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Cleavage of DAP5 by coxsackievirus B3 2A protease
facilitates viral replication and enhances apoptosis by
altering translation of IRES-containing genes
PJ Hanson1,2, X Ye1,2, Y Qiu1,2, HM Zhang1,2, MG Hemida1,2, F Wang2, T Lim1,2, A Gu2, B Cho2, H Kim2, G Fung1,2, DJ Granville*,1,2 and
D Yang*,1,2

Cleavage of eukaryotic translation initiation factor 4G (eIF4G) by enterovirus proteases during infection leads to the shutoff of
cellular cap-dependent translation, but does not affect the initiation of cap-independent translation of mRNAs containing an
internal ribosome entry site (IRES). Death-associated protein 5 (DAP5), a structural homolog of eIF4G, is a translation initiation
factor specific for IRES-containing mRNAs. Coxsackievirus B3 (CVB3) is a positive single-stranded RNA virus and a primary
causal agent of human myocarditis. Its RNA genome harbors an IRES within the 5′-untranslated region and is translated by a
cap-independent, IRES-driven mechanism. Previously, we have shown that DAP5 is cleaved during CVB3 infection. However, the
protease responsible for cleavage, cleavage site and effects on the translation of target genes during CVB3 infection have not been
investigated. In the present study, we demonstrated that viral protease 2A but not 3C is responsible for DAP5 cleavage, generating
45- and 52-kDa N- (DAP5-N) and C-terminal (DAP5-C) fragments, respectively. By site-directed mutagenesis, we found that DAP5 is
cleaved at amino acid G434. Upon cleavage, DAP5-N largely translocated to the nucleus at the later time points of infection,
whereas the DAP5-C largely remained in the cytoplasm. Overexpression of these DAP5 truncates demonstrated that DAP5-N
retained the capability of initiating IRES-driven translation of apoptosis-associated p53, but not the prosurvival Bcl-2 (B-cell
lymphoma 2) when compared with the full-length DAP5. Similarly, DAP5-N expression promoted CVB3 replication and progeny
release; on the other hand, DAP5-C exerted a dominant-negative effect on cap-dependent translation. Taken together, viral
protease 2A-mediated cleavage of DAP5 results in the production of two truncates that exert differential effects on protein
translation of the IRES-containing genes, leading to enhanced host cell death.
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Coxsackievirus B3 (CVB3), a primary cause of viral myocarditis, is associated with sudden, unexpected death,1 dilated
cardiomyopathy and heart failure.2 The CVB3 genome
consists of a single open reading frame, which is translated
to a polyprotein, and subsequently processed by viral
proteases 2A and 3C. Similar to other picornaviruses, the
CVB3 genome is linked to a small viral peptide, Vpg, rather
than a 7-methyl guanosine cap structure at its 5′ terminus.
Thus, CVB3 RNA is translated by a cap-independent
mechanism and is driven by an internal ribosome entry site
(IRES) harbored in the 5′ untranslated region (5′-UTR).3,4
Viral proteases actively suppress multiple host cell activities
that help the virus evade host defense mechanisms, promote
viral replication and promote host cell apoptosis. For example,
enterovirus proteases can cleave eukaryotic translation
initiation factors 4GI (eIF4GI)5–7 and eIF4GII.8,9 Picornavirus

proteases have also been reported to cleave other canonical
translation initiation factors in the cap-dependent translation
initiation complex, such as eIF5B10 and eIF4A.11 Additionally,
viral protease 3C has been demonstrated to cleave Ras-GAP
SH3 domain-binding protein 1 (G3BP1), a key nucleating
protein in stress granule formation, at late time points of
infection.12,13 G3BP1 cleavage causes stress granule
disassembly12 and leads to the release of translation initiation
factors that may be hijacked for viral polyprotein translation.
Accumulating evidence implies that viral proteases have
crucial roles in modulating viral and host gene expression
through cleavage of various host protein factors involved in
mRNA transcription and cap-dependent translation.
Death-associated protein 5 (DAP5) is a eukaryotic
translation initiation factor that preferentially initiates capindependent translation.14 This 97-kDa protein is homologous

1
Department of Pathology and Laboratory Medicine, University of British Columbia, Vancouver, BC, Canada and 2The Centre for Heart and Lung Innovation,
St Paul’s Hospital, Vancouver, BC, Canada
*Corresponding author: D Yang or DJ Granville, Centre for Heart Lung Innovation, St Paul’s Hospital, University of British Columbia, 1081 Burrard Street, Vancouver, BC,
Canada V6Z 1Y6. Tel: +1 604 682 2344 ext 62872; Fax: +1 604 806 9274; E-mail: decheng.yang@hli.ubc.ca or david.granville@hli.ubc.ca
Abbreviations: 5′-UTR, 5′-untranslated region; AA boxes, aromatic and acidic boxes; Akt, protein kinase B; ATRA, all-trans retinoic acid; Bcl-2, B-cell lymphoma 2; CDK1,
cyclin-dependent kinase 1; CVB3, coxsackievirus B3; dpi, days post infection; DAP5, death-associated protein 5; DAP5-C, death-associated protein 5 C-terminal truncate;
DAP5-N, death-associated protein 5 N-terminal truncate; eIF, eukaryotic translation initiation factor; EMCV, encephalomyocarditis virus; ER, endoplasmic reticulum;
G3BP1, Ras-GAP SH3 domain-binding protein 1; G434E DAP5, glycine 434 to glutamic acid-mutated death-associated protein 5; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; hpi, hours post infection; IRES, internal ribosome entry site; MNK1, MAP kinase signal-integrating kinase 1; PARP, poly-ADP-ribose polymerase; PI3K,
phosphoinositide 3-kinase; pfu, plaque-forming units; scr, scrambled small interfering RNA; siDAP5, death-associated protein 5-specific small interfering RNA; VP1, viral
capsid protein 1; WT, wild type; XIAP, X-linked inhibitor of apoptosis protein

Received 09.4.15; revised 17.9.15; accepted 25.9.15; Edited by A Willis; published online 20.11.15

CVB3 alters DAP5-regulated translation
PJ Hanson et al

829

with the central region of canonical translation initiation factor
eIF4GI. DAP5 contains binding sites for eIF4A and eIF3,
but lacks an eIF4E site, the mRNA cap-binding protein.14
DAP5 initiates translation of proteins specifically expressed
during development, cell cycle regulation and endoplasmic
reticulum (ER) stress conditions, where global cap-dependent
translation is compromised.15,16 It has been reported that
DAP5 regulates IRES-driven translation of Bcl-2 (B-cell
lymphoma 2), p53, XIAP (X-linked inhibitor of apoptosis
protein), CDK1 (cyclin-dependent kinase 1), c-Myc and other
IRES-containing genes under conditions of stress, growth and
apoptosis.17–19 DAP5 mRNA also contains an IRES in its
5′-UTR, and is proficient in promoting its own translation,
generating a positive feedback loop for its expression.14,15
Additionally, DAP5 may undergo post-translational modifications, such as cleavage by caspases during apoptosis,
generating a truncated, yet functional 86-kDa form of DAP5
that is more potent and efficient at translation initiation.14
The role of DAP5 in initiation of IRES-driven translation has
been studied in various model systems but not in the setting of
viral infection. In the present study, we demonstrated that DAP5
is cleaved during CVB3 infection by protease 2A but not 3C.
Further, we identified amino-acid reside G434 as the site of 2A
cleavage. Once cleaved, DAP5 N-terminal truncate (DAP5-N)
largely translocates into the nucleus, whereas the DAP5
C-terminal truncate (DAP5-C) remains primarily within the
cytoplasm. Our data indicate that DAP5-N retains IRESmediated translation; however, it differentially regulates the
IRES-containing genes involved in cell growth and apoptosis
compared with the wild type (WT) DAP5. Exogenous expression
of DAP5-N or DAP5-C induces more cell death when compared
with the WT DAP5. Further, viral capsid protein 1 (VP1) as well
as viral titer is higher in DAP5-N-overexpressing cells during the
late phase of infection (7 h post infection (hpi)) compared with
that in WT (WT DAP5) or an uncleavable point mutant of DAP5
(glycine 434 to glutamic acid-mutated DAP5 (G434E DAP5)).
Thus, viral protease 2A cleavage of DAP5 produces a cleavage
product that robustly contributes to viral replication and viralinduced apoptosis, facilitating CVB3 progeny release.
Results
DAP5 is cleaved during CVB3 infection in tissue culture
and in mouse heart. During CVB3 infection, we observed
cleavage of DAP5 indicated by accumulation of ~ 45-kDa
DAP5-N and ~ 52-kDa DAP5-C at 5 hpi in HeLa cells
(Figures 1a and b). This finding suggests that DAP5 is not
degraded during CVB3 infection, but cleaved into truncated
fragments. However, at later time points, the sum of proform
and cleavage products does not equal the total level of DAP5
early in infection, potentially because of altered expression of
DAP5. To verify this, quantitative RT-PCR (q-RT-PCR) was
performed. DAP5 transcription was downregulated at 5 and
6 hpi (Figure 1c). To investigate whether the cleavage of
DAP5 also occurs in vivo, a CVB3-infected myocarditis
mouse model was used. Mouse heart tissue was harvested
at 3 and 9 days post infection (dpi). Cleavage of DAP5 to
45-kDa DAP5-N and 52-kDa DAP5-C fragments were
observed (Figure 1d). In contrast to in vitro DAP5 expression,

DAP5 was upregulated relative to controls in mouse hearts.
This may be because of a lower percentage of CVB3-infected
cells in the myocardium compared with that in tissue culture
cells. This may also explain the relatively low abundance of
DAP5 cleavage products in vivo versus in vitro, as viral
infection is required for cleavage. Additionally, we found that
at 9 dpi, heart tissue showed immune cell infiltration, that is,
myocarditis (Figure 1e). Our findings indicate that the
cleavage of DAP5 occurs both in vitro and in vivo.
Viral protease 2A but not 3C is responsible for DAP5
cleavage during CVB3 infection. To determine if viral
proteases are responsible for cleavage of DAP5, plasmids
expressing WT FLAG-tagged DAP5 and protease 2A or 3C via
IRES-driven cap-independent translation were co-transfected
into HeLa cells, and cleavage was determined by western blot.
Our laboratory previously showed that caspases are unable to
cleave DAP5 into 45- and 52-kDa fragments7 and that transient
transfection of plasmids expressing CVB3 2A or 3C does not
induce cleavage of DAP5. This was likely due to the use of a
cap-dependent classical expression plasmid, which would be
inactivated once the synthesized protease cleaved eIF4G and
other canonical translation initiation factors. As 2A processivity
of eIF4G may be higher compared with 2A processivity of
DAP5, the loss of 2A expression may have mitigated any
detectable result. To verify this, we co-transfected HeLa
cells with WT DAP5 and pIRES-2A or pIRES-3C. The 45-kDa
DAP5-N products were only observed in the 2A-expressing
cells, suggesting that viral protease 2A is responsible for the
cleavage of DAP5 during CVB3 infection (Figure 2a). To confirm
that these plasmids expressed active 2A and 3C, the cleavage
of endogenous, known substrates of 2A and 3C was measured.
Figure 2b shows that endogenous DAP5 was cleaved by 2A but
not 3C. Other known substrates, eIF5B and eIF4G,10,20,21 were
cleaved either by 2A or 3C (Figures 2c and d). Additionally, the
cleavage of eIF4G occurred at 24h, compared with 48 h after
transfection for DAP5, suggesting that 2A processivity of eIF4G
is in fact faster than 2A processivity of DAP5.
Glycine 434 is the site of DAP5 cleavage by 2A during
CVB3 infection. According to the molecular mass of the
cleavage products DAP5-N and DAP5-C, we proposed that
the cleavage site is located upstream of the middle region of
DAP5 protein (Figure 3a). Further, we narrowed down the
potential DAP5 cleavage sites by using the reported 2A
attack sites as a guide.22 Additionally, bioinformatics
prediction using the NetPicoRNA 1.0 software (http://www.
cbs.dtu.dk/services/NetPicoRNA/) (data not shown) was
performed. Based on this available information, we proposed that glycine 434 might be the site for DAP5 cleavage.
For verification, a point mutation changing G434E was
constructed by site-directed mutagenesis (Figure 3b) in the
FLAG-tagged DAP5 construct, referred to as G434E DAP5.
Cells expressing WT DAP5 showed the 45-kDa cleavage
product at the 6 hpi, whereas cells expressing G434E-DAP5
remained uncleaved (Figure 3c).
DAP5-N translocates to the nucleus during ectopic 2A
overexpression or CVB3 infection. To determine if the
subcellular localization of the DAP5 cleavage products differs
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Figure 1 DAP5 is cleaved into N- and C-terminal-truncated forms during CVB3 infection in vitro and in vivo and is transcriptionally downregulated. HeLa cells were infected
with CVB3 at 10 MOI (multiplicity of infection) and collected at the indicated time points after infection. Lysates were analyzed by western blot with the indicated N-terminal (a) and
C-terminal (b) DAP5 antibodies against the 45- and 52-kDa product, respectively. The line indicates ~ 50-kDa. *N- or C-terminal DAP5 cleavage product (cp). (c) DAP5 mRNA
transcription levels were determined by q-RT-PCR using the total RNA isolated from cells described above. DAP5 mRNA is downregulated at 5 and 7 hpi in HeLa cells by ~ 40%
relative to sham-infected controls. (d) A/J mice at 4 weeks of age were infected with CVB3 at 105 pfu or sham-infected with PBS as a control. Hearts were collected at 3 and 9 dpi.
Harvested heart tissue was lysed and analyzed by western blot using the N- and C-terminal-specific antibody. GAPDH was used as a loading control. (e) Hematoxylin and eosin
(H&E) staining of A/J mice heart tissue at 9 dpi. Protein levels of pro- and cleaved forms of DAP5 were quantitated by densitometry using the NIH ImageJ software
(http://imagej.nih.gov/ij/index.html) and normalized to GAPDH or β-actin. Values are presented under each blot, with sham levels set to 1.00

from that of WT DAP5, FLAG-tagged DAP5-N (from N terminus
to G434) and HA-tagged DAP5-C (from G434 to the C
terminus) expression plasmids (Figure 4a) were generated.
Following transfection, lysates were subjected to nuclear and
cytoplasmic fractionation. WT DAP5 (100%) and DAP5-C
(87%) remained mainly in the cytoplasm (Figure 4b). However,
a significant portion of DAP5-N localized to the nucleus (45%).
Further confirmation was provided by immunostaining. The
ectopic expression of the cleavage products resulted in nuclear
translocation only for DAP5-N (Figure 4c). Next, we determined
whether ectopic expression of viral protease 2A could cause
cleavage of DAP5 and subsequent nuclear translocation of the
Cell Death and Differentiation

N-terminal portion of DAP5. Figure 4d demonstrates that in WT
DAP5/pIRES-2A-transfected cells the N-terminal FLAG tag
portion of WT DAP5 translocated to the nucleus, whereas the
C-terminal HA portion remained in the cytoplasm. However, in
G434E DAP5/pIRES-2A-transfected cells the majority of the
DAP5 proteins were distributed in the cytoplasm, similar to
cells expressing WT DAP5 co-transfected with empty vector.
Last, WT DAP5-transfected cells show DAP5 nuclear translocation beginning at 5 hpi with native CVB3 (Figure 4e). These
results demonstrate that the viral protease 2A cleavage of
DAP5 at G434 during CVB3 infection results in a partial
nuclear translocation of the N-terminal DAP5.
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Figure 2 Viral protease 2A but not 3C cleaves overexpressed WT FLAG-DAP5 and endogenous DAP5 into 45- and 52-kDa truncates. (a) pIRES-2A or 3C plasmid was
co-transfected into HeLa cells with WT FLAG-DAP5. As a control, HeLa cells were co-transfected with an empty pIRES vector and WT FLAG-DAP5 or with WT FLAG- DAP5 only.
Cell lysates were collected 48 h after transfection and analyzed by western blot using an anti-FLAG antibody. β-actin was used as a loading control. (b) pIRES vector, pIRES-2A or
pIRES 3C was transfected into HeLa cells. Lysates were collected for western blot analysis of endogenous 45-kDa DAP5-N. *DAP5 cleavage product (cp). Densitometric analysis
was performed as indicated in Figure 1, with values presented under each blot. As a control, western blot was conducted on eIF4GI and eIF5B, to verify pIRES-2A and 3C
constructs were effective at cleaving their respective substrates (c and d)

DAP5-N enhances VP1 production, while siRNA knockdown of DAP5 suppresses VP1 production. We sought to
determine the effect of DAP5 cleavage on CVB3 replication.
Cleavage percentages for each time point were calculated
relative to proform and normalized to β-actin (Figure 5d).
WT DAP5-transfected samples show DAP5 cleavage at 5 hpi
(Figure 5a), whereas G434E DAP5-transfected samples
show only full-length DAP5 with anti-FLAG antibody;
anti-DAP5 does detect a small amount of cleaved endogenous DAP5 without FLAG tag (Figure 5a). Compared with
empty vector-transfected cells, WT DAP5 induced 1.72-fold
VP1 expression, whereas G434E DAP5 showed 0.48-fold
expression (Figure 5e) at 7 hpi. This prompted us to examine
the effect of DAP5-N and DAP5-C overexpression during
CVB3 infection. Figure 5b demonstrates that ectopically
expressed DAP5-N during CVB3 infection induces 2.5-fold
VP1 translation compared with cells overexpressing DAP5-C,
which remained equal to the vector (Figure 5f). These
data suggest that viral protease 2A cleavage of DAP5 and
subsequent generation of the N-terminal truncated form
aid in viral replication. Data were further confirmed by

knocking down DAP5-specific small interfering RNA
(siDAP5) (Figure 5c), indicating that at 5 and 7 hpi, siRNA
treatment induced 3.12- and 3.97-fold VP1 expression,
respectively (Figure 5g).
DAP5-N enhances viral particle formation, while siRNA
knockdown of DAP5 decreases viral particle formation.
Given that WT DAP5 and DAP5-N enhance VP1 production
compared with uncleavable G434E and DAP5-C, we sought
to determine their effect on viral titer by viral plaque assay,
using the supernatant of the cells described in Figure 5.
WT DAP5-transfected cells show significantly more virus
(data at 5 and 7 hpi: vector 5.33 × 105 and 2.74 × 106 plaqueforming units (pfu), WT 106 and 1.3 × 107 pfu, G434E
4.97 × 105 and 3.95 × 106 pfu; Figures 6a and b), indicating
that cleavage of DAP5 enhances viral replication and
progeny release. A similar increase was seen with DAP5-N
(6.46 × 105 and 4.90 × 107 pfu). DAP5-C suppressed virus
titer at 5 hpi (3.12 × 105 hpi) but not at 7 hpi (2.68 × 106 pfu;
Figures 6c and d). Furthermore, siDAP5 significantly reduced
viral particle formation (siDAP5 1.34 × 105 and 1.28 × 106 pfu
Cell Death and Differentiation
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at 5 and 7 hpi, scrambled 1.66 × 106 and 5.33 × 107 pfu;
Figures 6e and f), indicating a significant role of DAP5 in viral
particle formation and release during CVB3 infection.
DAP5-N and DAP5-C differentially regulate translation of
p53 and Bcl-2 and result in apoptotic cell death. Previous
studies have identified a role of DAP5 in the translation of
IRES-containing genes Bcl-2 and p53.17,18 Overexpression of
WT-DAP5 and DAP5-N enhanced translation of p53 and Bcl-2,
whereas DAP5-C increased p53 expression and decreased
Bcl-2 expression (relative to control, p53: WT-DAP5 1.91,
DAP5-N 1.73, DAP5-C 1.42; Bcl-2: WT-DAP5 2.33, DAP5-N
1.39, DAP5-C 0.54; Figures 7a and c). To study the
mechanism(s) by which DAP5 and its cleavage products
mediate cap-independent translation, phosphorylated (Ser209)
eIF4E and total eIF4E were quantified (Figures 7a and d).
To our surprise, overexpression of WT-DAP5, DAP5-N
and DAP5-C significantly reduced eIF4E phosphorylation
(7.94-, 8.68- and 10.27-fold relative to vector) compared with
the total protein, indicating an inhibitory effect on capdependent translation. Differential alterations of p53 and Bcl2 translation by DAP5 fragments contributed to the overall
induction of apoptotic cell death as indicated by cleavage of
procaspase-3, cleavage of poly-ADP-ribose polymerase
(PARP; Figures 7b and e) and a significant reduction in cell
survival (Figure 7f) when compared with vector or WT DAP5.

Figure 3 Glycine 434 is the site of 2A cleavage of DAP5 during CVB3 infection.
(a) Schematic structures of eIF4G and DAP5 as well the known binding sites for proteins
involved in translation initiation. The red dashed line indicates the proposed 2A cleave
site at amino-acid residue 434 of DAP5 protein. (b) Sequence structure illustrating the
site-directed mutagenesis at glycine 434 of DAP5. (c) HeLa cells were transfected with
FLAG-tagged WT DAP5 construct or G434E DAP5 mutant for 48 h and subsequently
infected with CVB3 at an MOI (multiplicity of infection) of 10 or sham-infected with PBS.
Lysates were collected at 6 hpi and analyzed by western blot to detect DAP5 using an
anti-FLAG antibody. *DAP5 cleavage product (cp). Densitometric analysis was
performed as indicated in Figure 1, with values presented under each blot

DAP5-N and DAP5-C differentially alter translation but
not transcription of IRES-containing genes p53 and
Bcl-2. To directly demonstrate an effect of DAP5 cleavage
products on IRES-driven translation of p53, Bcl-2 and CVB3
mRNA, bicistronic luciferase reporters were constructed by
insertion of the 5′-UTR of these genes or the CVB3 genome
between Renilla and firefly reporter genes (Figure 8a).
WT DAP5 and DAP5-C enhanced translation of p53, Bcl-2,
and CVB3 genome, whereas DAP5-N only significantly
enhanced translation of p53 and CVB3 genome, not Bcl-2
(Figure 8b), consistent with data in Figure 7a. To rule out
transcriptional changes, q-RT-PCR was performed to measure Bcl-2 and p53 using β-actin, a non-IRES-containing
mRNA, as a baseline (Figure 8c). No significant differences in
mRNA levels were observed among these groups, indicating
that DAP5-N and DAP5-C do not directly affect transcription
of p53 or Bcl-2 mRNA.

Figure 4 DAP5-N translocates to the nucleus, whereas G434E DAP5 and DAP5-C remain in the cytoplasm. (a) Schematic structures of clones of the DAP5-N and DAP5-C. The
FLAG and HA tags as well as the binding sites of interacting proteins involved in translation initiation are indicated. The numbers are the specific amino-acid positions for the binding
sites. (b) Western blot analysis of cellular distribution of WT DAP5, DAP5-N and DAP5-C after transfection. HeLa cells were transfected with WT DAP5 (FLAG), DAP5-N (FLAG) or
DAP5-C (HA) for 48 h. Nuclear and cytoplasmic proteins were isolated using NE-PER Kit (Thermo Scientific). Histone-1 was used as a nuclear purity control and β-actin was used as
a loading control. Densitometric analysis was performed as in Figure 1. Values are displayed as percentages of nuclear and cytoplasmic protein values. (c) Confocal imaging of
intracellular localization of WT DAP5, DAP5-N and DAP5-C after transfection. HeLa cells were transfected as described in (b). Cells were immunostained with FLAG (WTand DAP5N) or HA (DAP5-C) antibody and probed with Alexa Fluor 488 (green for WT and DAP5-C) or Alexa Fluor 594 (red for DAP5-N). DAPI staining was used to image nuclei (blue). (d)
Confocal imaging of FLAG-WT DAP5-HA, or FLAG-G434E-DAP5, co-transfected with pIRES vector or protease 2A-expressing cells. HeLa cells were co-transfected with a plasmid
expressing WT DAP5 tagged with N-terminal FLAG (columns 1 and 2) and a C-terminal HA (columns 5 and 6) and either pIRES empty vector or 2A-expressing pIRES-2A plasmid.
Cells co-transfected with the G434E DAP5 and pIRES empty vector or pIRES-2A (columns 3 and 4) are additional controls. Cellular distribution of the cleavage products were
detected by immunostaining for FLAG or HA using secondary goat anti-rabbit IgG labeled with Alexa Fluor 488 (green) and imaged by confocal microscopy. (e) Confocal imaging of
intracellular localization of WT DAP5 (N-terminal FLAG, C-terminal HA-tagged) or G434E DAP5 in sham (columns 1 and 3) or CVB3-infected cells (columns 4 and 9). HeLa cells were
transfected with plasmid for 48 h and subsequently infected with 10 MOI (multiplicity of infection) CVB3 for 5 or 7 h or sham-infected with PBS. Cellular distribution of WT DAP5-FLAG
or -HA and FLAG-G434E DAP5 were detected by immunostaining of FLAG or HA and imaged by confocal microscopy as described for (d)
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Discussion
Enterovirus proteases, such as CVB3 2A, cleave translation
initiation factors,5–7,10,20,23–26 leading to shutoff of cellular
translation. DAP5, an eIF4G homolog responsible for IRESmediated translation, was found to be cleaved by CVB3
protease 2A. The role of DAP5 in initiation of mRNA translation
of IRES-containing genes in cellular stress conditions has
been studied in different model systems.14,15,19,27,28 However,
proteolytic modifications of DAP5 by viral proteases and
subsequent functional changes have not been previously
explored. By site-directed mutagenesis, FMKSQ↓G434LSQ
was identified as the cleavage site of 2A protease, consistent
with cleavage recognition sites reported for other substrates of
2A.22,29 Intriguingly, cleavage of DAP5 caused partial nuclear
translocation of the N-terminal cleavage product, whereas
the C-terminal cleavage product remained primarily in the
cytoplasm. Cleavage and the subsequent subcellular redistribution of the truncated proteins resulted in altered DAP5
function, analogous to that reported for caspase-3 cleavage of
DAP5.14 Cleavage alters the cellular environment in a way that
is advantageous for viral replication. This occurs in vitro and
in vivo as demonstrated here. Knockdown of DAP5 during
CVB3 infection resulted in significant reductions in VP1 levels
and viral titer. Overexpression of DAP5-N resulted in higher
levels of both VP1 and virus production. Upon cleavage,
DAP5-N is still functional and has a role in differentially
regulating translation. In addition, DAP5-N undergoes nuclear
translocation upon cleavage during late CVB3 infection
(a bioinformatically predicted nuclear localization signal
is present), although the function following nuclear localization
remains unknown. DAP5 reportedly translocates to the
nucleus during all-trans retinoic acid (ATRA)-induced terminal
differentiation in leukemia cells, resulting in the inhibition of
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) prosurvival pathway.30 PI3K/Akt pathway suppression via dephosphorylation of Akt31 occurs concurrently with DAP5 nuclear
translocation (6 hpi) during CVB3 infection, corresponding
with the induction of apoptosis. This is similar to our finding
showing induction of apoptosis, as evidenced by activation of
procaspase-3 and reduction of cell survival following cleavage
and nuclear translocation of DAP5-N. Future studies may
identify the nuclear function of DAP5-N and explore the effect
of DAP5 cleavage on immune cell infiltration and viral
pathogenesis.
In this study, CVB3 2A protease cleavage of DAP5 produced
two fragments of DAP5 protein: the 45-kDa DAP5-N remained
active in IRES-driven translation initiation and favored the
translation of proapoptotic genes (e.g. p53) and of CVB3,
whereas the 52-kDa DAP5-C inhibited global translation and
indirectly facilitated IRES-driven translation by dephosphorylation of eIF4E, the cap-binding translation initiation factor.
Preferential enhancement by DAP5-N of p53 but not Bcl-2
may be attributed to DAP5-N-induced caspase activation,
limiting the expression of Bcl-2 and thereby inducing
apoptosis.32 DAP5-C induced nonspecific, cap-independent
translation of Bcl-2, p53 and CVB3 likely through competition
with eIF4E for MAP kinase signal-integrating kinase 1 (MNK1)
phosphorylation, thus inhibiting eIF4E from participating in
translation initiation.33–35 Changes in function may be explained
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based on the structural differences in each DAP5 fragment.
DAP5 shares structural homology with the middle region of
eIF4GI, termed the MIF4G domain. This 30-kDa MIF4G domain
mediates protein–protein interactions with eIF4A and eIF3 and
also exhibits RNA- and DNA-binding capabilities.36 It has been
shown to interact directly with the IRES element of the
encephalomyocarditis virus (EMCV) RNA37,38 and allows
eIF4G to recruit the ribosome to the EMCV RNA in a
cap-independent manner by interacting with eIF3 and
the RNA simultaneously. As DAP5-N retains the eIF4A- and
eIF3-binding domains, it is competent for initiation of IRESdriven translation. This result is in line with previous reports that
the C-terminal fragment of eIF4G drives IRES-containing
mRNA translation.39,40 This study showed that primary
cleavage of eIF4G by picornavirus proteases generates an
18-kDa N-terminal polypeptide and a large C-terminal
fragment. The C-terminal fragment possesses eIF4A- and
eIF3-binding domains, is responsible for ribosome binding
via eIF3 and, in complex with eIF4A, forms part of the RNA
helicase apparatus.39,40 This is further supported by another
in vitro translation study using rabbit reticulocyte lysates,41 and
recently, the interaction sites between DAP5, MIF4G and eIF4A
have been identified by crystal structural analysis.42,43 These
data suggest that eIF4A- and eIF3-binding domains on DAP5-N
are critical for cap-independent translation. DAP5-N-mediated
translation of IRES-containing genes differs from WT DAP5.
DAP5-N initiates translation of IRES-containing genes that are
proapoptotic, as indicated by our results showing the enhancement of p53 IRES translation, cleavage of procaspase-3 and a
significant reduction in cell survival rate. Furthermore, DAP5-C
likely contributes to the enhancement of cell death by reduction
of Bcl-2 and enhancement of IRES-mediated p53.
The function of DAP5-C may also relate to its structural
features. It is documented that the C-terminal region of DAP5
shares structural homology with eIF4G. These homologous
regions include MA3 (or mini-protein) domain and an MNK1binding motif. However, the MA3 domain of DAP5 does not
support eIF4A binding,44 leaving DAP5 with a single eIF4A
interaction domain on the DAP5-N cleavage product,
compared with two eIF4A-binding domains on protease 2A
cleaved eIF4G.45 CVB3 and all type I viral IRES translation
requires cleaved eIF4G (or DAP5) and eIF4A45 as eIF4G
(and DAP5) bring eIF4A into the translation initiation complex.
As such, eIF4G has a stoichiometric advantage (i.e. higher
avidity) over DAP5.46 In combination with the higher affinity of
2A to eIF4G over DAP5,47 this may explain the relatively low
changes in VP1 expression when DAP5-C is overexpressed.
Although DAP5-C induces dephosphorylation of eIF4E, its
effect on enhancement of viral translation may be modest,
given that eIF4E is downregulated by microRNA 141 during
enteroviral infection48 and eIF4E dephosphorylation occurs
early during infection.34 However, the generation of DAP5-C,
along with 4EBP1,49 may partially explain the dephosphorylation of eIF4E later during infection, where DAP5-C competes
with eIF4E for MNK1 phosphorylation. In addition, the
C-terminal regions of both DAP5 and eIF4G contain two
aromatic and acidic boxes (AA boxes), also known as eIF5C or
W2 domains.50,51 Notably, both eIF4G and DAP5 interact with
MNK1, which phosphorylates eIF4E, using the AA-box motif,
when eIF4E is in the pretranslation initiation complex.35
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Figure 5 Cleavage of DAP5 during CVB3 infection enhances VP1 production and siRNA knockdown of DAP5 suppresses VP1 production. (a) HeLa cells were transfected
with pcDNA3.1 vector, WT DAP5 or G434E DAP5 for 48 h and subsequently infected with 10 MOI (multiplicity of infection) CVB3. Lysates were collected at the indicated time
points and probed by western blot using antibodies against endogenous DAP5, FLAG-DAP5 and VP1. β-Actin was used as a loading control (b) HeLa cells were transfected with
pcDNA3.1 vector, DAP5-N or DAP5-C and subsequently infected with 10 MOI CVB3. Lysates were collected at the indicated time points and probed by western blot using
antibodies against FLAG (DAP5-N), HA (DAP5-C) or VP1. β-Actin was used as a loading control. (c) HeLa cells were transfected with DAP5-specific siRNA (siDAP5) to
knockdown DAP5 expression and then infected with CVB3. Cell lysates were harvested at the indicated time points after infection for the analysis of DAP5 cleavage fragment and
viral VP1 production. Scrambled small interfering RNA (scr) was used as a control. (d) DAP5 proform protein was quantified by densitometric analysis as described in Figure 1.
Sham protein levels were set as 100% and subsequent values were calculated as percentages relative to sham protein levels. (e–g) VP1 protein production in (a–c) was
quantified by densitometric analysis using the ImageJ (NIH) program and normalized to the corresponding controls and the data are presented as means ± S.D. of three
independent experiments in (d–f), respectively. *Po0.05 and **Po0.01
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In contrast, DAP5, but not eIF4G, binds to eIF2β through
the AA box motif.52,53 Therefore, DAP5-C is incapable of
direct interaction with IRES mRNA owing to the lack of
eIF4A-binding domain; however, it likely indirectly enhances

IRES-driven translation by competing with eIF4E.
Thus, DAP5-C may have a dominant-negative effect on
cap-dependent translation and indirectly enhance capindependent translation.

Figure 6 Cleavage of DAP5 during CVB3 infection significantly enhances viral titer. (a and b) HeLa cells were transfected with WT DAP5, G434E DAP5 or empty vector for
48 h and subsequently infected with 10 MOI (multiplicity of infection) CVB3. Supernatants were collected at 5 (a) and 7 hpi (b) and used to measure CVB3 particles by plaque
assay. (c and d) HeLa cells were transfected with DAP5-N, DAP5-C or empty vector for 48 h and subsequently infected with 10 MOI CVB3. Supernatants were collected at
5 (c) and 7 hpi (d) and used to measure CVB3 particles by plaque assay (e and f) HeLa cells were transfected with siDAP5 and then infected with 10 MOI CVB3. Scrambled small
interfering RNA (scr) was used as a control. Supernatants were collected at 5 (e) and 7 hpi (f) and used to measure CVB3 particles by plaque assay. Data are presented as
means ± S.D. n = 3, *Po0.05 or **Po0.01
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Figure 7 DAP5-N and DAP5-C differentially regulate translation of p53 and Bcl-2 and result in apoptotic cell death. HeLa cells were transfected with WT DAP5, DAP5-N, DAP5-C
or vector. At 48 h after transfection, cells lysates were prepared for western blot analysis of proteins using the indicated antibodies (a and b). Quantification of western blot signals was
conducted by densitometry analysis using the ImageJ program and normalized to β-actin, total eIF4E or proform of the proteins (c–e). (f) Cell viability was analyzed by MTS assay.
Cell viability of WT DAP5-transfected cells was defined as 100% (control). Other data are presented as the percentage of the control. *Po0.05 and **Po0.01; n = 3

Taken together, this study has revealed for the first time that
DAP5 is cleaved by protease 2A during infection, resulting in
altered subcellular distribution and activity. The DAP5 cleavage
products differentially regulate IRES-containing genes, promoting the translation of proapoptotic genes as well as viral genome,
leading to enhanced viral replication and cell apoptosis.
Materials and Methods
Virus, cells, animals and plasmids. This study was carried out in strict
accordance with the recommendations in the Guide to the Care and Use of

Experimental Animals – Canadian Council on Animal Care. All protocols were
approved by the Animal Care Committee, University of British Columbia (protocol
number: A11-0052). CVB3 (CG) strain was obtained from Dr. Charles Gauntt
(University of Texas Health Science Center, San Antonio, TX, USA) and propagated
in HeLa cells (ATCC, Manassas, VA, USA). Virus stock was isolated from cells by
three freeze–thaw cycles, followed by centrifugation to remove cell debris, and
stored at − 80o C. The titer of virus stock was determined by plaque assay as
described in a later section. 4-Week old male A/J mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). Mice were infected with 105 pfu of
CVB3 or sham infected with PBS (Sigma, St. Louis, MO, USA) by intraperitoneal
inoculation. HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
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C49 vector. All the 5′-UTRs are flanked by EcoRI digesting sites matching the
cloning site on the vector.
Transfection and virus infection. HeLa cells (2 × 105/well) at 70–80%
confluence in 6-well plates were washed with PBS and overlaid for 24 h with
transfection complex containing 2 μg of plasmid DNA and 10 μl of Lipofectamine
2000 (Invitrogen, Waltham, MA, USA) or 10 μM scramble siRNA or DAP5 siRNA
(Santa Cruz Biotechnology Inc., Dallas, TX, USA) and 5 μl Oligofectamine
(Invitrogen) reagent per well. The transfection medium was then replaced with
DMEM containing 10% FBS and the incubation was continued for 24 h before viral
infection, or 48 h for plasmid DNA or 48 h for all siRNA experiments before
harvesting. For viral infection, cells were washed with PBS and infected in 500 μl of
serum-free DMEM at an MOI of 10 or sham-infected with PBS for the indicated time
points in hours (hpi).

Figure 8 Overexpression of DAP5-N and DAP5-C alters translation but not
transcription of IRES-containing genes p53 and Bcl-2. (a) Schematic structures of
luciferase reporters. The 5′-UTR of Bcl-2, p53 or CVB3 genome was inserted into the
site between Renilla and firefly luciferase coding regions on C49 plasmid. (b) HeLa
cells were co-transfected with the luciferase reporter plasmid and a plasmid
expressing WT DAP5, DAP5-N or DAP5-C. At 48 h after transfection, cell lysates
were collected for luciferase assay to determine the relative luciferase activity. Results
are shown as means ± S.D. (N = 15). *Po0.05 and **Po0.01. (c) q-RT-PCR to
detect mRNA of p53 and Bcl-2. HeLa cells were transfected with empty vector or a
plasmid expressing WT DAP5, DAP5-N or DAP5-C. At 48 h after transfection, total
RNAs were isolated from the cells and used for q-RT-PCR to measure the mRNAs
of IRES-containing genes, p53 and Bcl-2. β-Actin mRNA was used as a control for
cap-containing gene. All values were normalized to GAPDH
supplemented with 10% fetal bovine serum (FBS) (Clontech, Palo Alto, CA, USA).
FLAG-DAP5/97 plasmid (WT DAP5) was generously provided by Dr. Martin Holcik
(Children’s Hospital of Eastern Ontario, Ottawa, ON, Canada).15 pIRES-2A was
produced as described previously.12 Cell lystates were prepared at 24 and/or 48 h
after transfection for western blot analysis using the appropriate antibody, described
below. Two plasmids (pcDNA3-FLAG-DAP5N and pcDNA3-DAP5C-HA), expressing
the N- and C-terminal cleavage products of DAP5, respectively, were constructed by
a PCR-mediated method. Briefly, cDNA fragments encoding the N- or C-terminal
region of DAP5 were synthesized by PCR using the up- and downstream primers
containing XhoI/BamHI and XhoI/EcoRI restriction sites, respectively. The fragments
were cloned into pcDNA3.1-5′-FLAG and pcDNA3.1-3′-HA vector at the
above-mentioned restriction sites, respectively. The uncleavable DAP5 plasmid
pcDNA3.1-FLAG-DAP5/G434E was constructed commercially (TopGene Technologies, Montreal, QC, Canada) by site-directed mutagenesis of the WT pcDNA3.1FLAG-DAP5 plasmid to change nucleotides G to E, which resulted in the change
from glycine at 434 to glutamic Acid. HeLa cells were transfected with WT DAP5
or G434E DAP5 and subsequently infected with CVB3 at 48 h after
transfection. Cell lysates were analyzed by western blot using a FLAG antibody.
The bicistronic luciferase reporter plasmids (C49-CVB3-5′-UTR, C49-Bcl2-5′-UTR,
C49-p53-5′-UTR) were constructed by inserting the corresponding 5′-UTRs
between the Renilla and the firefly luciferase coding regions on C49 vector, a kind
gift from Dr. Joanna Floros’s laboratory (Hershey, PA, USA). The CVB3 and Bcl-2
5′-UTRs were amplified by PCR using specific primers and the plasmids we have
as templates. The p53 5′-UTR18 was synthesized by RT-PCR and cloned into the
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Western blot analysis. Western blots were performed using standard
protocols as described previously.54 Mouse heart tissue was sectioned from the
apical tissue and homogenized in MOSLB lysis buffer. The lysates were centrifuged
at 13 000 × g for 20 min and the supernatants were collected for measuring the
protein concentration using the Bradford Assay (Bio-Rad Laboratories, Mississauga,
ON, Canada). Cells were washed two times in cold PBS after transfection or
infection at different time points mentioned above. Cells were lysed in lysis buffer
(0.025 M Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100 and protease inhibitor cocktail) on ice for 20 min. Supernatants
containing proteins were isolated by centrifugation at 13 000 × g at 4 °C for 15 min.
Nuclear and cytoplasmic proteins were isolated using the NePER Kit according to
the manufacturer’s instructions (Thermo Scientific, Waltham, MA, USA). WT DAP5,
DAP5-N or DAP5-C was transfected into HeLa cells for 48 h in the absence of CVB3
infection, followed by nuclear protein extraction to separate the nuclear and
cytoplasmic fractions. Histone-1 was used as a nuclear purity control and β-actin
was used as a loading control, which is present in both the nucleus and
cytoplasm.55,56 Proteins were separated by 10% SDS-polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes (Amersham GE,
Buckinghamshire, UK). Membranes were blocked in 5% skim milk in Tris-buffered
saline 10% Tween (TBST) buffer for 1 h and subsequently incubated with one of the
following primary antibodies against DAP5-N (Thermo Scientific), DAP5-C (Cell
Signaling Technologies, Danvers, MA, USA), Oct-8 (FLAG), HA and p53 (Santa
Cruz Biotechnology Inc.), Bcl-2 (Cell Signaling Technologies), caspase-3 (Cell
Signaling Technologies), PARP (Santa Cruz Biotechnology Inc.), phospho-eIF4E
(Ser209) (Santa Cruz Biotechnology Inc.), total eIF4E (Santa Cruz Biotechnology
Inc.), VP1 (Dako, Santa Clara, CA, USA) and β-actin (Sigma) at 4 °C overnight.
Membranes were then washed in TBST three times for 10 min each, followed by
incubation with the appropriate secondary antibody (goat anti-mouse or donkey antirabbit) conjugated to horseradish peroxidase (Amersham, Piscataway, NJ, USA)
and visualized using the enhanced chemiluminescence method as per the
manufacturer’s instructions (Amersham).
Quantitative RT-PCR. Cellular mRNAs were extracted and isolated using
RNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s
instructions. Reverse transcription of RNAs was performed using SuperScript III
First-Strand cDNA Synthesis System for RT-PCR according to the manufacturer’s
instructions (Invitrogen). cDNA was measured by q-RT-PCR using the QuantiTect
SYBR Green PCR Kit (Qiagen). Primers were designed from previous publications;
for p53,18 Bcl-217 and DAP5,17 glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA levels served as an endogenous control. All real-time q-RT-PCR
experiments were performed in triplicate with no-template as a negative control.
Bicistronic luciferase reporter assay. HeLa cells were seeded in
24-well plates and co-transfected with C49-CVB3-5′-UTR, C49-Bcl2-5′-UTR or
C49-p53-5′-UTR and plasmid expressing pcDNA3.1 vector, WT DAP5, DAP5-N- or
DAP5-C as described above. At 48 h after transfection, firefly and Renilla luciferase
activities were measured using the Dual-Glo luciferase analysis system (Promega,
Madison, WI, USA) according to the manufacturer’s protocol. Briefly, the transfected
cells were lysed with 100 μl/well of passive lysis buffer (Promega), and then 20 μl of
the lysates were mixed with 100 μl of LAR II luciferase assay substrate. The firefly
luciferase activity was measured immediately using a Tecan GENios fluorescence
reader to detect the intensity of signal. One hundred microliters of Stop & Glo
solution (Promega) was then added and the Renilla luciferase activity was detected
using the same reader. All the assays were performed in triplicates.
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Immunocytochemistry and confocal microscopy. HeLa cells proliferating on glass coverslips in a 6-well plate at ~ 70% confluence were
co-transfected with pIRES-2A and plasmid (FLAG-DAP5-HA) expressing WT DAP5
containing an N-terminal FLAG tag and a C-terminal HA tag or G434E DAP5
(containing an N-terminal FLAG tag) and then immunostained the N- and C-terminal
regions of DAP5 with FLAG and HA antibody, respectively, at 48 h after
co-transfection or subjected to CVB3 infection at the indicated time points and
subsequently immunostained as described previously.57 Briefly, cells were fixed with
4% paraformaldehyde, permeabilized in methanol/acetone (50:50) at − 20 °C for
20 min and stained with an anti-FLAG or anti-HA primary antibody (Santa Cruz
Biotechnology Inc.). Slides were washed and stained with a goat anti-rabbit IgG (H
+L) labeled with Alexa Fluor 488 or 594 (Invitrogen). Nuclei were stained with 4′, 6′diamidine-2′-phenylindole dihydrochloride (DAPI) (Vector Laboratories, Burlingame,
CA, USA). Cells were observed with a Leica SP2 AOBS confocal microscope (Leica
Microsystems, Wetzlar, Germany).
MTS assay. Cell viability was analyzed by using a 3-(4-5-dimethylthiazol-2-yl)-5(-3-carboxymethoxyphenyl)-2H-tetrazolium salt (MTS) assay kit following the
manufacturer’s instructions (Promega). Briefly, HeLa cells were transfected with a
plasmid expressing WT, G434E, N-terminal or C-terminal DAP5 for 48 h. Cells were
then incubated with MTS solution for 2 h. Absorbency of formazan was measured at
492 nm using enzyme-linked immunosorbent assay plate reader. The absorbency of
vector-transfected cells was defined as 100% survival (control). The remaining data
were converted to the percentage of control.
Viral plaque assay. Viral titers were determined as described previously.58
Briefly, HeLa cells were seeded into 6-well plates (8 × 105 cells per well) and incubated
at 37 °C for 20 h to a confluence of ~ 0%, then washed with PBS and overlaid with
500 μl of virus serially diluted in cell culture medium. Virus was obtained by
centrifugation (4000 × g) of freeze-thawed cell suspensions as described above. After a
viral-adsorption period of 60 min at 37 °C, the supernatant was removed, the cells
overlaid with 2 ml of sterilized soft Bacto-Agar minimal essential medium, cultured at
37 °C for 72 h, fixed with Carnoy’s fixative for 30 min and stained with 1% crystal violet.
The plaques were counted and viral pfu/ml calculated.
Statistical analysis. Student’s t-test was used to analyze the data. Results
are expressed as means ± S.D of three independent experiments. A P-value
o0.05 was considered statistically significant.
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