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VPg unlinkase/TDP2 in cardiovirus infected cells:re-localization
and proteolytic cleavage

Sonia Maciejewskil, Wendy Ullmer, and Bert L. Semler
Department of Microbiology and Molecular Genetics, School of Medicine, University of California,
Irvine, CA 92697 USA

Abstract

Cardioviruses cause diseases in many animals including, in rare cases, humans. Although they
share common features with all picornaviruses, cardioviruses have unique properties that
distinguish them from other family members, including enteroviruses. One feature shared by all
picornaviruses is the covalent attachment of VVPg to the 5” end of genomic RNA via a
phosphotyrosyl linkage. For enteroviruses, this linkage is cleaved by a host cell protein, TDP2.
Since TDP2 is divergently required during enterovirus infections, we determined if TDP2 is
necessary during infection by the prototype cardiovirus, EMCV. We found that EMCV yields are
reduced in the absence of TDP2. We observed a decrease in viral protein accumulation and viral
RNA replication in the absence of TDP2. In contrast to enterovirus infections, we found that TDP2
is modified at peak times of EMCV infection. This finding suggests a unique mechanism for
cardioviruses to regulate TDP2 activity during infection.
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1. INTRODUCTION

The cardiovirus genus of the Picornaviridae family is divided into three species (A, B, C)
and includes encephalomyocarditis virus (EMCV), Theiler’s murine encephalomyelitis virus
(TMEV), and the emerging human virus, Saffold virus (SAFV) (Ghildyal et al., 2009)
[http://www.picornaviridae.com/cardiovirus/cardiovirus.htm]. EMCV is primarily known for
diseases it causes in both wild and domestic animals worldwide, including mice, swine, and
non-human primates; however, infections in humans have also been reported [reviewed in
(Carocci and Bakkali-Kassimi, 2012)]. The wide range of animals susceptible to infection
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makes EMCYV a potential zoonotic agent. Additionally, cultured human cells that express the
EMCYV receptor, sialoglycoprotein vascular cell adhesion molecule 1 (VCAM-1), are
susceptible to EMCYV infection (Huber, 1994). EMCYV infections in swine and rodents can
lead to myocarditis, encephalitis, paralysis, type | diabetes, or even mortality [reviewed in
(Carocci and Bakkali-Kassimi, 2012)]. No vaccine or antiviral therapeutic against EMCV
infection is currently available. Since cardioviruses have a wide host range and the ability to
cause multiple diseases, it is important to further understand the viral mechanisms employed
by cardioviruses for development of antiviral therapeutics.

EMCYV, like members of the enterovirus genus of picornaviruses, has a small, positive-sense
RNA genome (~7.8 kb). Although members of the picornavirus family share many
similarities in their genomic RNAs, the cardiovirus genome has distinct features that lead to
differences in viral replication and host modulation mechanisms. Although it is covalently
linked to the small viral protein, VVPg (viral protein genome-linked), via a phosphotyrosyl
linkage, the 5" noncoding region (NCR) of EMCYV differs from that of enteroviruses (i.e.,
coxsackievirus, poliovirus, human rhinovirus) in that it possesses a poly(C) tract, followed
by pseudoknots with unknown functions, and a type Il internal ribosome entry site (IRES)
[reviewed in (Wimmer et al., 1993)]. The approximately 430-nucleotide type Il IRES is
more highly structured than the type | IRES that enteroviruses possess and is subdivided into
five domains known as H-L. The IRES mediates initiation of cap-independent translation of
the viral polyprotein, which includes a protein not expressed by enteroviruses. This EMCV-
specific protein is the leader (L) protein, which is phosphorylated during infection and
contains an N-terminal zinc finger domain (Cornilescu et al., 2008; Dvorak et al., 2001). The
L protein, despite having no enzymatic activity, disrupts nucleo-cytoplasmic trafficking by
indirectly phosphorylating the nucleoporin proteins and binding to Ran GTPase (Porter et
al., 2006; Porter and Palmenberg, 2009). This is different from enterovirus-mediated
disruption of nucleo-cytoplasmic trafficking, which is carried out by their viral proteinases
2A (Castello et al., 2011; Park et al., 2010) and 3C/3CD (Ghildyal et al., 2009); for review,
see (Flather and Semler, 2015). Another major difference between EMCV and the
enteroviruses is that unlike enterovirus 2A proteinases, the EMCV 2A protein has no
proteolytic activity. In contrast to enterovirus 2A cleavage of elF4G to shut off host cell
translation, EMCV 2A expression triggers hypo-phosphorylation of the translation initiation
factor 4E-BP1, leading to inhibition of cap-dependent translation, albeit at a much slower
rate than during poliovirus infection (Etchison et al., 1982; Jen et al., 1980; Svitkin et al.,
1998). EMCV 2A was also shown to inhibit apoptosis (Carocci et al., 2011). Despite these
mechanistic differences, EMCYV, like enteroviruses, effectively alters the cellular
environment to promote viral replication.

EMCYV uses an additional strategy to enhance its replication cycle by inhibiting the host
antiviral response. Previous studies showed that EMCV L protein interferes with IRF-3
dimerization, a step necessary for transcription of the interferon-alpha/beta genes (Hato et
al., 2007). Additionally, EMCYV, like poliovirus, targets the viral RNA sensor, RIG-I (Barral
et al., 2009; Papon et al., 2009). It is important to note that not all host proteins function
similarly during enterovirus and cardiovirus infections. For example, the cellular MRNA
decay factor AUF1 acts as a restriction factor during coxsackievirus, poliovirus, or human
rhinovirus infection, but during EMCV infection, levels of virus restriction appear to be
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host-cell dependent (Cathcart et al., 2013; Cathcart and Semler, 2014; Rozovics et al., 2012;
Wong et al., 2013). In addition, host protein poly(rC) binding protein 2 (PCBP2) is required
as an IRES trans-acting factor for enterovirus translation but not for EMCV translation
(Walter et al., 1999). These previous findings illustrate some of the different pathways that
are used by cardioviruses (compared to enteroviruses) to carry out viral gene expression and
alter the cellular environment during infection.

In this report, we focused on the role of host protein 5” tyrosyl-DNA phosphodiesterase 2
(TDP2) during EMCYV infection. TDP2 possesses the VPg unlinkase activity that hydrolyzes
the covalent phosphotyrosyl bond between VPg and the 5 end of enterovirus RNAs
(Virgen-Slane et al., 2012). TDP2 was also shown to be necessary for efficient enterovirus
replication in murine cells (Maciejewski et al., 2015). Although it has not been confirmed
that TDP2 functions as VPg unlinkase during cardiovirus infections, previous studies
demonstrated that a cellular activity from mouse ascites Krebs 11 cells can hydrolyze the
VVPg-RNA linkage found in both poliovirus and EMCV RNA (Drygin et al., 1988; Drygin
and Siianova, 1986). This activity was predicted to be a phosphodiesterase involved in repair
of RNA and topoisomerase complexes (Gulevich et al., 2001, 2002). These characteristics
resemble those of TDP2, which primarily removes tyrosine adducts resulting from
topoisomerase I1-mediated double-stranded DNA breaks (Cortes Ledesma et al., 2009). In
this study, we sought to determine if TDP2 plays a role during EMCV infection and if its
activity is modified by viral functions. Our previous work found that TDP2 was divergently
required for enterovirus infections, with coxsackievirus B3 replication showing the highest
levels of dependence on TDP2 (Maciejewski et al., 2015). Based on these findings, we
hypothesize that picornaviruses use TDP2/VPg unlinkase activity to mark viral RNAs for
use in viral translation, RNA replication, or encapsidation. Results obtained from the current
study showed that TDP2 re-localizes from the nucleus to the cytoplasm of EMCV infected
cells. We found that EMCYV Yyields are significantly reduced during infection of mouse
embryonic fibroblasts genetically ablated for TDP2. We also observed a reduction of EMCV
protein accumulation in the absence of TDP2. Finally, in contrast to what is observed during
enterovirus infections, we found that TDP2 appears to be proteolytically cleaved at peak
times of EMCYV infection, providing yet another example of the differential modification of
host proteins during cardiovirus infections compared to enterovirus infections.

2. RESULTS

2.1. TDP2 is re-localized from the nucleus to the cytoplasm during EMCYV infection

TDP2 is predominantly a nuclear protein that is present at lower concentrations in the
cytoplasm (Li et al., 2011). It dramatically re-localizes from the nucleus to the cytoplasm by
4 hours after poliovirus infection (Virgen-Slane et al., 2012). TDP2 was also shown to
localize to the cell periphery in sites distinct from putative viral replication and
encapsidation at peak times of poliovirus infection (Virgen-Slane et al., 2012). These
findings suggested that TDP2 may be sequestered from viral RNA replication and
encapsidation sites as a mechanism to modulate the VVPg unlinking activity of TDP2 during
infection. To determine if this re-localization pattern occurs for picornaviruses other than
poliovirus, we examined TDP2 re-localization during EMCYV infection using confocal
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microscopy. HeLa cells were either mock- or EMCV-infected and fluorescently labeled
using antibodies against TDP2 or EMCV 3D polymerase. As shown in Fig. 1, TDP2 is
primarily localized to the nucleus in mock-infected cells and at O hr post-infection. At 2 and
4 hr post-infection, TDP2 shows increasing re-localization from the nucleus to the
cytoplasm. At peak times of infection (6 hr), TDP2 is dispersed throughout the cell
cytoplasm and nucleus. Staining of the RNA-dependent RNA polymerase 3D was used as a
marker for viral replication in EMCV-infected cells and is detected at peak times of infection
(6 hr). TDP2 and EMCYV 3D are closely localized in the cell cytoplasm. These results are in
contrast to the distinctive pattern observed for TDP2 during poliovirus infection, suggesting
an alternative mechanism for modulating TDP2 catalytic activity throughout EMCV
infection.

2.2. The absence of TDP2 during EMCV infection causes a decrease in viral yields

Since enteroviruses require TDP2 for efficient replication, we investigated the impact of
TDP2 on cardiovirus infection. We infected TDP2 wild type (TDP2*/*) and knockout
(TDP27/7) mouse embryonic fibroblasts (MEFs) with EMCV at an MOI of 1 or 20 and
quantified viral yields by plaque assay every 2 hr post-infection for 10 hr (Fig. 2). In the
absence of TDP2, viral yields were reduced by 6 hr post-infection at either MOI. At lower
MOI, EMCV replication in TDP27/~ cells was reduced more than 10-fold compared to
TDP2*/* MEFs (Fig. 2A). At higher MOI, the effect of TDP2 knockout on EMCV
replication was slightly diminished, and less than a 10-fold reduction of virus yield was
observed in TDP2~/~ cells (Fig. 2B). The diminished effect of TDP2 knockout on EMCV
replication at higher MOI indicates that the inhibitory effect of TDP2 knockout on virus
production can be partially overcome by increased virus input. These results suggest that
TDP2 is required for efficient replication of EMCV in MEFs, similar to the observed effect
of TDP2 on replication of the enteroviruses poliovirus, human rhinovirus, and
coxsackievirus B3 (Maciejewski et al., 2015).

2.3. TDP2 is necessary for efficient EMCV replication

We next investigated the role of TDP2 during EMCYV translation and RNA synthesis. Viral
protein accumulation during EMCV infection of TDP2*/* and TDP2~/~ MEFs was analyzed
by Western blot using antibodies against the EMCV nonstructural proteins 3C and 3D. We
found that 3C and 3D expression was clearly detected at 8 and 10 hr post-infection in
EMC\V-infected HeLa cells and TDP2*/* MEFs (Fig. 3A, lanes 3-4 and lanes 7-8). In
agreement with the single-cycle growth analyses, EMCV 3C and 3D expression was reduced
in the TDP2~/~ MEFs (Fig. 3A, lanes 11 and 12). To separate the effect of TDP2 on viral
translation from that on viral RNA synthesis, a recombinant Gaussia luciferase-expressing
EMCV (GLuc-EMCV) was employed in combination with the viral RNA synthesis
inhibitor, dipyridamole (Fata-Hartley and Palmenberg, 2005; Tonew et al., 1977) (Fig. 3B).
TDP2*/* and TDP2~/~ MEFs were infected with GLuc-EMCV at an MOI of 1 or 20 and
cells were left untreated or treated with 150 uM dipyridamole both during and after virus
adsorption. Luciferase activity was measured 5 and 10 hr post-infection. In untreated cells,
where viral translation and RNA synthesis were allowed to occur normally, there was a
reduction in luciferase activity in TDP2~~ MEFs compared to TDP2*/* at 5 and 10 hr post-
infection at both MOls (Fig. 3C). Similar to the single-cycle growth analyses, the effect of
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TDP2 knockout on luciferase activity was more significant at lower MOI, although the trend
can still be observed at high MOI. Since these results do not distinguish between the effect
of TDP2 on viral translation or RNA synthesis, dipyridamole treatment was used to measure
the effect of TDP2 on viral translation only. Interestingly, there was no difference in
luciferase activity measured from TDP2*/* or TDP27/~ cells following inhibition of viral
RNA synthesis (Fig. 3C). These results suggest that TDP2 is not required for translation of
input EMCV RNA, but is required for subsequent rounds of viral translation and RNA
synthesis.

2.4. TDP2 is modified during EMCYV infection

Numerous studies have revealed that picornaviruses modulate host proteins via their virus-
encoded proteinases to aid in carrying out their replication cycle; for review, see (Chase and
Semler, 2012). Modification of cellular proteins by viral proteinases is primarily
accomplished through cleavage of proteins at specific amino acid residues. Enterovirus
proteinase 3C and its proteolytically active precursor 3CD recognize the residues QG, QA,
QN, and QS with an amino acid with an aliphatic side chain in the P4 position as putative
cleavage sites (Blair and Semler, 1991). Additionally, rhinovirus 3C and 3CD recognize EG
as putative cleavage sites. In contrast, cardiovirus 3C proteinase recognizes QG, QA, QS,
EN, and ES with a proline in the P2 or P2’ position as putative 3C cleavage sites
(Palmenberg, 1990). To determine if TDP2 might be cleaved during picornavirus infections,
we analyzed both the human and mouse TDP2 sequence for putative 3C or 3CD cleavage
sites since EMCV does not encode a proteinase 2A equivalent (Hellen et al., 1992;
Palmenberg, 1990). We found that human TDP2 encodes two putative rhinovirus 3C/3CD
cleavage sites and one cardiovirus 3C cleavage site (Fig. 4A). We next used the online
ExPasy server (http://web.expasy.org/compute_pi/) (Artimo et al., 2012; Gasteiger et al.,
2003) to calculate the predicted molecular masses of the human TDP2 fragments that would
result from these putative cleavage sites (Table 1). The first rhinovirus EG cleavage site
would result in 1.8 and 39.1 kDa TDP2 protein fragments. The second rhinovirus EG
cleavage site would result in 36.9 and 4.0 kDa TDP2 protein fragments. The cardiovirus ES
cleavage site would result in 28.6 and 12.3 kDa TDP2 protein fragments. Mouse TDP2
encodes two putative cardiovirus 3C cleavage sites and one enterovirus 3C/3CD cleavage
site (Fig. 4B). We also used ExPasy to calculate predicted molecular masses of the mouse
TDP2 fragments that would result from cleavage at these sites (Table 1). The first
cardiovirus EN cleavage site would result in 8.1 and 32.9 kDa TDP2 protein fragments. The
second cardiovirus and only enterovirus QS cleavage site would result in 37.7 and 3.3 kDa
TDP2 protein fragments. We then mapped these putative cleavage sites to the published
crystal structure of the human and mouse TDP2 catalytic domain on the Protein Data Bank
using the Visual Molecular Dynamics software (data not shown) (Humphrey et al., 1996;
Schellenberg et al., 2012; Schellenberg et al., 2016). We found that these cleavage sites in
the catalytic domain were exposed and predicted to be accessible to 3C/3CD cleavage.

To determine if TDP2 is cleaved during infection, we performed a Western blot analysis
using a polyclonal antibody that recognizes epitopes located at the N-terminus of human
TDP2 on lysates generated from virus-infected HeLa cells at 0, 4, and 6 hr post-infection
(for poliovirus), 4, 6, 8, and 10 hr post-infection (for CVB3), or 4, 6, and 8 hr post-infection
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(for EMCYV) (Fig. 5). The different time points used for Western blot analysis for each these
viruses were chosen to include peak times of intracellular replication for each individual
virus during an infection of cultured HeLa cells. We found that TDP2 was cleaved beginning
at 6 hr post-EMCYV infection (Fig. 5, lane 12), resulting in a fragment similar in molecular
mass to the N-terminal fragment (~28 kDa) predicted from the putative ES cleavage site in
Table 1. The abundance of this putative cleavage fragment increased at 8 hr post-infection,
with a concomitant decrease in intact TDP2 levels migrating slightly faster than the 55 kDa
molecular mass marker protein (Fig. 5, lane 13). TDP2 was not cleaved or detectably
modified during poliovirus or CVB3 infection (Fig. 5, lanes 1-9). Additionally, we
performed a Western blot analysis using an antibody against human TDP2 using lysates
from human rhinovirus 16 (HRV16)-infected HelLa cells from 0, 6, 8, and 10 hr post-
infection (Fig. 5, lanes 14-18) and lysates from human rhinovirus 1A (HRV1A)-infected
HeLa cells from 0 and 13 hr post-infection (data not shown). HRV16 belongs to the major
receptor rhinovirus group, while HRV1A belongs to the minor receptor rhinovirus group
(Gern et al., 1997). We found that TDP2 is not cleaved during rhinovirus infection despite
encoding putative rhinovirus 3C/3CD cleavage sites. It was confirmed that TDP2 was not
cleaved as late as 13 hr post-HRV16 infection (data not shown). Together these results show
that TDP2 is cleaved during peak times of EMCV infection in HeLa cells but not during
enterovirus infections, suggesting proteolytic cleavage as an alternative mechanism for
regulating TDP2 activity during cardiovirus infection.

3. DISCUSSION

Enteroviruses are divergently dependent on TDP2 during their viral replication cycles
(Maciejewski et al., 2015). TDP2, an enzyme primarily known for its DNA repair function
in the uninfected cell, was identified as the cellular activity responsible for hydrolyzing the
highly conserved phosphotyrosyl bond between the third amino acid (tyrosine) of VPg and
the 5" end of the viral RNA (Virgen-Slane et al., 2012). In the absence of this cellular
protein, enterovirus yields are significantly reduced (Maciejewski et al., 2015). These
decreases in viral yields are corroborated by an overall decrease in viral protein
accumulation and viral RNA replication, with the most significant decrease observed during
coxsackievirus B3 infection (Maciejewski et al., 2015). To determine if TDP2 plays a
positive role during infection by a picornavirus belonging to a different genus, we chose to
characterize the role of TDP2 during cardiovirus infection, specifically EMCV. Previous
work confirmed that a cellular phosphodiesterase activity could hydrolyze the
phosphotyrosyl bond between VPg and EMCV viral RNA (Gulevich et al., 2001). Although
it has not been confirmed that TDP2 functions as VPg unlinkase during EMCYV infection, we
wanted to determine if the absence of TDP2 had an impact on EMCV infection.

A previous study carried out in our laboratory found that the primarily nuclear protein TDP2
was re-localized from the nucleus to the cytoplasm of poliovirus-infected HelLa cells as early
as 2 hr post-infection (Virgen-Slane et al., 2012). At peak times of poliovirus infection (4 hr
post-infection), TDP2 is localized to the cell periphery in sites that do not co-localize with
viral replication and encapsidation markers (3A and capsid, respectively) (Virgen-Slane et
al., 2012). The authors suggested a regulatory role for TDP2 and its catalytic activity during
the course of poliovirus infection. To determine if TDP2 was re-localized during cardiovirus
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infection, we infected HeLa cells with EMCYV, followed by fluorescent labeling of TDP2 and
the EMCYV viral replication marker 3D polymerase. Similar to poliovirus infection, TDP2
relocalized from the nucleus to the cell cytoplasm as early as 4 hr post-EMCV infection.
TDP2 cytoplasmic dispersion increased by 4 and 6 hr post-EMCV infection. In contrast to
peak times of poliovirus-infection, we did not observe re-localization of TDP2 to the cell
periphery during peak times of EMCV infection. These results suggest that TDP2 may
provide a function during early times in EMCV infection but is not excluded from putative
viral replication sites at peak and later times during EMCYV infection.

To explore the dependence of EMCV on TDP2 during infection, we used murine cells
ablated for TDP2 and found that EMCV vyields were reduced in the absence of TDP2 at high
MOI (20). Since peak titers are not achieved in the TDP2*/* cells until 10 hr post-infection,
the decrease in viral titers in the absence of TDP2 is less pronounced in comparison to what
we observed during enterovirus infections at a similar MOI. However, at low MOI (1)
EMCYV yields were more dramatically reduced (> 10-fold) between 6 and 10 hr post-
infection in the absence of TDP2. For both MOls used in our study, the single-cycle growth
analysis revealed that EMCV replication is delayed in the absence of TDP2 and that TDP2
plays a pro-viral role during the cardiovirus replication cycle.

To further dissect the role of TDP2 during EMCV infection, we analyzed viral protein
accumulation in the TDP2*/* and TDP2~/~ MEFs by Western blot. We observed a reduction
in viral protein accumulation in the absence of TDP2. This latter phenotype is also
consistent with our single-cycle growth analysis of EMCV infection in the TDP2~/~ cells. To
further characterize the role of TDP2 during EMCV infection, we took advantage of an
infectious EMCYV reporter construct (GLuc-EMCV) to generate recombinant virus. The
GLuc-EMCYV virus was used to measure viral translation (in the presence of the viral RNA
synthesis inhibitor dipyridamole) and RNA replication in the presence and absence of TDP2
in MEFs. We found that translation of the input viral RNA was not decreased in the absence
of TDP2 when viral RNA synthesis was inhibited. However, we found that viral translation
and RNA replication were significantly reduced in the absence of TDP2 when the infection
was allowed to proceed normally. These results are consistent with our single-cycle growth
and Western blot analyses, indicating that TDP2 promotes steps following translation of
input RNA.

After confirming a dependence on TDP2 during EMCYV infection, we explored possible
ways in which EMCV might regulate the activity of TDP2 during infection. Since our
confocal microscopy imaging did not reveal the distinct re-localization pattern of TDP2 to
the cell periphery away from potential viral replication sites, as seen during poliovirus
infection, we investigated the possibility that EMCV infection results in modification of
TDP2. Picornavirus proteinases are known to play major roles during infection by
modifying host proteins to enhance their viral replication cycles (Chase and Semler, 2012).
First, we analyzed both the human and mouse TDP2 sequences to identify putative viral
proteinase cleavage sites. We calculated the predicted molecular masses of TDP2 that would
result from such cleavage events and mapped the location of the putative cleavage sites on
the three-dimensional structure of TDP2. We found these putative cleavage sites to be
surface-exposed on the TDP2 catalytic domain, raising the possibility of cleavage of TDP2

Virology. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maciejewski et al.

Page 8

during picornavirus infections. Our Western blot analysis confirmed that human TDP2 is
cleaved/modified during EMCYV infection. The observed molecular mass of the TDP2
fragment was similar to the predicted molecular mass of the N-terminal fragment that would
result following 3C proteinase cleavage as determined by the putative cleavage sites. This N-
terminal fragment is also predicted to be recognized by the polyclonal antibody used for
these studies. However, results from ongoing transfection and biochemical experiments will
be required to demonstrate that EMCV proteinase 3C/3CD is, in fact, responsible for
generating the TDP2 cleavage product observed in Fig. 5 and whether this is a direct or
indirect cleavage event occurring during EMCV infection.

TDP2 cleavage was not observed during enterovirus infections in HeLa cells, despite
identifying two putative rhinovirus cleavage sites. It is possible that during rhinovirus
infection, these putative cleavage sites are masked by TDP2 interactions with either viral or
host proteins or that TDP2 is cleaved later than 13 hr post-infection. TDP2 cleavage was
observed at 6 and 8 hr post-EMCYV infection in HeLa cells (refer to Fig. 5), which is the
peak kinetic window for EMCV RNA synthesis in this cell line (Martin and Palmenberg,
1996; Prather and Taylor, 1975). These results have parallels with those seen for PCBP2, a
host protein necessary for enterovirus translation and RNA synthesis (Chase et al., 2014;
Gamarnik and Andino, 1997; Parsley et al., 1997; Walter et al., 1999; Walter et al., 2002).
PCBP2 is differentially cleaved among picornavirus infections in WisL human airway cells.
PCBP2 is not cleaved during human rhinovirus infection of WisL cells but is cleaved during
poliovirus infection of WisL cells (Chase and Semler, 2014). Since TDP2 is closely
associated with the EMCV 3D polymerase at 6 hr post-infection, as shown by confocal
microscopy, it is possible that EMCV cleaves TDP2 as a mechanism to regulate its catalytic
activity during later times in the viral replication cycle. This would represent a divergent
pathway utilized by EMCV to reduce the levels of active TDP2/VPg unlinkase associated
with viral RNA replication complexes and/or sites of encapsidation during the later stages of
infection when the accumulation of intact, VPg-linked RNAs is required for progeny virion
assembly. Overall, these results support our hypothesis that TDP2 functions as a regulator of
the viral replication cycle via its VPg unlinkase activity and marks viral RNA via the
presence or absence of VVPg for viral translation, RNA synthesis, or encapsidation. The
presence or absence of VPg on viral RNA is not absolutely required for these steps to occur;
however, our data suggest that VVPg cleavage from viral RNA via TDP2 activity drives
efficient cardiovirus replication.

4. MATERIALS AND METHODS

4.1. Cell culture and virus stocks

Wild type (TDP2*/*) and TDP2 knockout (TDP27/~) mouse embryonic fibroblast (MEF)
cell lines were generated by Caldecott and colleagues (Zeng et al., 2012) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). HeLa cells were cultured in DMEM supplemented with 8% newborn calf serum
(NCS). EMCV stocks were generated from the pEC9 infectious cDNA construct kindly
provided by Dr. Ann C. Palmenberg at the University of Wisconsin, Madison.
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4.2. Virus infections and single cycle growth analysis

Single cycle growth analyses of EMCV were performed on TDP2*/* and TDP2~/~ MEFs.
Cells were infected with EMCV at a multiplicity of infection (MOI) of 1 or 20 in DMEM.
Following a 30 min virus adsorption, cells were washed with phosphate-buffered saline
(PBS), overlaid with DMEM supplemented with 10% FBS, and incubated at 37° C, 5%
CO». Hela cells were infected with EMCYV, poliovirus, CVB3, or HRV16 at an MOI of 20
as described above. Cells and supernatant were collected at the indicated times post-
infection and subjected to 5 freeze-thaw cycles prior to titration by plaque assay on HelLa
cells. Viral yields are reported as plaque forming units per cell (PFU/cell). Statistical
significance was calculated by Student’s t test.

4.3. Immunofluorescence

HeLa cells were cultured on glass coverslips and infected with EMCV at an MOI of 20 in
DMEM. Following a 30 min virus adsorption, cells were washed 3 times with PBS, overlaid
with DMEM supplemented with 8% NCS, and incubated at 37° C, 5% CO,. Cells were
washed with PBS and fixed with 3.7% formaldehyde in PBS for 20 minutes at 0, 2, 4, or 6 hr
post-infection. Fixed cells were washed with PBS 3 times, permeabilized with 0.5% NP-40,
and blocked with 1% goat serum in PBS. Cells were immunolabelled with anti-Mengo 3D
mouse monoclonal antibody (1:200; Santa Cruz), which cross-reacts with EMCV 3D, and
anti-TDP2 rabbit polyclonal antibody (1:200; Bethyl), in 1% bovine serum albumin (BSA)
for 1 hr at room temperature. Following primary antibody incubation, the cells were
incubated with Alexa Fluor 488 goat anti-mouse 1gG and Alexa Fluor 594 goat anti-rabbit
1gG (1:250; Molecular Probes) in 1% BSA for 1 hr at room temperature. Coverslips were
washed with 1% BSA in PBS 3 times following each antibody incubation. Nuclei were
stained with 4 pg/ml DAPI for 10 min at room temperature and coverslips were mounted on
slides using Fluoro-Gel (Electron Microscopy Sciences). Cells were imaged using a
LSM700 laser scanning confocal microscope and ZEN software (Zeiss).

4.4. Western blot analysis

Infections with EMCYV, poliovirus, CVB3, and HRV16 were carried out as described above.
Cells and their supernatants were harvested and pelleted at various time points post-
infection. Samples were washed with PBS 3 times and pelleted. The pellet was re-suspended
in NP-40 lysis buffer (50 mM Tris-HCI, pH 7.5, 5 mM EDTA, 150 mM NacCl, 1% NP-40)
and incubated on ice for 30 minutes. Cell debris was pelleted and the supernatant collected.
Protein concentration was measured using Bio-Rad Protein Assay Dye Reagent. For Western
blot analysis, 50 to 60 g of cell lysates were subjected to electrophoresis on SDS-
containing 12.5% polyacrylamide gels, then transferred to a PVDF membrane. Membranes
were incubated with mouse monoclonal anti-Mengo 3D (1:1,000; Santa Cruz) or rabbit
polyclonal anti-EMCV 3C (1:7,500) to detect viral protein accumulation. Dr. T. Glen
Lawson at Bates College kindly provided the rabbit polyclonal antibody to EMCV 3C.
Rabbit polyclonal anti-TDP2 antibody (1:2,000; Bethyl) was used to detect TDP2 during
enterovirus and cardiovirus infections. GAPDH was detected using rabbit monoclonal
antibody anti-GAPDH (1:10,000; Abcam) and PKM2 was detected using rabbit polyclonal
anti-PKM2 (1:2,000; Bethyl). Following primary antibody incubation, membranes were
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incubated with goat anti-rabbit or goat anti-mouse 1gG (H+L) horseradish peroxidase
(HRP)-conjugated antibodies (1:7,500; Bethyl). Proteins were detected using ECL Western
Blotting Substrate (Life Technologies).

4.5. Luciferase assay

Gaussia luciferase (GLuc)-expressing EMCV was generated from the infectious GLuc-
Mengovirus clone, pdnGLuc-VFETQG-m16.1, generously provided by Dr. Frank van
Kuppeveld at the University of Utrecht, The Netherlands. GLuc-EMCV stocks were
generated from transcripts of pdnGLuc-VFETQG-m16.1 transfected and subsequently
passaged in HeLa cells. MEFs were infected with GLuc-EMCYV at an MOI of 1 or 20 as
described above. Either vehicle or 150 uM dipyridamole (Sigma) was added both during and
after virus adsorption. Luciferase activity was measured 5 and 10 hr post-infection using
Renilla Luciferase Assay Lysis System (Promega). Cells were lysed for 15 min in Renilla
Luciferase Assay Lysis Buffer and luminescence was measured using a SIRIUS
luminometer (Berthold Detection System) and represented as relative light units per second
(RLU/s) normalized to cell count. Statistical significance was calculated by Student’s t test.

4.6. Visual Molecular Dynamics analysis of TDP2 catalytic domain and cleavage sites

The human and mouse TDP2 catalytic domain structure was downloaded from the protein
data bank (PDB 5INO and PDB 5INM) and visualized using the Visual Molecular Dynamics
software (http://www.ks.uiuc.edu/Research/vmd/) as a ribbon model (Humphrey et al., 1996;
Schellenberg et al., 2012; Schellenberg et al., 2016). The conserved catalytic residues E152,
N264, D262, and H351 for human TDP2 and E162, N274, D272, and His359 were selected
and represented as a stick model. The putative picornavirus 3C/3CD cleavage sites were
represented as a stick model. Catalytic residues and putative cleavage sites were labeled.
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Highlights

Based on previously published studies, we hypothesized that picornaviruses
use TDP2/VPg unlinkase activity to mark viral RNAs for specific uses during
picornavirus replication.

Data from the current study showed that TDP2 re-localizes from the nucleus
to the cytoplasm of encephalomyocarditis virus (EMCV) infected cells.

EMCYV yields are significantly reduced during infection of mouse embryonic
fibroblasts genetically ablated for TDP2.

TDP2 appears to be proteolytically cleaved at peak times of EMCYV infection,
providing a new example of modification of host proteins during picornavirus
infections.
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Fig. 1. TDP2 is re-localized from the nucleus to the cytoplasm during EMCV infection
HeL a cells were seeded on coverslips and either mock- or EMCV-infected at an MOI of 20.

Cells were then fixed with formaldehyde at 0, 2, 4, or 6 hr post-infection. Proteins were
visualized by confocal microscopy using antibodies against human TDP2 (red) or EMCV
3D (green). Nuclei were counterstained with DAPI (blue).
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Fig. 2. EMCV requires TDP2 for efficient viral replication
Single cycle growth analyses were carried out in TDP2*/* and TDP2~/~ MEFs following

EMCYV infection at an MOI of 1 (A) or 20 (B). Cells and supernatant were collected every 2
hr up to 10 hr post-infection. Virus yields were quantified by plaque assay on HelLa cells and
represented as plaque forming units per cell (PFU/cell). Viral yields are plotted on a
logarithmic scale and values represent the mean of triplicate experiments + standard error of
the mean (SEM). *, £< 0.05; **, P< 0.01 (Student’s t test)
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Fig. 3. EMCV viral protein accumulation is reduced in the absence of TDP2
(A) HeLa, TDP2*/* MEFs, and TDP2~~ MEFs were mock- or EMCV-infected at an MOI of

20. Cells and supernatant were collected at 0, 8, or 10 hr post-infection (hpi) and used to
generate protein lysates. Lysates were subjected to SDS-PAGE and Western blot analysis
using an anti-Mengo 3D, anti-EMCV 3C, or anti-GAPDH antibody to detect protein
accumulation. (B) Schematic of the pdnGLuc-VFETQG-m16.1 construct used to generate
the GLuc-EMCYV virus. GLuc-EMCV encodes Gaussia luciferase immediately following the
5" noncoding region (5 NCR) and upstream of the complete EMCV coding region, 3’
NCR, and poly(A) tract. (C) TDP2*/* and TDP2~/~ MEFs were infected with GLuc-EMCV
at an MOI of 1 or 20 and luciferase activity was measured at 5 and 10 hr post-infection. To
inhibit viral RNA synthesis, cells were treated with 150 uM dipyridamole during and after
virus adsorption. Luminescence is represented as relative light units per second (RLU/s)
normalized to cell count. Data represent the means of triplicate experiments + standard error
of the mean (SEM). *, £< 0.05; ***, P< 0.001 (Student’s t test)
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A. Human TDP2

MELGSCLEGGRE%EEEG¢PEVKKRRLLCVEFASVASCDAAVAQCFLAENDWEMERA
LNSYFEPPVEESALERRPETISEPKTYVDLTNEETTDSTTSKISPSEDTQQENGSMFSLIT
WNIDGLDLNNLSERARGVCSYLALYSPDVIFLQEVIPPYYSYLKKRSSNYEITGHEEGYF
TAIMLKKSRVKLKSQEIIPFPSTKMMRNLLCVHVNVSGNELCLMTSHLESTRGHAAERMN
QLKMVLKKMQVIFAGDTNLRDREVTRCGGLPNNIVDVWEFLGKPKHCQYTW

DTQMNSNLGITAACKLRFDRIFFRAAAE EGHIIPRSLDLLGLEKLDCGRFPSDHWGLLCN
LDIIL

Mouse TDP2

MASGSSSDAAEPAGPAGRAASAPEAAQAEEDRVKRRRLQCLGFALVGGCDPTMVPSV

LRENDWQTQKALSAYFELPENDQGWPRQPPTSFKSEAYVDLTNEDANDTTILEASPSG
TPLEDSSTISFITWNIDGLDGCNLPERARGVCSCLALYSPDVVFLQEVIPPYCAYLKKRAA
SYTIITGNEEGYFTAILLKKGRVKFKSQEIIPFPNTKMMRNLLCVNVSLGGNEFCLMTSHL
ESTREHSAERIRQLKTVLGKMQEAPDSTTVIFAGDTNLRDQEVIKCGGLPDNVFDAWEF
LGKPKHCQYTWDTKANNNLRIPAAYKHRFDRIFFRAEEQHLIPQS|LDLVGLEKLDCGRF
PSDHWGLLCTLNVVL

Fig. 4. Putative picornavirus 3C and 3CD proteinase cleavage sites in the TDP2 sequence
The picornavirus 3C proteinase and its precursor 3CD recognize specific residues at putative

cleavage sites. Enterovirus 3C/3CD recognize QG, QA, QN, and QS residues with an amino
acid with an aliphatic side chain in the P4 position (cleavage site colored in green).
Rhinovirus 3C/3CD recognizes the same cleavage sites as the enterovirus cleavage sites as
well as an additional site: EG, also with an aliphatic side chain in the P4 position (cleavage
site colored in purple). Cardiovirus 3C proteinases recognize QG, QA, QS, EN and ES
residues with a proline preferred in the P2 or P2” position (cleavage sites colored in red).
Putative cleavage sites are highlighted in their denoted color in both the (A) human and (B)
mouse TDP2 sequences.
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Fig. 5. TDP2 is cleaved during EMCYV infection
HeLa cells were mock-, poliovirus-, CVB3-, EMCV-, or HRV16-infected at an MOI of 20.

Cells and supernatant were collected at specified times after infection (hours post-infection,
hpi) and used to generate protein lysates. Lysates were subjected to SDS-PAGE and Western
blot analysis using an anti-TDP2 or anti-PKM2 antibody (loading control) to detect proteins.
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Predicted TDP2 molecular weights of cleavage products generated from different 3C/3CD
proteinase recognition sites

Fragment TDP2 molecular weights due to cleavage at putative scissile bonds were predicted using ExPasy
online software (Artimo et al., 2012; Gasteiger et al., 2003). The predicted cleavage sites in the human or
mouse TDP2 sequence are listed.

Predicted cleavage site | Picornavirus 3C/3CD | TDP2 host | N-terminus molecular weight | C-terminus molecular weight
EG rhinovirus human 1.8 kDa 39.1kDa

EG rhinovirus human 36.9 kDa 4.0 kDa

ES cardiovirus human 28.6 kDa 12.3 kDa

EN cardiovirus mouse 8.1 kDa 32.9 kDa

Qs cardiovirus/enterovirus | mouse 37.7 kDa 3.3 kDa
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