce apoptosis, and Hsp27 was merely 

one representative factor indicative of a stress response, the results indicate that IFN-α can 

modulate Hsp27. In our studies, reovirus infection induced IFN-α in primary cardiac 

myocyte and cardiac fibroblast cultures, and IFN-α played an antiviral role against reovirus 

infection. We hypothesize that Hsp25 is also antiviral since the potently myocarditic reovirus 

8B degrades Hsp25, Hsp25 degradation has never been observed as a general stress response, 

and viruses often degrade cell proteins involved in the innate antiviral response. One possible 

consequence of viral infection could be that secreted IFN-α/β, in addition to inducing 

synthesis of well-characterized antiviral effector proteins, also up-regulates synthesis of 

Hsp25 and activates p38-MAPK to phosphorylate pre-existing and new Hsp25.  In this way, 

IFN-α/β and Hsp25 could synergize for antiviral effects. Our studies demonstrated that 

reovirus stimulates Hsp25 phosphorylation in cardiac myocytes, and that it is p38-MAPK-

dependent. While our studies demonstrated that reovirus stimulates Hsp25 phosphorylation 

in cardiac myocytes even in the absence of IFN-α/β function, i.e. phosphorylation can occur 
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independent of IFN, they did not address the converse question, i.e. can reovirus-induced 

IFN-α/β stimulate Hsp25 phosphorylation? Therefore, synergy between reovirus induction of 

IFN-α/β and IFN-α/β activation of p38-MAPK remains a possibility in cardiac myocytes.  In 

our studies, despite reovirus induction of IFN-α/β expression, reovirus failed to up-regulate 

Hsp25 mRNA or protein accumulation in cardiac myocytes.  This suggests that IFN-α/β does 

not up-regulate Hsp25 expression in cardiac myocytes.  However since previous studies in 

human oropharyngeal epidermoid carcinoma KB cells measured only Hsp27 protein (1), it 

remains possible that IFN-α effects there were post-transcriptional, and that reovirus also 

induces Hsp25 protein expression post-transcriptionally in cardiac myocytes, but that 

reovirus simultaneously induces its degradation for a net neutral effect. This can be 

investigated by measuring effects of IFN-α/β treatment of cardiac myocytes on Hsp25 

protein expression.   

Protein distribution across tissues and localization within cells has evolved for 

optimal biological function. In mice, Hsp25 mRNA is expressed at high levels in most tissues 

that have contact with the external environment, including the esophagus, skin, eye, stomach, 

lung and urinary bladder, and at moderate levels in the heart, skeletal muscle, testis, uterus, 

and large intestine (7). This distribution of Hsp25 is consistent with a protective role in innate 

immunity. However, since Hsp25 remains localized inside cells, it can provide only 

“autocrine” protective function, i.e. protecting only the infected cell. Of course, if it prevents 

synthesis or release of virus release from that cell, it also provides indirect protection to the 

entire tissue. In contrast, IFN-α and IFN-β are secreted cytokines which bind other cells to 

up-regulate hundreds of antiviral ISGs, and therefore their main protective function is 
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“paracrine”. It is possible that the IFNs and Hsp25 have evolved as complementary strengths 

in the innate immune response to viral infection. 
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