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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 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-assisted laser desorption /
ionization – time-of-flight (MALDI-TOF/TOF) tandem mass spectrometry. Results were
quantitative and reproducible, and demonstrated that whole proteome changes clustered according
to viral pathogenic phenotype. Moreover, the data 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 1–3. While
most cases are asymptomatic, myocarditis is frequently fatal in infants, and adult infections
can progress to dilated cardiomyopathy requiring heart transplantation 2, 4. Moreover, greater
than 50% of sudden deaths in young adults are due to cardiac causes with greater than 10% of
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those due to myocarditis 5, 6. While immune-mediated pathology can occur,
immunosuppressive therapy is not beneficial 7, 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 8, 9. However,
coxsackieviruses induce both direct and immune-mediated pathology in mice 10, and
adenovirus-induced myocarditis remains poorly studied in an animal model 11. In contrast,
reovirus-induced myocarditis in neonatal mice involves only direct viral CPE reflecting virus-
induced apoptosis or non-apoptotic cell death, providing a well-characterized model system
for study 12–17.

Virus-induced pathology is particularly problematic in the heart because only 1% of cardiac
myocytes are renewed in the average human lifetime 18. 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 immune cells can react.
Indeed, the cytokine IFN-β is a determinant of protection against reovirus-induced murine
myocarditis 19. 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 19. 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 20–22.
Two-dimensional difference gel electrophoresis (2D-DIGE) 23 is a powerful tool that builds
on traditional 2D polyacrylamide gel electrophoresis, which provided one of the earliest
methods to separate closely-related proteins 24, 25. 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 26–31. The two major strengths of 2D polyacrylamide gel electrophoresis 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 quantitation 32, 33.
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 34. Once gel spots are selected, they are proteolytically digested and analyzed by tandem
mass spectrometry (MS/MS) for protein identification, from a preparative-scale gel 35.

The work reported here demonstrates 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
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Hsp25 is modulated differentially by myocarditic and non-myocarditic reoviruses and may
play a role in the cardiac antiviral response.

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 36 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 13. 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 (completed DMEM;
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 supplemented with 0.06% thymidine (Sigma Co., St.
Louis, MO), cardiac fibroblasts were suspended in cDMEM, and both cultures were incubated
in a 37°C, 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 37.

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, Atlanta, GA) and
2mM L-glutamine (Mediatech Inc., Herndon, VA). Reovirus 8B is a reassortant virus derived
from a mouse infected with T3D and T1L (BJS-17). DB93A was derived from mouse L929
cells infected with 8B and a reassortant virus (EB121) derived from T3D and T1L 17. All
viruses were purified by CsCl gradient centrifugation 38.

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 × 105 cells per well in 96-well clusters. Triplicate
wells were treated with 50 µM p38 MAPK inhibitor 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.
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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 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 16 samples such that no two infections
were ever directly compared more than once. First dimension isoelectric focusing was
performed using an Ettan IPGphor II (GE Healthcare) for a total focusing time of 64.5kVHrs.
at 20°C and 75µA / strip max (using Ettan IPGphor II Control Software). 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 1× 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 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 the digitalized
images from the scanner 32, 33. 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.
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Preparative Gel Electrophoresis/ Protein Identification
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), scanned on the Typhoon Trio, 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, 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 Applied Biosystems 4700 Proteomics
Analyzer MALDI-TOF/TOF, running version 3.0 software. Data-dependent MS/MS analysis
was performed on the top 10 peaks from each MS spectrum. Peaklists for MS/MS database
searching were generated using the “Peaks to Mascot” application included with the 4700
database search software. The data were searched using Mascot (v1.9.05) against the Swiss-
Prot database (version 200403115, 146193 entries) using trypsin as the enzyme with three
missed cleavage sites considered. Carbamidomethylation of cystienes and oxidation of
methionine were considered as fixed modifications and precursor/product ion mass tolerances
were set at ± 0.5 Da. Proteins identified with two or more unique individual peptide scores
above the 95% confidence level cut-off were accepted as positive identifications. 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 1× 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 × g for 10 minutes at 4°C to remove cellular debris.
For the data shown in Figure 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
1× Laemmli sample buffer 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, Catalog
# AP132P), and then washed for 10 minutes three times in TBS-T. Antibody-labeled proteins
were detected according to manufacturer’s recommendations (Amersham™ ECL™ or ECL™

Li et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2011 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ingenuity.com
http://169.230.19.26:8080/cgi-bin/msform.cgi?form=msdigest
http://www.cbs.dtu.dk/services/NetPhos/


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 × 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).

Indirect immunofluorescence
Procedure was as described previously 37. In brief, hearts from adult Cr:NIH(S) mice were
washed in ice-cold 1× 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 1× 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 × 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 × 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 1×PBS with 0.3% IgG-free, protease-free BSA for detection of myomesin and Hsp25. Slides
were washed in 1 × 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 100× objective under oil immersion, and were collected digitally (SPOT,
Jr.; Diagnostics Instruments, Inc., Sterling Heights, MI) and processed using the
manufacturer’s instructions and Adobe Photoshop (with no change in content).

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 −80°C. 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.,

Li et al. Page 6

J Proteome Res. Author manuscript; available in PMC 2011 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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’-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.

Results
2D-DIGE analysis

The four reoviruses selected for comparison are comprised of two prototype strains (T1L and
T3D 39), a potently myocarditic reassortant virus generated in vivo during a mixed infection
with T1L and T3D (8B 17), and a non-myocarditic reassortant virus derived from 8B (DB93A
17) (Table 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 (Fig. 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 (Fig. 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 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 proteins 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, 71 met the identification threshold
criteria and corresponded to unique proteins (rather than hypothetical proteins or post-
translational modifications of the same protein). These proteins are listed along with the number
of unique peptides identified and sequence coverage in Table 2. Proteins fell into many
groupings, based on whether they were up- 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). Supplemental Table 1 provides
an example of proteins that are uniquely altered in 8B-infected cultures, grouped by biological
function.

These proteins also participate in diverse pathways, including those for calcium signaling,
ERK/ MAPK signaling, protein ubiquitination, mitochondrial dysfunction, oxidative stress,
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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.

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 (Supplemental Fig. 1)

Three gel spots were identified as this protein from searches of the Swiss-Prot database . Each
gel spot included high coverage for Hsp25 by peptide mass fingerprinting, and included
sufficient MS-MS data for sequence confirmation. The individual Mascot results are shown as
Supplemental Tables 2 – 4. By comparing the pool of un-matched peptide masses from the
initial MS results to Hsp25 theoretical peptide masses using Protein Prospector, two un-
matched peptides were identified as potentially phosphorylated (Supplemental Tables 3, 4).
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. As would
be expected, the potentially di-phosphorylated peptide was present in only the most acidic spot.
Moreover, phosphorylation prediction 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 40, 41. 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 spots (Fig. 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, Fig. 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 (Fig. 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,
Fig. 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 (Fig. 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 (Fig. 3). Antisera
specific for Hsp25 phosphorylated on ser15 and ser86 confirmed virus-induced
phosphorylation for each of those residues. Moreover, Hsp25-ser86-P levels were greater for
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all four virus- relative to mock-infections, consistent with 2D-DIGE results for di-
phosphorylated Hsp25 (Fig. 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 (Fig. 4B).
Quantitative RT-PCR confirmed that reovirus modulation of Hsp25 levels is post-
transcriptional (Supplemental Fig. 2). Together the data confirm both 2D-DIGE identification
and quantification of Hsp25 and phosphorylated forms, and indicate 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 (Fig. 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 (Fig. 5B). While levels of total Hsp25 remained
relatively constant in T3D-infected cultures over time, Hsp25 was successively reduced in 8B-
infected cultures (Fig. 5C). Together, these results suggest that both reovirus strains induce
initial Hsp25 phosphorylation, but then 8B reduces accumulation of Hsp25.

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 (Fig. 6). As expected in the absence of inhibitor,
T3D and 8B induced Hsp25 phosphorylation relative to mock-infected cultures (Fig. 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 (Fig.
4B and Fig. 6B). IFN can stimulate p38-MAPK 42 , however the p38-MAPK inhibitor reduced
Hsp25 phosphorylation, confirming that reovirus-induced Hsp25 phosphorylation is p38-
MAPK-dependent and IFN-independent (Fig. 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 (Fig. 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 37. To determine possible cardiac cell
type-specificity 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 (Fig. 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 (Fig. 8B). Indeed, Hsp25 was readily detected in cardiac
myocytes, identified by co-expression of myomesin, but was not detected in cardiac fibroblasts,
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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 19,
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 (Fig. 9). Results are consistent
with an antiviral role for phosphorylated Hsp25.

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 decreased Hsp25 abundance.
Hsp25 abundance is not decreased in stressed cardiac myocytes or failing hearts, indicating
that this effect is specific to viral infection, possibly reflecting degradation. 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 43–46, Papillomaviridae 47, 48, Hepadnaviridae 49, 50,
Paramyxoviridae 51, 52, Flaviviridae 53–55, Togaviridae 56, and Retroviridae 57, 58. 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
58. 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 59–62, viruses have evolved many
mechanisms to sabotage this potent protective response 63–65. Indeed, reoviruses have evolved
a novel mechanism to repress IFN signaling 66. 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 decreases Hsp25
abundance. 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 67.
Hsp25 is expressed at greater basal levels in muscle (heart, skeletal muscle) and the
gastrointestinal and respiratory tracts than in other tissues 68–70. 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-

Li et al. Page 10

J Proteome Res. Author manuscript; available in PMC 2011 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PCR and Western blots 71. Results here demonstrate that reovirus modulation of Hsp25
expression in cardiac myocytes is post-transcriptional (qRT-PCR, Supplemental Fig. 2), unlike
reovirus modulation of other HSPs in other cell types 72, 73. Indeed, reovirus modulation of
Hsp25 would have remained undetected without proteomic approaches.

Hsp27 phosphorylation is increased in hearts from patients with ischemia (oxygen
deprivation) / reperfusion (oxygen restoration) damage or dilated cardiomyopathy 74, and in
hearts from dogs with congestive heart failure 75. 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 76. The p38-MAPK / MK2
pathway also mediates Hsp25/27 phosphorylation following other stresses such as TNF-α
addition to cardiac cells 77, and stresses in other cell types 78–81. Hsp25/27 can also be
phosphorylated through other pathways 80, and Type I IFN can activate p38-MAPK 42,
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 (Fig. 6). Inhibition
of p38-MAPK increased reovirus-induced CPE in cardiac myocytes (Fig. 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 82–84.
Stress induces phosphorylation of two Hsp25 residues (ser15 and -86) 40, 41, and while some
studies suggest that phosphorylation is protective 85, 86 and implicate the p38-MAPK pathway
76, 87, others suggest phosphorylation is irrelevant to protection 88–90. The relationship between
phosphorylation 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 were
decreased in cardiac myocyte cultures infected with the potently myocarditic reovirus 8B,
suggesting that all forms can be viral targets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 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. 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 pink).
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Figure 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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Figure 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. “+” indicates mean.
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Figure 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 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 (A). For each sample, the band intensity for Hsp25-Ser86-P (B) or Hsp25 (C) 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 experiments.
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Figure 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.
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Figure 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 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 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 ±
standard deviation, and are representative of 3 experiments.
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Table 1

Reovirus strains selected for infection of primary cardiac myocyte cultures.

Reovirus strain Causes myocarditis? a Induces IFN-β? b

T3D − +++

DB93A − +/−

T1L + −

8B +++ ++

a
Based on 17.

b
Based on 19.
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Table 2

List of Proteins Identified from Preparative Gel Scoring Above Thresholds

Spot Protein Name
# of Peptides

Identified
% Seq

Coverage

2301 (P24142) Prohibitin (B-cell receptor associated protein 9 49.1

1583 (P29758) Ornithine aminotransferase; mitochondrial 9 20.9

1392 (P56480) ATP synthase beta chain; mitochondrial 9 22.3

874 (P08003) Protein disulfide isomerase A4 precursor 9 14.5

852 (P20029) 78 kDa glucose-regulated protein precursor 9 17.0

689 (P11499) Heat shock protein HSP 90-beta (HSP 84) 9 15.0

199 (P11087) Collagen alpha 1(I) chain precursor 9 12.3

2024 (Q61792) LIM and SH3 domain protein 1 (LASP-1) 8 31.6

2017 (P16125) L-lactate dehydrogenase B chain 8 21.7

2002 (O35639) Annexin A3 (Annexin III) (Lipocortin III) 8 27.2

1705 (P07940) RNA-directed RNA polymerase (EC 2.7.7.48) 8 21.6

1153 (P27773) Protein disulfide isomerase A3 precursor (EC 8 14.0

558 (Q9WU78) Programmed cell death 6 interacting protein 8 12.8

1581 (Q9CZ13) Ubiquinol-cytochrome C reductase complex 7 23.6

1440 (P09456) cAMP-dependent protein kinase type I-alpha 7 24.3

1182 (P19226) 60 kDa heat shock protein; mitochondrial 7 22.4

677 (Q9R0E1) Procollagen-lysine;2-oxoglutarate 7 11.3

470 (Q61316) Heat shock 70-related protein APG-2 7 11.0

462 (Q01853) Transitional endoplasmic reticulum ATPase 7 9.6

2525 (O08807) Peroxiredoxin 4 (EC 1.11.1.-) (Prx-IV) 6 28.0

2246 (O35459) Delta3;5-delta2;4-dienoyl-CoA isomerase 6 23.5

1812 (Q99LC3) NADH-ubiquinone oxidoreductase 42 kDa 6 28.5

1584 (P35486) Pyruvate dehydrogenase E1 component 6 13.2

1554 (P21550) Beta enolase (EC 4.2.1.11) 6 16.0

1464 (Q99KJ8) Dynactin complex 50 kDa subunit 6 22.0

1283 (O08749) Dihydrolipoyl dehydrogenase; mitochondrial 6 17.9

1219 (P09103) Protein disulfide isomerase precursor 6 16.2

1082 (Q60715) Prolyl 4-hydroxylase alpha-1 subunit 6 14.3

869 (P38647) Stress-70 protein; mitochondrial precursor 6 9.6

801 (P15690) NADH-ubiquinone oxidoreductase 75 kDa 6 10.0

666 (P13020) Gelsolin precursor; plasma 6 11.3

535 (P56399) Ubiquitin carboxyl-terminal hydrolase 5 6 9.3

2585 (Q60932) Voltage-dependent anion-selective channel 5 24.8

2550 (P14602) Heat shock 27 kDa protein (HSP 27) 5 28.7

2448 (P57759) Endoplasmic reticulum protein ERp29 5 16.8

2114 (P14152) Malate dehydrogenase; cytoplasmic 5 18.2

2074 (P14869) 60S acidic ribosomal protein P0 (L10E) 5 20.9

1784 (P50752) Troponin T; cardiac muscle isoforms (TnTC) 5 18.5

1563 (Q64345) Interferon-induced protein 5 15.6
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Spot Protein Name
# of Peptides

Identified
% Seq

Coverage

954 (P17879) Heat shock 70 kDa protein 1 (HSP70.1) 5 10.3

860 (P11078) Major virion structural protein Mu-1/Mu-1C 5 11.5

776 (P21981) Protein-glutamine 5 10.7

759 (P12419) Major nonstructural protein mu-NS 5 8.3

746 (P11077) Major virion structural protein Mu-1/Mu-1C 5 11.5

2325 (P09495) Tropomyosin alpha 4 chain (Tropomyosin 4) 4 14.7

2097 (P57776) Elongation factor 1-delta (EF-1-delta) 4 20.8

1858 (Q9CX34) Suppressor of G2 allele of SKP1 homolog 4 16.4

1680 (Q9QYR9) Acyl coenzyme A thioester hydrolase 4 12.6

1592 (P55264) Adenosine kinase (EC 2.7.1.20) (AK) 4 13.0

1396 (P47738) Aldehyde dehydrogenase; mitochondrial 4 9.5

1280 (Q61553) Fascin (Singed-like protein) 4 10.1

1005 (Q9EQP2) EH-domain containing protein 4 (mPAST2) 4 5.7

918 (P14733) Lamin B1 4 7.6

605 (Q9R0B9) Procollagen-lysine;2-oxoglutarate 4 7.7

441 (Q02053) Ubiquitin-activating enzyme E1 1 4 4.1

2356 (Q9WV35) Probable C->U editing enzyme APOBEC-2 3 17.6

1968 (Q61937) Nucleophosmin (NPM) 3 10.8

1964 (P37140) Serine/threonine protein phosphatase 3 11

1757 (Q99KV1) DnaJ homolog subfamily B member 11 3 9.8

1614 (Q07076) Annexin A7 (Annexin VII) (Synexin) 3 7.3

1355 (P30837) Aldehyde dehydrogenase X; mitochondrial 3 8.5

1290 (P54728) UV excision repair protein RAD23 homolog B 3 6.4

1188 (Q9CYT6) Adenylyl cyclase-associated protein 2 3 6.9

952 (Q61233) L-plastin (Lymphocyte cytosolic protein 1) 3 6.6

864 (Q99MN1) Lysyl-tRNA synthetase (EC 6.1.1.6) 3 5.5

797 (O88487) Dynein intermediate chain 2 3 7.4

609 (Q8K0D5) Elongation factor G 1; mitochondrial 3 4.1

502 (P08113) Endoplasmin precursor 3 4

1894 (P03527) Sigma 3 protein (Major outer capsid protein) 2 6.4

1818 (Q9JHJ0) Ubiquitous tropomodulin (U-Tmod) 2 8.9

1025 (Q9D0F9) Phosphoglucomutase (EC 5.4.2.2) 2 5.7
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