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Heart failure in children and adults is often the consequence of myocarditis associated with Coxsackievirus 
(CV) infection. Upon CV infection, enteroviral protease 2A cleaves a small number of host proteins includ-
ing dystrophin, which links actin filaments to the plasma membrane of muscle fiber cells (sarcolemma). It 
is unknown whether protease 2A–mediated cleavage of dystrophin and subsequent disruption of the sar-
colemma play a role in CV-mediated myocarditis. We generated knockin mice harboring a mutation at the 
protease 2A cleavage site of the dystrophin gene, which prevents dystrophin cleavage following CV infection. 
Compared with wild-type mice, we found that mice expressing cleavage-resistant dystrophin had a decrease 
in sarcolemmal disruption and cardiac virus titer following CV infection. In addition, cleavage-resistant dys-
trophin inhibited the cardiomyopathy induced by cardiomyocyte-restricted expression of the CV protease 
2A transgene. These findings indicate that protease 2A–mediated cleavage of dystrophin is critical for viral 
propagation, enteroviral-mediated cytopathic effects, and the development of cardiomyopathy.

Introduction
Coxsackievirus (CV) is a member of the enteroviral genus of the 
picornavirus family and is known to be an important cause of 
myocarditis and heart failure in children and adults. Enterovi-
ral protease 2A cleaves the viral polyprotein and a small number 
of host cell proteins such as the cytoskeletal protein dystrophin 
(1) and the eukaryotic translation initiation factors eIF4G1 and 
eIF4G2 (2–4). Genetic deficiency of dystrophin causes cardiomy-
opathy in Duchenne muscular dystrophy and increases suscepti-
bility to myocarditis (5, 6). However, the importance of protease 
2A–mediated cleavage of dystrophin is not known. We hypoth-
esized that cleavage of dystrophin by protease 2A is important 
in sarcolemmal membrane disruption, viral propagation, entero-
viral-mediated cytopathic effects, and the development of viral 
myocarditis. In order to address this hypothesis, we knocked in a 
mutation at the protease 2A cleavage site of the dystrophin gene, 
thus inhibiting only the cleavage of dystrophin following CVB3 
infection. When mice expressing cleavage-resistant dystrophin 
were infected with CVB3, there was a decrease in the sarcolem-
mal disruption, cardiac virus titer, and severity of myocarditis 
compared with control mice expressing cleavable wild-type dys-
trophin. In addition, the prevention of dystrophin cleavage in 
protease 2A–expressing transgenic mice (7) markedly inhibited 
the protease 2A–induced myocytopathic effect and cardiomyopa-
thy. These findings indicate that disruption of the sarcolemma by 
protease 2A–mediated cleavage of dystrophin can have a critical 
role in the pathogenesis of viral myocarditis via alterations in viral 
propagation and enteroviral-mediated cytopathic effects in the 
intact wild-type heart.

Results and Discussion
We have previously demonstrated in vitro that enteroviral 
protease 2A directly cleaves murine dystrophin in the hinge 3 
region (8). To determine whether this cleavage by enteroviral 
protease 2A has an important role in the development of entero-
viral-mediated heart disease in vivo, we created a genetically 
modified mouse line in which amino acids located in the hinge 3 
region were changed from leucine to proline (L2425P) and from 
serine to aspartic acid (S2426D), altering the protease 2A cleav-
age site from LSTT-G to PDTT-G and rendering dystrophin non-
cleavable by enteroviral protease 2A (ref. 8 and Figure 1, A–C). To 
confirm that these substitutions prevented dystrophin cleavage, 
wild-type and mutant E16.5 embryonic cardiac myocytes were 
isolated and infected with CVB3. Western blot analysis from cells 
isolated 24 hours postinfection demonstrated cleavage of dys-
trophin in wild-type (DysWT) myocytes, but not in myocytes from 
dystrophin knockin (DysKI) mice. Similar levels of viral protein 
were expressed in both groups, as demonstrated by expression of 
the CV capsid protein VP1 (Figure 1D). The first phase of viral 
replication was the same in isolated DysWT and DysKI myocytes, 
demonstrating that viral entry and replication within the myo-
cyte was independent of dystrophin cleavage (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI66271DS1). Thus, inhibition of protease 2A–
mediated cleavage of dystrophin prevented cleavage of dystro-
phin, but did not substantially affect viral entry, the first cycle of 
viral replication, or cleavage of eIF4G1.

We backcrossed the DysWT and DysKI mice into the C3H mouse 
strain. Five- to 6-week-old littermates were then infected with 
0.2–1 × 104 PFU of CVB3. Eight days postinfection, we injected 
the mice with Evans blue dye (EBD) to identify cells with dis-
rupted sarcolemmal integrity. There was significantly less dis-
ruption of the sarcolemma in the infected DysKI mice than in 
the DysWT mice following CVB3 infection (Figure 2A). We found 
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significantly less Von Kossa staining, a marker of dystrophic 
calcification in myocyte necrosis or increased cell membrane 
permeability (9–11), in infected DysKI mice than in DysWT mice 
(Figure 2B). To determine whether the ability to cleave dystro-
phin would affect viral titers, we measured titers in the heart, 
liver, and pancreas of infected mice. Titers in the hearts of 
DysKI mice tended to be decreased on day 4 postinfection, but 
did not reach statistical significance. However, viral titers were 
significantly lower in the DysKI mice 8 days postinoculation. As 
expected, in tissues not expressing dystrophin, such as the liver 
and pancreas, we found no significant difference in viral titers 
(Figure 2C). In order to determine the efficiency of membrane 
disruption in CVB3-infected myocytes, we assessed the pattern 
of EBD and CVB3 staining. In the DysWT mice on day 4 postinfec-
tion, the majority of CVB3-infected cells were also EBD positive, 
while in the DysKI mice, most of the CVB3-infected cells were 
EBD negative (Figure 2D). We anticipated that the size of the 
focal areas of EBD-positive staining would be different if the 

sarcolemmal membranes were more easily disrupted and the 
virus was able to exit the cell to infect adjacent cells. This was 
supported by the finding that the cross-sectional area of each 
EBD focus on day 8 postinfection was increased in the DysWT 
hearts compared with that in the DysKI hearts, even though there 
was no significant difference on day 4 postinfection (Figure 2E). 
This correlates with embryonic myocyte culture data showing 
inhibition of membrane disruption by trypan blue staining in 
CVB3-infected DysKI myocytes (Supplemental Figure 2). We also 
found a decrease in the myocarditis score in infected DysKI mice 
(Figure 2F and Supplemental Figure 3). However, there was no 
mortality by day 8 in either the DysWT or the DysKI mice (Supple-
mental Figure 4A). Similarly, there was no significant change 
in heart weights or echocardiographic fractional shortening 
(Supplemental Figure 4B). This may be related to the relatively 
mild severity of myocarditis in C3H mice. Together, these data 
indicate that disruption of the cell membrane is inhibited in 
CVB3-infected myocardium when the protease 2A cleavage site 

Figure 1
Generation of enteroviral protease 2A cleavage–resistant DysKI mice. (A) Genomic structure and design of DysKI mouse. We changed the wild-
type exon 50 (E50) amino acid residues 2425 and 2426 from leucine to proline (L2425P) and serine to aspartic acid (S2426D), respectively.  
(B) Confirmation of DysKI recombination by Southern blotting of mouse embryonic stem cells. Genomic DNA isolated from embryonic stem cells 
was used to confirm that homologous recombination had occurred as opposed to random insertion. Southern blotting with probe 1 was performed 
with a BglII digest, demonstrating loss of the wild-type genome at 9.8 kb (left panel). Female mice were genotyped using PCR primers P1 and P2 
(right panel). Data are shown for mice with wild-type dystrophin (DysWT), heterozygous dystrophin knockin (Dys+/KI), and homozygous dystrophin 
knockin (DysKI). (C) Sequence analysis of exon 50 showing replacement of nucleotides in DysKI mouse genomic DNA as expected. (D) Western 
blot showing dystrophin in embryonic cardiac myocytes 24 hours after CVB3 infection, in which the cells were isolated from DysWT and DysKI 
mice. Dystrophin cleavage was inhibited in myocytes from DysKI mice. Comparable levels of viral infection of the cells are demonstrated by the 
presence of the CVB3 capsid protein VP1.
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in dystrophin has been mutated. The secondary pathogenic 
effects of viral infection and viral replication are also affected by 
the ability of the virus to cleave dystrophin.

Previously (7), we demonstrated that expression of protease 
2A alone can cause dilated cardiomyopathy. In order to deter-
mine whether the prevention of dystrophin cleavage can inhibit 
this protease 2A–mediated cardiomyopathy, we bred mice that 
expressed inducible protease 2A (2A/MCM) with DysKI mice 
(DysKI/2A/MCM) and compared them with the wild-type dystro-
phin controls (DysWT/2A/MCM) and with the negative control 
littermates that did not express protease 2A (Control). The con-
trol mice consisted of littermates with the following genotypes: 
DysWT or DysKI and MCM (DysWT/MCM or DysKI/MCM), or DysKI 
protease 2A (DysKI/2A). All mice in the current experiments were 
treated with tamoxifen. We found that the severity of cardio-
myopathy as assessed by gross appearance and echocardiogra-
phy in the DysKI/2A/MCM mice was significantly less than that 
seen in the DysWT/2A/MCM mice (Figure 3, A and B). This was 
accompanied by significantly less EBD staining and fibrosis 
in the DysKI/2A/MCM hearts compared with that found in the 
DysWT/2A/MCM hearts (Figures 3, C and D). The improvement 
in cardiac function in DysKI mice occurred even though there 
was evidence of cleavage of eIF4G1 in both the DysWT/2A/MCM 
and DysKI/2A/MCM hearts (Figure 3E). These findings demon-
strate that the cardiomyopathic effect of protease 2A expression 
is markedly inhibited when dystrophin cannot be cleaved by 
protease 2A, even though protease 2A continues to have an effect 
on other cellular proteins such as eIF4G.

These findings provide what we believe to be the first evidence 
that cleavage of dystrophin by protease 2A has a critical role in 
the development of the cardiomyopathy that occurs with entero-
viral infection. Also, cleavage of dystrophin by protease 2A has 
an important role in disrupting the sarcolemma of infected 
cells, allowing mature virions to exit the infected myocyte and 
infect adjacent myocytes.

Our data clearly demonstrate that the ease with which the 
sarcolemma can be disrupted can have a substantial effect on 
susceptibility to viral infection and on the development of car-
diomyopathy. This is consistent with our previous data demon-
strating that the absence of dystrophin increased susceptibility 
to viral infection (5). Apart from the loss of dystrophin at the 
sarcolemma, which has been shown to increase susceptibility to 
viral infection, there are other genetic and secondary alterations 
in the dystrophin-glycoprotein complex (DGC) that affect sar-
colemmal stability and could affect susceptibility to viral infec-
tion (12–17). Therefore, it is possible that genetic variability in 
the core components of the DGC or alterations that affect the 
level of dystrophin expression (such as occurs in Becker muscu-
lar dystrophy or X-linked dilated cardiomyopathy) (18) could 
have a profound permissive or inhibitory effect on suscepti-
bility to enteroviral infection. In summary, therapies aimed at 
inhibiting protease 2A or stabilizing the sarcolemma could be 
beneficial in the treatment of cardiomyopathy associated with 
viral infection.

Methods
An expanded Methods section can be found in the Supplemental Methods.

Generation of a mouse expressing mutant dystrophin that cannot be cleaved by 
protease 2A. Knockin of a dystrophin mutation preventing cleavage by 
protease 2A (DysKI) was created using a dystrophin exon 50–targeting 
construct, which included two-point mutations: L2425P and S2426D. 
Targeted ES cells were screened by Southern blotting (Figure 1B) and 
nucleotide sequencing of exon 50. Once germ-line transmission was 
confirmed, heterozygous DysKI mice were bred with protamine-Cre 
to remove the Neo cassette through loxP recombination. Mice were 
genotyped to identify the knockin construct using a Dys KI-S primer 
(5′-TCTCTAGGAGAGGTCTCTC) and a Dys KI-AS primer (5′-ACCCCA-
CAATCTTGCACATG). Finally, DysKI mice were backcrossed for 3 to 11 
generations with C3H mice (Charles River Laboratories) for viral infec-
tion experiments or were bred with 2A/MCM double-transgenic mice 
to generate DysKI/2A/MCM mice. Double-transgenic DysKI/2A/MCM 
and DysWT/2A/MCM mice were maintained on a mixed background and 
genotyped as described previously (7).

Virus. CVB3 was derived from the infectious cDNA copy of the cardio-
trophic H3 variant of CVB3. The viral titer was determined by PFU assay in 
HeLa cells, as described previously (5).

CVB3 infection. Male C3H DysKI mice and their male littermate con-
trol DysWT mice were inoculated by i.p. injection with 0.2–1 × 104 PFU 
of CVB3 at 5 to 6 weeks of age. Mice were sacrificed on day 4 or day 8 
postinfection. A subset of mice (n = 10 for DysWT and n = 11 for DysKI) were 
assessed for cardiac function measured by M-mode echocardiography  
8 days postinfection, as previously described (19). The heart, liver, and 
pancreas were harvested and analyzed. The mice were injected with EBD 
14 hours before being sacrificed.

Tamoxifen treatment. Tamoxifen base (Sigma-Aldrich) was dissolved in 
peanut oil (Sigma-Aldrich) at 100 mg/ml. Between 4 and 6 weeks of age, 
DysWT/2A/MCM, DysKI/2A/MCM, and control mice were treated with 
tamoxifen by i.p. injection for 5 consecutive days at a dose of 40 mg/kg  
per day (7). Four weeks after tamoxifen administration, mouse heart 
function was measured by M-mode echocardiography, and the hearts 
were harvested for histology.

Statistics. Data are expressed as the mean ± SEM unless otherwise noted. 
Statistical significance was evaluated using an unpaired two-tailed Student’s 
t test for comparisons between two means. P < 0.05 was considered statisti-
cally significant. Bonferroni’s correction was used for multiple comparisons.

Figure 2
Decreased susceptibility to CVB3 viral infection of the heart in DysKI 
mice. (A and B) Sarcolemma permeability (EBD uptake) and myocyte 
damage (von Kossa staining) are significantly reduced in the hearts 
of DysKI mice 8 days postinfection. Scale bars: 500 μm (200 μm,  
enlargements). Quantified results represent the mean ± SEM.  
*P < 0.05; ***P < 0.001; each data point is represented on graphs. 
(C) CVB3 titer is lower in the hearts of the DysKI mice on day 8. 
Data represent the mean ± SEM. ***P < 0.001; each data point is 
represented on the graph. (D) Relationship between CVB3 and EBD 
uptake in DysWT and DysKI mice. CVB3-infected hearts (n = 6) were 
stained with EBD, wheat germ agglutinin (WGA) (upper panel), and 
CVB3 (lower panel) 4 days postinfection. Blue arrows identify cells 
positive for CVB3 and EBD. Red arrowheads identify cells positive 
for CVB3 only. Green arrows identify EBD-positive cells with little 
or no CVB3 staining. Pie chart indicating cells that stained posi-
tive for CVB3 and/or EBD (n = 95 in DysWT and 68 in DysKI mice).  
***P < 0.0001; **P < 0.05, comparing the percentage of DysWT with 
DysKI. Scale bar: 500 μm. (E) Foci of viral infection (outline in upper 
panel) are smaller in DysKI hearts on day 8 postinfection. Quantita-
tion of randomly selected foci (n = 10) from 4 mice in each group. 
Data represent the mean ± SEM. ***P < 0.001. Scale bar: 200 μm. 
(F) Decreased myocarditis in DysKI mice 8 days postinfection. Quan-
titation was graded from 0+ to 4+, as described previously. Data 
represent the mean ± SEM. ***P < 0.001; each data point is repre-
sented on the graph.
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Figure 3
Prevention of dystrophin cleavage in DysKI/2A/MCM mice inhibits enteroviral protease 2A–mediated cardiomyopathy. (A) Whole hearts from 
control mice (see text), mice harboring wild-type dystrophin, protease 2A, and the MerCREMer transgenes (DysWT/2A/MCM), and mice har-
boring the dystrophin knockin, protease 2A, and the MerCREMer transgenes (DysKI/2A/MCM). Hearts were taken from these mice 4 weeks 
after tamoxifen administration and demonstrate that dystrophin knockin inhibited the gross appearance of dilated cardiomyopathy. (B) Echo-
cardiographic parameters 4 weeks after tamoxifen administration. Left ventricular end-systolic dimension (LVESd), left ventricular end-diastolic 
dimension (LVEDd), and fractional shortening were significantly better in DysKI/2A/MCM mice than in DysWT/2A/MCM mice 4 weeks after the 
induction of protease 2A expression. Data represent the mean ± SEM. *P < 0.05, **P < 0.01; each data point is represented on the graphs. (C) 
The percentage of overall area showing EBD uptake (white stain, see arrow) was significantly reduced in DysKI/2A/MCM mice compared with 
DysWT/2A/MCM mice. Data represent the mean ± SEM. *P ≤ 0.05. Scale bar: 500 μm. (D) H&E, trichrome, and picrosirius red staining dem-
onstrate that there was less fibrosis in DysKI/2A/MCM mice compared with DysWT/2A/MCM mice. Fibrosis was quantified using picrosirius red 
staining in 4 DysWT/2A/MCM and 4 DysKI/2A/MCM mice. Data represent the mean ± SEM. *P ≤ 0.05; **P < 0.01. Scale bar: 200 μm. (E) eIF4GI 
cleavage was detected in both DysWT/2A/MCM and DysKI/2A/MCM mouse hearts (arrow), but not in control hearts without protease 2A expres-
sion. Dystrophin cleavage was not detectable by Western blotting (not shown).
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