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Abstract

The enterovirus genus includes the species poliovirus, coxsackievirus, rhinovirus, and
enterovirus. These viruses can cause severe diseases in certain individuals, including
poliomyelitis, myocarditis, and meningitis. Rhinovirus is responsible for one of the most
prevalent human diseases in the world, the common cold. Although diseases caused by
these infections can be severe, no antiviral against enteroviruses is currently available. To
develop broad-spectrum antivirals, the molecular components and mechanistic steps of
the viral replication cycle must be identified. Due to the small genomic RNA (~7.5 kb) of
enteroviruses, host proteins are utilized to mediate viral replication. Although some of
these cellular proteins have been identified and their roles in picornavirus replication
have been characterized, it is necessary to identify and elucidate the replication functions
of additional cellular proteins to develop new potential targets for antiviral therapeutics.
Enteroviruses are known to modify cellular proteins to stimulate their levels of gene
expression and RNA synthesis, but there are some cases where unaltered host proteins
can aid in viral replication. Enteroviruses can also evade the antiviral response by altering
host proteins involved in the immune and stress response to ensure efficient viral
replication. How enteroviruses modify and utilize these host proteins will be discussed in

this chapter.



I. Introduction

The diverse enterovirus genus of the Picornaviridae family encompasses 12
species, including poliovirus, coxsackievirus, rhinovirus, enterovirus, and echovirus
serotypes (ictvonline.org/virusTaxonomy.asp). These viruses are responsible for the most
prevalent human diseases worldwide (Khetsuriani et al., 2006), such as the common cold.
Other illnesses include poliomyelitis, pericarditis, myocarditis, hand, foot, and mouth
disease, and meningitis, which can severely affect infants, the elderly, and
immunocompromised individuals. Although the symptoms of respiratory illnesses caused
by picornaviruses are almost never fatal, these viral infections have a negative economic
impact due to lost work time and can severely affect individuals with respiratory
dysfunction, such as asthma (Gavala et al., 2011). Such respiratory infections are
commonly caused by human rhinovirus, coxsackievirus, and enterovirus D68.
Enterovirus D68 was first identified in California in 1962, but has recently had recurring
outbreaks in North America, Europe, and Asia (Tokarz et al., 2012). Enterovirus D68
outbreaks have been associated with severe respiratory illnesses and are quickly
spreading throughout the United States (Midgley et al., 2014). Another enterovirus with
recurring outbreaks is enterovirus 71. Enterovirus 71 is a neurotropic enterovirus with
symptoms similar to hand, foot, and mouth disease and remains endemic in the Asia-
Pacific region. Neurological diseases caused by enterovirus 71 infection can cause aseptic
meningitis and brainstem encephalitis, which can lead to mortality [reviewed in (Shih et
al., 2011)]. Although a vaccine against poliovirus is available, no effective antivirals for
treating enterovirus infections currently exist. Since symptoms caused by such infections

can lead to severe complications in certain individuals, it is necessary to develop antiviral



therapeutics against enteroviruses. Antivirals can target a host protein required for
enterovirus replication, a viral protein, or the viral RNAs. Antivirals targeting the host
can lead to cell toxicity, while antivirals against a viral protein can lead to antiviral-
resistant mutants. To develop an effective broad-spectrum antiviral, the steps of the
enterovirus replication mechanism and the roles of key molecular players, both host and
viral, must be elucidated.

While infection may result in diverse diseases, all enteroviruses have a small
(~7.5 kb) positive-sense, single stranded RNA genome that is replicated in the cytoplasm
of infected cells. The genome contains a highly structured 5° noncoding region (NCR)
that is necessary for viral translation and RNA replication. Following the 5 NCR is the
coding region, which encodes both the structural and nonstructural proteins, a 3’ NCR,
and a short genetically encoded poly(A) tract at the 3’ terminus (Kitamura et al., 1981;
Wimmer et al., 1993; Yogo and Wimmer, 1972). Enteroviruses lack a 7-methylguanosine
(7mG) cap at the 5’ end of their RNA and instead contain a small viral protein known as
VPg covalently linked to the 5 end by a tyrosyl-RNA phosphodiester bond (Ambros and
Baltimore, 1978; Flanegan et al., 1977; Lee et al.,, 1977; Rothberg et al., 1978).
Enteroviruses have evolved to use VPg as a protein-primer for RNA synthesis, since their
RNA-dependent RNA polymerase (RdRP) 3D (3DP') cannot initiate viral RNA
replication de novo (Flanegan and Baltimore, 1977; Paul et al., 1998). The position of
VPg on the genomic RNA is outlined in Figure 1, which depicts an overview of the
enterovirus genome and the structural and nonstructural viral proteins it encodes.

Following virion uncoating after the onset of infection, enterovirus genomic RNA

is localized in the cell cytoplasm where it is then translated into a single viral polyprotein.



Since enterovirus genomic RNAs lack a 7mG cap at the 5’ end, the viral polyprotein is
translated in a cap-independent manner via an internal ribosome entry site (IRES). The
IRES is located in the 5> NCR of viral RNA and is composed of a number of stem-loop
secondary structures. Due to their limited coding capacity (~7.5 kb), enteroviruses have
evolved to hijack host cellular functions to carry out the translation and replication of
their genomes. Viral translation is mediated by cellular IRES trans-acting factors
(ITAFs). After translation of the open reading frame of genomic RNA, the viral
polyprotein is proteolytically processed by viral proteinases. These viral proteinases can
also cleave host proteins, resulting in the shut down of cellular translation and
transcription and the alteration of nucleo-cytoplasmic trafficking. These cleavage events
are advantageous to the virus since the predominantly nuclear host proteins involved in
viral replication become more concentrated in the cell cytoplasm. Following viral protein
synthesis, specific viral proteins alter cytoplasmic membranes to form replication
complexes, where viral RNA is synthesized. These newly synthesized RNAs can either
undergo further rounds of translation and replication or become encapsidated into virions
that go on to infect neighboring cells. In addition to the modifications of host proteins for
viral replication, viral proteinases can also alter cellular proteins to suppress antiviral
response pathways, such as the type I interferon (IFN) response, generation of stress
granules (SGs), and processing body (P body) formation. This review will focus on how
enteroviruses subvert host cellular proteins to enhance viral replication while evading

antiviral and stress response pathways.



II. Viral proteinase disruption of host machinery

Enteroviruses can disrupt host cell translation and transcription machinery to
benefit viral replication by using viral-encoded proteinases to cleave host cell proteins.
To carry out these modifications, enteroviruses utilize the virus-encoded proteinases 2A
and 3C (and the precursor protein, 3CD). In addition to recognizing multiple cleavage
sites in host cellular proteins, these proteins are responsible for proteolytically processing
the enterovirus polyprotein. Poliovirus proteinase 2A cleaves between phenylalanine-
glycine or tyrosine-glycine residues in the viral polyprotein (Toyoda et al., 1986), while
3C/3CD cleaves primarily at glutamine-glycine sites but can cleave at additional sites as
well. 3C/3CD cleavage activity is dependent on surrounding sequences, specifically an
amino acid with an aliphatic side chain in the amino acid located four positions (P4)
proximal to the cleavage site (Blair and Semler, 1991; Nicklin et al., 1986). The
somewhat divergent recognition sites for these proteinases allow for cleavage of host
proteins, which disrupts cellular functions and alters protein activities. This section will
focus on how enterovirus proteinases cleave host proteins to shut down the cellular
translation and transcription machinery, subverting host functions to augment viral
translation and RNA synthesis. These cleavage events and cellular function alterations
are outlined in Table 3.1.

During cap-dependent translation of cellular mRNAs, eukaryotic initiation factors
are recruited to the 7mG cap structure at the 5’ ends of mRNA. These factors form a
complex that interacts with the 43S pre-initiation complex (PIC) to recruit ribosomes for
translation initiation. Eukaryotic initiation factor 4G (elF4G) serves as a scaffold protein

that aids in the recruitment of eIF4E and elF4A, to form a ribonucleoprotein (RNP)



complex termed elF4F, as well as additional proteins such as poly(A) binding protein
(PABP), for initiation of cap-dependent translation (Jackson et al., 2005; Wells et al.,
1998). Poliovirus and coxsackievirus 2A proteinases have been shown to cleave both
elF4G isoforms, elF4GI and elF4GlI, early in viral infection, resulting in the loss of the
N-terminal domain required for both eI[F4E and PABP interaction [reviewed in (Daijogo
and Semler, 2011)] (Devaney et al., 1988; Etchison et al., 1982; Krausslich et al., 1987).
2A proteinase preferentially cleaves elF4G when the cellular protein is bound to cap-
binding protein eIF4E, thus leading to rapid shut down of cap-dependent cellular
translation (Bovee et al., 1998). This host machinery shut down allows for resource
allocation to efficient cap-independent translation benefiting viral protein synthesis.
Additionally, evidence suggests that the cleaved form of elF4G is required to stimulate
IRES-dependent translation (Lamphear et al., 1995; Liebig et al., 1993). elF4G interacts
with stem-loop V of the poliovirus and coxsackievirus IRES (de Breyne et al., 2009). The
central domain of elF4G interacts with elF3, a component of the 43S PIC, in vitro
(Sweeney et al., 2014). This direct interaction between elF4G and elF3 at stem-loop V
suggests that this interaction may be required in recruiting the 43S PIC to the proximal
stem-loop IV, an essential step in 48S complex formation for viral translation initiation to
occur.

In addition to viral-mediated cleavage of the cap-binding complex scaffold
protein elF4G, enterovirus infection also results in the cleavage of host protein PABP to
disrupt cap-dependent translation. PABP is a cellular protein that binds to the 3’ poly(A)
tract of mRNAs and interacts with elF4G to functionally circularize the mRNA for

efficient translation and mRNA stability in the uninfected cell [reviewed in (Fitzgerald



and Semler, 2009; Smith et al., 2014)]. During infection, PABP is cleaved by poliovirus
and coxsackievirus 2A proteinases (Joachims et al., 1999; Kerekatte et al., 1999). In
addition, poliovirus and human rhinovirus 3C proteinases preferentially cleave ribosome-
associated PABP (Kuyumcu-Martinez et al., 2002). PABP has three conserved putative
cleavage sites in the flexible linker domain between its RNA recognition motifs (RRMs)
and C-terminal domain and two additional putative cleavage sites in the RRMs (Kozlov
et al., 2004; Kozlov et al., 2001; Lloyd, 2006). Cleavage of PABP at these different sites
by either 2A or 3C results in cellular translation inhibition by disrupting mRNA
circularization.

Enterovirus proteinases 2A and 3C play roles in shutting down host cellular
transcription during infection by disrupting RNA polymerases (pol) I, II, and III.
Poliovirus proteinase 3C is responsible for inhibiting RNA pol I transcription activity
approximately 90 to 180 minutes post-infection by targeting the pol I transcription factor
upstream binding factor (UBF), which is a sequence-specific DNA-binding protein that
stabilizes the selectivity factor (SL-1) protein complex on the rRNA promoter for pol I
transcription, and the SL-1 protein complex subunit, TATA-binding protein (TBP)-
associated factor (TAF), TAF110 (Banerjee et al., 2005). RNA pol II is responsible for
transcribing host cellular mRNAs and is targeted by both poliovirus proteinases 2A and
3C. These enzymes cleave TBP, which is involved in forming a PIC containing
transcription factor II D (TFIID) for pol II binding to transcription start sites (Das and
Dasgupta, 1993; Yalamanchili et al., 1997a). However, it is 3C-mediated cleavage of
TBP and phosphorylated CREB, both upstream cellular transcription factors, that is

required for pol II transcription inhibition (Das and Dasgupta, 1993; Yalamanchili et al.,



1997b; Yalamanchili et al., 1996). Poliovirus 3C activity can also lead to the degradation
of transcription activator p53, in a non-ubiquitin mediated pathway, but in the presence of
an unknown cellular protein (Weidman et al., 2001). RNA pol III is responsible for
transcribing ribosomal RNA genes, tRNA genes, and genes encoding other small RNAs.
Pol III activity is inhibited during poliovirus infection by 3C-mediated cleavage of
TFIIIC (Clark et al., 1991; Shen et al., 2004). TFIIIC binds to the promoter element, B
box, downstream of the transcription start site to recruit TFIIIB, which recruits pol III to
the transcription start site. Once TFIIIB recruits pol I1I, TFIIIC dissociates, allowing pol
[II-mediated transcription to occur. 3C cleavage of TFIIIC inhibits recruitment of TFIIIB,
thus indirectly inhibiting pol III transcription (Clark et al., 1991; Kassavetis et al., 1990).
These proteinase-mediated cleavages of host proteins all work together to inhibit cellular
transcription.

The cleavage of host proteins can directly or indirectly lead to the disruption of
cellular translation and transcription. Such cleavage events are summarized in Table 3.1.
Viral modifications of cellular proteins are not restricted to down regulation of host cell
machinery but can also extend to the enhancement of viral IRES-mediated translation,
viral RNA synthesis, and evasion of the host antiviral and stress response mechanisms.
These topics will be further discussed in the following sections of this chapter.

II1. Use and abuse of host cell functions for viral translation and RNA replication
Use of host factors for IRES-dependent translation and viral RNA synthesis

Since enteroviruses replicate in the host cytoplasm, and a number of cellular

proteins involved in viral replication are predominantly nuclear, enteroviruses modify the

cellular nucleo-cytoplasmic trafficking mechanism to accumulate proteins used for viral



replication in the cell cytoplasm. Some of the cellular proteins modified during viral
infection that will be discussed in this section include La autoantigen, polypyrimidine
tract-binding protein (PTB), poly(rC)-binding protein 2 (PCBP2), and serine/arginine
(SR)-rich protein (SRp20) (Table 3.2). These shuttling proteins contain an amino acid
sequence known as a nuclear localization signal (NLS) that is recognized by a specific
import receptor complex (Gorlich and Kutay, 1999). Protein-receptor complexes then
relocalize from the cytoplasm to the nucleus through nuclear pore complexes (NPCs)
embedded in the nuclear envelope of the host cell. The NPC is made up of nucleoporins
(Nups) that contain phenylalanine-glycine repeats necessary for shuttling the protein-
receptor complex through the nuclear membrane. During enterovirus infection, the NPC
becomes modified when poliovirus or human rhinovirus proteinase 2A cleaves Nup62,
Nup98, and Nup153. These cleavage events correlate with proteins accumulating in the
cytoplasm and inhibition of import pathways (Belov et al., 2000; Castello et al., 2009;
Fitzgerald et al., 2013; Gustin and Sarnow, 2001; Park et al., 2008; Park et al., 2010;
Watters and Palmenberg, 2011). Cleavage of Nups results in loss of the phenylalanine-
glycine repeats necessary for the protein-receptor complex docking in the NPC domain
during shuttling through the nuclear membrane (Bayliss et al., 2000; Stewart et al., 2001).
Pathways that are inhibited during enterovirus infection include the transportin import
pathway and K nuclear shuttling (KNS) import pathway. The KNS import pathway
mediates the transport of RNA-binding proteins required for enterovirus replication
known as heterogeneous nuclear ribonucleoproteins (hnRNPs) (Gustin, 2003; Gustin and

Sarnow, 2001; Michael et al., 1997; Pollard et al., 1996). This viral-mediated disruption
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of nucleo-cytoplasmic trafficking results in accumulation of nuclear proteins in the
cytoplasm necessary to enhance viral translation and RNA synthesis.

Host protein La was initially described as an autoantigen found in sera from
patients with systemic lupus erythematosus and Sjégren syndrome (Tan, 1989). La is
predominantly a nuclear protein in the uninfected cell and plays a role in the maturation
of RNA pol III transcripts, due to its ability to bind various RNA structures via its RNA
binding domain (Gottlieb and Steitz, 1989; Kenan et al., 1991). During poliovirus or
coxsackievirus B3 (CVB3) infection, La becomes relocalized to the cell cytoplasm and
interacts with the 5> NCR of the viral RNA to enhance IRES-mediated viral translation
(Meerovitch et al., 1993; Ray and Das, 2002). During the course of poliovirus infection,
La is cleaved by viral proteinase 3C but is still able to bind the viral IRES and mediate
translation of the viral genome (Shiroki et al., 1999). Previous studies showed that the
addition of purified La protein to rabbit reticulocyte lysate enhances translation while
inhibiting accumulation of aberrant translation products (Meerovitch et al., 1993; Svitkin
et al., 1994). La is only one of the several known IRES trans-acting factors (ITAFs) that
interact with the viral IRES to enhance translation of the enterovirus genome. Another
nuclear RNA binding protein, nucleolin, has also been shown to interact with both the 5’
and 3’ NCR of poliovirus RNA to stimulate viral translation and replication, although the
exact mechanism remains unclear (Izumi et al., 2001; Waggoner and Sarnow, 1998).

Host cell shuttling protein PTB is a member of the hnRNP complex and also
functions as a cellular ITAF. In the uninfected cell, PTB functions as a repressive
regulator of alternative splicing (Mulligan et al., 1992). During poliovirus infection, PTB,

like La, relocalizes to the cell cytoplasm and becomes redistributed (Back et al., 2002).
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Full length PTB has been implicated in enhancing viral translation during infection
(Florez et al., 2005) by binding to stem-loop V of the poliovirus IRES and modulating
adjacent elF4G binding (Kafasla et al., 2010). Full-length PTB also interacts with PCBP2
when bound to stem-loop IV of the poliovirus 5> NCR to stimulate translation (Kim et al.,
2000). However, the multiple isoforms of PTB are cleaved between the RRM domains by
poliovirus 3C/3CD proteinase late during viral infection (Back et al., 2002). Cleavage of
the N-terminal domain of PTB could result in loss of interaction with PCBP2 and the
hnRNP complex. Alternatively, cleavage of the C-terminal domain could result in loss of
interaction with the IRES element (Back et al., 2002). The accumulation of cleaved PTB
corresponded with a decrease in viral translation levels in vitro, suggesting a role in
mediating the switch from viral translation to negative-strand RNA synthesis during the
replication cycle (Back et al., 2002). A switch in viral translation to RNA synthesis is
required during viral replication since the positive-strand viral RNA is translated in a 5’
to 3’ direction by the translation machinery, while the negative-strand viral RNA is
synthesized using the same template but in the opposite direction by the viral-encoded
RARP 3D [reviewed in (Daijogo and Semler, 2011)]. Interestingly, cleavage of PTB
seems to be specific to poliovirus- or human rhinovirus-infected HeLa cells. A recent
study shows that PTB is not efficiently cleaved in human rhinovirus-infected WisL cells,
a human lung fibroblast cell line, suggesting that host proteins may be differentially
cleaved by enteroviruses in different cell lines (Chase and Semler, 2014). RNA-binding
host protein unr has been shown to act synergistically with PTB to enhance human
rhinovirus IRES-mediated translation but has minimum enhancement of poliovirus IRES

translation (Hunt et al., 1999). This difference in host protein usage among enteroviruses
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suggests that these viruses may utilize different cellular proteins to mediate the same viral
functions, including the switch in viral translation to RNA replication.

PCBP2 is a host cell RNA-binding protein that functions as an ITAF for
enterovirus translation and has been shown to be involved in the switch from viral
translation to RNA synthesis. PCBP2 binds to poly(rC) regions of RNA and is expressed
in both the nucleus and cytoplasm of the uninfected cell. During poliovirus infection,
PCBP2 binds to RNA secondary structure stem-loop IV of the viral IRES, along with
host splicing factor SRp20, to help form the hnRNP complex necessary for viral
translation (Bedard et al., 2007; Blyn et al., 1996; Blyn et al., 1997). PCBP2 can also
bind stem-loop I in the 5> NCR of the poliovirus genome to form a ternary complex with
viral precursor proteinase 3CD (Parsley et al., 1997). This complex is required for
initiation of negative-strand RNA synthesis and has been suggested to also be involved in
positive-strand RNA synthesis (Gamarnik and Andino, 1997; Parsley et al., 1997; Vogt
and Andino, 2010). During poliovirus, coxsackievirus, or human rhinovirus infection of
HeLa cells, PCBP2 is cleaved in the linker region between its K-homologous (KH)
domains, KH2 and KH3, by viral proteinase 3C/3CD (Chase et al., 2014; Perera et al.,
2007). Cleaved PCBP2 can no longer bind stem-loop IV or interact with SRp20, resulting
in inhibition of IRES-mediated translation, but it can still bind stem-loop I for viral RNA
synthesis (Bedard et al., 2007; Chase et al., 2014; Perera et al., 2007). It has also been
suggested that poliovirus 3CD binds to stem-loop I to increase the binding affinity of
PCBP2 to stem-loop I, thus decreasing its availability for binding to stem-loop IV for
translation (Gamarnik and Andino, 1998). Cleavage of PCBP2, along with the cleavage

of other proteins such as PTB, can help mediate the switch from viral translation to RNA
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synthesis. Interestingly, cleavage of PCBP2 does not occur in human rhinovirus-infected
human lung fibroblasts, WisL cells, while it does when they are infected with poliovirus,
as determined by Western blot analysis (Chase and Semler, 2014). Such a differential
cleavage pattern suggests that cleavage of specific host proteins may be required to
mediate the switch to RNA synthesis only in certain cell types. It is also possible that the
concentration of PCBP2 in WisL cells is low and below the level of detection of the
Western blot analysis used in this study (Chase and Semler, 2014). The mechanism that
brings about the switch from viral translation to RNA replication remains incompletely
understood and will require future studies.

Host protein SRp20, a shuttling protein involved in mRNA splicing and
translation, contains an RRM domain at its N-terminus for RNA binding and a
serine/arginine (RS)-rich domain at its C-terminus for nucleo-cytoplasmic shuttling and
protein-protein interactions (Caceres et al., 1997; Caceres et al., 1998). During poliovirus
or CVB3 infection, and to a lesser extent during human rhinovirus 16 infection, SRp20
relocalizes to the infected cell cytoplasm (Fitzgerald et al., 2013; Fitzgerald and Semler,
2011). Poliovirus proteinase 2A activity is required for this redistribution pattern in the
cell cytoplasm (Fitzgerald et al., 2013). In the cytoplasm, SRp20 enhances poliovirus
translation by binding the KH3 domain of PCBP2 with its RS domain and recruiting
ribosomes to the IRES for translation (Bedard et al., 2007). Whether SRp20 recruits the
ribosomes directly or indirectly to stem-loop IV for IRES-mediated translation remains to
be determined. It is possible that additional undiscovered ITAFs are required to recruit
ribosomes to the IRES for translation or that SRp20 may recruit the ribosomes via direct

interactions.
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Following the initial rounds of translation, viral polyproteins are processed by the
viral-encoded proteinases. The nonstructural viral proteins can go on to function in viral
RNA synthesis. To allow for efficient viral RNA synthesis to occur, there is a switch
from viral translation to RNA synthesis. As discussed above, this switch is currently
thought to occur when host factors, such as PTB and PCBP2, are cleaved by enterovirus
proteinase 3C/3CD. Cleavage of ITAFs inhibits IRES-mediated translation but still
allows viral RNA replication to proceed, since the presence of these cleaved proteins
favors the clearing of ribosomes from the RNA template. Overall, viral translation and
RNA replication are dependent on the modifications of host proteins by the viral-encoded
proteinases. In addition to host protein modifications, the cellular environment becomes
altered in enterovirus-infected cells so efficient viral RNA replication can occur.
Alteration of host cell membranes for viral RNA synthesis

For viral RNA replication to occur, cellular organelles must be modified to form
virus-induced membranous vesicles that serve as sites of replication complexes for viral
RNA synthesis (Caliguiri and Tamm, 1969; Dales et al., 1965). The specific localization
of these membranous vesicles may physically separate RNA synthesis from IRES-
mediated translation in the cytoplasm and increase the local concentrations of viral
proteins required for viral replication. The virus-induced vesicles are derived from the
endoplasmic reticulum (ER), Golgi, and from components of autophagic vesicles to form
single- and double-walled vesicles (Bienz et al., 1987; Jackson et al., 2005; Schlegel et
al., 1996).

The COPII complex components, Secl3 and Sec31, have been shown to

colocalize with viral protein 2B, suggesting that COPII may be involved in the formation
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of replication complexes (Rust et al., 2001). COPII is a vesicle coat protein complex that
transports proteins from the ER to the Golgi in the uninfected cell (Barlowe et al., 1994).
COPII vesicle proteins are made in the ER with the help of COPII complexes, which
include coat proteins. Once the COPII-coated vesicles are formed, they bud from the ER,
lose their coat proteins, and become fused to the Golgi (Klumperman, 2000; Rust et al.,
2001; Springer et al., 1999). During poliovirus infection, it has been shown that these ER-
derived vesicles accumulate in the cytoplasm, and there is a transient increase in COPII
vesicle budding from the ER (Bienz et al., 1987; Rust et al., 2001; Trahey et al., 2012).
Alterations in the secretory pathway also mediate the formation of viral replication
complexes. During poliovirus infection, nonstructural viral protein 3A recruits guanine
nucleotide exchange factor (GEF), GBF1, and viral proteinase 3CD recruits GEFs, BIG1,
and BIG2, to membranes to activate the secretory pathway by converting the small
GTPase Arfl into its GTP-active form (Belov et al., 2007). Arfl-GTP can alter
membrane curvature and recruit coat proteins to form secretory transport vesicles (Belov
and Ehrenfeld, 2007). The activation of Arfl leads to the production of
phosphatidylinositol-4-phosphate (PI4P), a lipid with an important role in vesicle
transport. Expression of CVB3 3A can lead to an accumulation of PI4P and PI4-kinase
III B (PI4KIIIB) (Hsu et al., 2010). During CVB3 infection, PI4KIIIB has also been
shown to colocalize with sites of viral RNA replication and to be required for both
poliovirus and CVB3 replication (Hsu et al., 2010). 3A has been shown to associate with
acyl coenzyme A [acyl-CoA]-binding protein domain 3 (ACBD3), a protein that binds to
an integral Golgi protein known as giantin (Greninger et al., 2012). However, it was

recently shown that although ACBD?3 does interact with CVB3 3A and PI4KIIIB directly,
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this interaction is not required for the recruitment of PI4KIIIB to replication complexes
(Dorobantu et al., 2014). Additionally, depletion of GBF1 and Arfl by pharmalogical
inhibition or small interfering RNA (siRNA) treatment in CVB3-infected cells did not
inhibit PI4KIIIB recruitment (Dorobantu et al., 2014). These contradictory findings
suggests that the mechanism for virus-induced host membrane reorganization remains
poorly understood and additional studies are required to dissect the involvement of the
secretory pathway during enterovirus replication.

Host cell membrane organization throughout poliovirus infection has been
observed by electron microscopy (Belov et al., 2012; Caliguiri and Tamm, 1970). At 3
hours post-infection (h.p.1.), replication complexes appear to be single-membraned, while
at 4 h.p.i. the complexes appear to be convoluted. At later times of infection, replication
complexes appear to be double-membraned, illustrating the dynamic nature of viral-
induced, membranous vesicles throughout the replication cycle. The convoluted
membranes observed at peak times of infection resemble the crescent-shaped precursor
membranes seen during autophagy. During poliovirus infection, LC3, a marker for
autophagy, localizes to these membranous vesicles. This localization is induced by viral
proteins 2BC and 3A (Jackson et al.,, 2005; Taylor and Kirkegaard, 2007). One
hypothesis to explain these observations is that enteroviruses induce formation of
replication complexes via a mechanism similar to autophagy (Kemball et al., 2010; Klein
and Jackson, 2011; Suhy et al., 2000). However, a recent study using an antibody specific
for double-stranded RNA (dsRNA), which is an RNA intermediate formed during viral
RNA synthesis, to identify replication complexes found that dsRNA does not

significantly colocalize with LC3 early during infection but does at late times of infection

17



(Richards et al., 2014). Although this contradicts previous studies suggesting that LC3
plays a role in replication complex formation, the authors of this report alternatively
suggest that LC3 may have a role in viral replication, but not in complex formation
(Richards et al., 2014). This apparent discrepancy in findings may be due to previous
studies using antibodies against viral proteins to analyze the role of the autophagy
pathway during viral RNA synthesis instead of antibodies specific for viral RNA
replication intermediates. In summary, although previous studies have attempted to
elucidate the mechanisms utilized in enterovirus replication complex formation, there are
many features of this process that remain to be determined.
Additional host proteins usurped for viral translation and replication

Enteroviruses require multiple host factors to carry out their viral replication
cycles. It is apparent that the host factors described above are not sufficient to carry out
translation, replication, and encapsidation of the viral RNA. In a comprehensive attempt
to identify host factors binding to the viral RNA during infection, numerous experimental
approaches have been employed. A recent study using thiouracil cross-linking mass
spectrometry (TUX-MS) has identified host factors binding to poliovirus RNA during
replication in HeLa cells (Lenarcic et al., 2013). In addition to previously identified host
factors known to interact with the viral RNA, 66 putative host proteins have been
identified using this methodology. From these 66, eight proteins were selected for
validation. Knockdown of two of these proteins, NONO (non-POU-domain-containing
octamer-binding protein) and CNBP (cellular nucleic acid-binding protein), decreased
poliovirus replication similar to levels when PCBP2, La, PTB, or hnRNP C was knocked

down. Further analysis of these two host proteins revealed that CNBP was required for
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efficient viral translation and NONO was required for efficient positive-strand RNA
synthesis (Lenarcic et al., 2013). This methodology proved to be an effective way to
identify proteins associated with the viral RNA during enterovirus replication. One of
these proteins is AU-rich binding factor 1 (AUF1) (Lenarcic et al., 2013), which had been
previously identified via an RNA affinity screen for proteins interacting with the 5> NCR
(Rozovics et al., 2012).

AUF1, also known as hnRNP D, is a cellular protein that binds to AU-rich
elements in the 3> NCR of mRNAs in the uninfected cell (Zhang et al., 1993). It is
involved in RNA stability and can target RNAs for degradation via an mRNA-decay
pathway (Kiledjian et al., 1997). AUF1 has four isoforms due to alternative splicing that
contain tandem RRMs to bind RNA (Kajita et al., 1995). During poliovirus and CVB3
infection, AUF1 relocalizes from the nucleus to the cytoplasm in a proteinase 2A-driven
manner and colocalizes with the nonstructural viral protein 2B (Cathcart et al., 2013).
AUF1 is cleaved by poliovirus or human rhinovirus 3CD and CVB3 3C (Rozovics et al.,
2012; Wong et al., 2013). AUF1 has also been shown to directly interact with the
poliovirus 5° NCR, specifically full length 5 NCR and stem-loop IV (Cathcart et al.,
2013; Rozovics et al., 2012). This interaction is inhibited by the cleavage of AUF1 by
3CD (Cathcart et al., 2013). AUF1 has been shown to interact with the 3> NCR of CVB3
RNA as well, due to the AU-rich sequence at the 3’ end (Wong et al., 2013). When
AUF1 is genetically ablated or knocked down, poliovirus, human rhinovirus 16, or CVB3
viral titers increase, suggesting an inhibitory role for AUF1 during enterovirus infection
(Cathcart et al., 2013; Wong et al., 2013). AUF1 has been shown to decrease poliovirus

translation in vitro, suggesting that AUFI1 functions as an antiviral factor during

19



enterovirus infection (Cathcart et al., 2013). It is possible that enteroviruses cleave AUF1
to disrupt the interaction of this protein with viral RNA as a mechanism to evade the
cellular RNA decay pathway. AUF1 has also been shown to interact with other host
factors involved in viral replication, including PCBP2, nucleolin, and PABP (Dempsey et
al., 1998; Kiledjian et al., 1997; Lu et al., 2006). AUF1 cleavage may disrupt these host
protein-protein interactions so that these host factors can bind to the viral RNA and
stimulate viral translation and replication. Another possible role for AUF1 during
enterovirus replication stems from the fact that AUF1 has been shown to bind to both the
5> and 3> NCRs of the viral RNA. Such interactions could aid in the functional
circularization of viral RNA through homo-multimerization of AUF1 via its dimerization
domain present at the N-terminus. Further studies are necessary to define the role of
AUF1 during enterovirus infection and how the virus might evade the RNA degradation
pathway initiated by this protein.

Another recently identified host protein that is utilized during enterovirus
replication is 5° tyrosyl-DNA phosphodiesterase 2 (TDP2) (Virgen-Slane et al., 2012). In
the uninfected cell, TDP2, also known as TRAF and TNF receptor-associated protein
(TTRAP) and ETS-1 associated protein II (EAPII), functions as a DNA repair enzyme
that hydrolyzes 5’ phosphotyrosyl DNA linkages in topoisomerase II-mediated double
strand breaks (Cortes Ledesma et al., 2009). TDP2 was shown to harbor the activity,
discovered decades ago, that cleaves the phosphotyrosyl bond between VPg and the 5’
end of poliovirus virion RNA (Ambros and Baltimore, 1978; Ambros et al., 1978;
Virgen-Slane et al., 2012). This activity was initially referred to as VPg unlinkase and

was shown to be present in both the nucleus and the cytoplasm of uninfected and
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poliovirus infected cells (Ambros et al., 1978). TDP2 is a predominantly nuclear protein
but is also found in the uninfected cell cytoplasm. During poliovirus infection, TDP2
relocalizes from the nucleus to the cell cytoplasm, and during peak times of infection, is
sequestered to the cell periphery in sites distinct from putative replication complexes
(Virgen-Slane et al., 2012). Earlier studies had shown that VPg is absent from actively
translating viral RNAs but present on newly synthesized viral RNAs or encapsidated
virion RNAs (Fernandez-Munoz and Darnell, 1976; Hewlett et al., 1976; Nomoto et al.,
1977; Nomoto et al., 1976). However, another early study reported that poliovirus RNA
with a VPg linked to the 5 end was capable of forming a translation initiation complex in
rabbit reticulocyte lysate (RRL), suggesting that the cleavage of VPg may not be required
for viral translation in vitro (Golini et al., 1980). Limitations to the experiments in this
latter study include that they were done in a cell-free system using RRL, a lysate deficient
in TDP2 (Rozovics et al., 2011), and that the sucrose gradients could not determine if the
VPg linked RNA represented a small or larger population of the viral RNA associated
with the ribosomes.

In accordance with the early findings described above, a study using a replicon
with an uncleavable bond between VPg and the viral RNA and a reporter gene shows that
following transfection of this mutated CVB3 or poliovirus RNA, viral translation and
replication are unaltered (Langereis et al., 2014). Although these results suggest that
cleavage of the VPg-RNA linkage is not required for viral translation and replication, the
caveats of the study must also be considered. The viral RNA harboring this uncleavable
bond and reporter gene was transfected into the cells, thus bypassing the normal receptor-

mediated entry pathway and the uncoating step. These steps that occur during normal
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infection may be essential in determining the orientation of viral RNA during uncoating
and its initial exposure to the cell cytoplasm following uncoating. It is possible that since
the viral RNA has been transfected into the cell and thus only undergoes primary rounds
of translation and replication, the cleavage of VPg by VPg unlinkase/TDP2 may be
necessary to determine the fate of nascent viral RNAs to either be encapsidated in
progeny virus particles or undergo an additional round of translation and replication.
Another study showed that TDP2 is necessary for efficient enterovirus replication in
murine cells (Maciejewski et al., 2016). Although viral yields were significantly reduced
in the absence of TDP2, this study shows that TDP2 is differentially required among
enteroviruses. The greatest dependency on TDP2 was seen during CVB3 infection, with
CVB3 yields remaining unchanged in the absence of TDP2. However, in agreement with
Langereis et al. (2014), CVB3 replicated at reduced levels in the absence of TDP2
following transfection using a CVB3 replicon encoding a reporter gene (Maciejewski et
al., 2016). As stated above, it is important to note the experimental caveats of performing
a transfection versus infection. Together these results show that TDP2 plays a critical role
during the course of enterovirus infections in murine cells and could serve as a putative
target for antiviral development.

Most studies characterizing host proteins required for the enterovirus replication
cycle have been carried out using the prototypic enterovirus, poliovirus. As discussed in
this section, not all enteroviruses require the same host proteins for their viral replication
cycles. This variation leaves room for other host proteins to be utilized during replication.
Since there have been only a few reports of ITAFs required for EV71, a study was

undertaken to identify cellular proteins bound to a biotinylated EV71 5’NCR. From this
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study, 12 cellular proteins were identified to interact with the 5° NCR (Lin et al., 2008).
Of these 12 proteins, previously identified proteins were purified, including PTB,
poly(C)-binding protein 1 (PCBP1, also known as hnRNP El), PCBP2, La, and Unr. In
addition, proteins previously unidentified as EV71 5° NCR-binding proteins were
reported, including hnRNP K, hnRNP Al, far-upstream element-binding protein 1
(FBP1), and FBP2 (Lin et al., 2008). More recently, these latter proteins have been
shown to redistribute from the cell nucleus to the cytoplasm and stimulate EV71 infection
(Huang et al., 2011; Lin et al., 2008; Lin et al., 2009). Although the roles of hnRNP K,
hnRNP Al, FBP1, and FBP2 during enterovirus 71 infection remain to be determined,
this finding suggests that although enteroviruses have a highly conserved genome, they
utilize several different host factors to enhance their viral replication.
IV. Evasion of host antiviral and stress response pathways and mRNA surveillance
Enteroviruses, like any invading pathogen, elicit immune and stress responses in
the host. This leads to the activation of pathways that induce the interferon response
(IFN) and stress granule (SG) formation. Similar to the enterovirus-mediated
modifications of host proteins involved in cellular translation and transcription,
enteroviruses can also modify host proteins involved in antiviral and stress response
pathways. Additionally, enteroviruses can evade cellular mRNA surveillance by
disrupting processing bodies (P bodies). This section will discuss how enteroviruses
modify host proteins involved in cellular defense pathways to suppress their activation

and, thereby, stimulate viral replication.

23



RIG-I-like receptor detection of enteroviruses

The host must be able to recognize invading pathogens to avoid eliciting a
response against itself. To accomplish this, cells have specialized pattern recognition
receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPs). PRRs fall
into several different families and include the Toll-like receptors (TLRs), NOD-like
receptors (NLRs), C-Type lectin receptors (CLRs), and RIG-like receptors (RLRs). Two
essential immune receptors in the RLR family that detect double stranded viral RNA in
the cytoplasm are retinoic acid-inducible gene 1 (RIG-I) and melanoma differentiation-
associated protein 5 (MDAS). Ligand binding causes these receptors to oligomerize and
serve as signaling platforms to recruit and activate signaling adaptors, including the
mitochondrial adaptor, MAVS. This activates a cascading signaling pathway that leads to
the transcription of NF-kB factors and interferon regulatory factors (IRFs). These
transcription factors then go on to induce expression of type I IFN. Such cellular response
pathways induced by the virus serve as the front line of host defense against invading
pathogens [reviewed in (Reikine et al., 2014)].

RLRs belong to the DExD/H-box helicase family and use ATP binding and
hydrolysis to drive formation of an oligomer filament composed of repeating dimers,
which extends from their target protein to downstream signals to activate IFN signaling
(Peisley et al., 2013). The DExD/H-box helicase family includes three sensors for
detecting viruses: RIG-I, MDAS, and LGP2. RIG-I discriminates between host and viral
RNA by specifically binding to short double-stranded RNAs (dsRNAs) and single-
stranded RNAs (ssRNAs) (less than 300 bp) with a 5’ triphosphate (5’ppp) moiety

(Hornung et al., 2006). The C-terminal domain of RIG-I recognizes and binds 5’ppp,

24



while its helicase domains bind the RNA to form oligomer filaments (Hornung et al.,
2006; Peisley et al., 2013). In contrast to RIG-I, MDAS binds specifically to long dsSRNA
regardless of its 5° end moiety. MDAS also forms a filament around dsRNA. Both RIG-I
and MDAS contain an N-terminal caspase recruitment domain (CARD), which aids in
MAVS recruitment and activation (Kato et al., 2006). However, LGP2, the third member
of the family, lacks a CARD and therefore cannot recruit or activate MAVS. Instead,
LGP2 responds to viral stimuli by modulating RIG-1 and MDAS signaling (Childs et al.,
2013). Since enterovirus RNAs lack the 5’ppp moiety, the interaction between RIG-1 and
enterovirus RNAs is not well understood but will be discussed later in this section. To
date, LGP2 has not been shown to interact with enterovirus RNAs but has been recently
shown to interact with the RNA of encephalomyocarditis virus, another member of the
picornavirus family belonging to the cardiovirus genus (Deddouche et al., 2014).
However, MDAS along with its adaptor molecule MAVS, has been shown to induce the
antiviral response pathway during enterovirus infection and thus will be the focus of this
section.

MDAS serves as a cytoplasmic sensor for enterovirus infections (Abe et al., 2012;
Wang et al., 2010). MDAS was shown to specifically bind to two dsRNA enterovirus
species, the replicative form (RF) and the replicative intermediate (RI) (Feng et al., 2012;
Triantafilou et al., 2012). The RF is formed when the negative-strand is being synthesized
from the positive-strand template, and the RI is formed when there are multiple positive-
strands being synthesized from the negative-strand [reviewed in (Daijogo and Semler,
2011)] (Baltimore et al., 1964). These two viral species could induce type I IFN response

following transfection of enterovirus RNA into the cell (Feng et al., 2012; Triantafilou et
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al., 2012). Gel-purified CVB3 RF alone was also shown to activate the ATPase activity
of recombinant MDAS5 (Feng et al., 2012). Interestingly, transfecting CVB3 genomic
RNA into mouse embryonic fibroblasts knocked out for RIG-I did not significantly alter
its ability to produce an IFN response (Feng et al., 2012). These results are not surprising
since RIG-I requires a 5’ppp moiety in short dsSRNA to interact with the target RNA.
When mice lacking MDAS and its adaptor molecule MAVS were infected with CVB3,
there was an increase in mortality and a reduced IFN response (Wang et al., 2010).
However, poliovirus-infected mice expressing the poliovirus receptor but lacking MDAS
and MAVS did not display increased mortality nor a decrease in IFN response even
though it was shown that MDAS was required for the production of IFNs in vitro (Abe et
al., 2012; Oshiumi et al., 2011). It is important to note that the apparent discrepancy seen
between the in vitro versus in vivo data may be due to differences in the viral RNA
delivery method, host protein association with the viral RNA, or overall physiological
environment of the cell.

A recent study was carried out to measure the type I IFN response, specifically
IFN-0/B, at the different steps of the CVB3 replication cycle. When negative-strand RNA
synthesis was inhibited, thereby inhibiting the production of RF, the IFN-o/p response
was abolished; when positive-strand RNA synthesis was inhibited, resulting in inhibition
of the production of RI, the IFN-o/p response was not impaired (Feng et al., 2012). These
results suggest that RF is required to activate the type I IFN response during an
enterovirus infection. Also, MDAS and MAVS are required to sense the dsRNA

intermediates produced during enterovirus infection. To evade the IFN response pathway,
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enteroviruses modify the RLRs directly as well as modify the host proteins downstream
of the RLRs signaling pathway.
Enterovirus evasion of the RIG-I-like receptor-mediated antiviral response

Enteroviruses employ different mechanisms to disrupt the type I IFN pathway.
Typically, they modify host proteins in a proteinase-dependent manner. However, there
are differing reports for virus-mediated modifications of the antiviral response among
enteroviruses. Poliovirus has been shown to degrade MDAS and MAVS in a proteasome-
and caspase-dependent manner (Barral et al., 2007; Rebsamen et al., 2008). CVB3
proteinase 3C cleaves MAVS, resulting in a functionally inactive fragment that can no
longer participate in both NF-xB and type I IFN signaling (Mukherjee et al., 2011).
CVB3 has also been shown to target other components of the RLR pathway, including
3C-mediated cleavage of focal adhesion kinase (FAK), which is responsible for MAVS
induction (Bozym et al., 2012). For EV71, proteinase 2A cleaves MAVS (Wang et al.,
2013). EV71 3C can either directly cleave a downstream signaling protein, interferon
regulatory factor 7 (IRF7), or block the recruitment of MAVS to RIG-I, thus interrupting
the relocalization of downstream signaling protein IRF3 to the nucleus and reducing the
IFN response (Lei et al., 2010; Lei et al., 2013). Similar to poliovirus, EV71 also induces
capsase-mediated degradation of MDAS (Kuo et al., 2013). Human rhinovirus type la
proteinases 2A and 3C and cellular caspase 3 have all been suggested to cleave MAVS
(Drahos and Racaniello, 2009).

Recently a comprehensive study was carried out to analyze the viral-mediated
cleavage of key players involved in the RLR-mediated IFN response. In this study,

enterovirus modulation of the major components of the RLR signaling pathway was
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studied. CVB3 proteinase 2A was shown to cleave both MDAS and MAVS (Feng et al.,
2014). MDAS and MAVS cleavage was also observed when using recombinant EV71,
CVB3, and poliovirus 2A proteinases, suggesting that enteroviruses uniformly utilize
proteinase 2A to cleave MDAS and MAVS and thus inhibit the type I IFN response
(Feng et al., 2014) (Figure 2). The apparent differences in these findings compared to
previous reports may be due to the fact that in previous studies, cells were pre-treated
before infection with cell stress inducer, polyl:C, which may have activated caspase-
mediated apoptosis. The previous study (Mukherjee et al., 2011) showing 3C-mediated
cleavage of MAVS was carried out using exogenous 3C versus the recent study, which
used endogenous 3C (Feng et al., 2014). Overexpression of 3C may have preferentially
cleaved MAVS. Although it is possible that both 2A and 3C can cleave MAVS, it is
likely that during a normal infection 2A preferentially cleaves MAVS (Feng et al., 2014).
Additionally, RIG-I is cleaved by recombinant CVB3 3C (Feng et al., 2014). It was
unknown if RIG-I recognized enteroviruses, since previous studies have shown that the
type I IFN response is unaltered when RIG-I is knocked out; however, the newly
identified CVB3 3C-mediated cleavage event may help elucidate the mechanisms of
enterovirus evasion of the RIG-I pathway (Feng et al., 2012). This function may be
redundant, since enteroviruses cleave MDAS5 and MAVS to inhibit the IFN response
pathway. Perhaps enteroviruses modify multiple pathways to ensure efficient replication
of their genomic RNAs. Cleavage events in the RLR pathway allow the virus to shut
down the host antiviral response and efficiently replicate in the cell cytoplasm. Given that

enteroviruses use similar replication mechanisms due to their conserved genomic RNA
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sequences, it is likely that they mediate similar cleavage events to evade the type I IFN
response.
Enterovirus evasion of the stress response

Cells form stress granules (SGs) in the presence of environmental stress stimuli.
In the uninfected cell, SGs form cytosolic aggregates that contain cap-dependent stalled
pre-initiation complexes, translationally silenced mRNAs, and canonical translation elFs.
These aggregates form following the phosphorylation of eukaryotic initiation factor 2a
(elF2a), which is a required component of the elF2 complex responsible for loading the
tRNA onto the 40S ribosome (Ernst et al., 1978). Although the exact mechanism of SG
generation is not yet understood, SGs typically form as a result of hypoxia, nutrient
deprivation, or oxidative stress. SG formation is canonically used to halt cap-dependent
translation. Host proteins proposed to be important during SG formation include the RNA
binding proteins, T-cell restricted intracellular antigen 1 (TIA-1), TIA-1-related protein
(TTIAR), and RasGAP-SH3 domain binding protein (G3BP) (Kedersha et al., 1999;
Tourriere et al., 2003). Previous studies have shown that SG formation can reduce the
levels of enterovirus replication. It has been suggested that viral RNAs are sequestered by
SGs or that the host proteins required for viral replication can become trapped in SGs and
are thus unavailable for viral replication (White et al., 2007). However, the exact role
SGs play during enterovirus infection remains poorly understood.

SGs can form independently of elF2a phosphorylation. Poliovirus infection can
lead to stress granule formation as a stress response from the host (Mazroui et al., 2006).
This stress granule formation occurs at the same time elF4G is cleaved, suggesting that

poliovirus-mediated cleavage of elF4G, leading to shut down of cap-dependent
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translation, may induce SG formation (Mazroui et al., 2006). SG formation induced by
poliovirus is then disrupted by viral proteinase 3C as infection proceeds (White et al.,
2007). 3C can cleave G3BP, leading to SGs dispersing at a later time in infection. When
a recombinant, non-cleavable G3BP was introduced into the cell, SG formation was
restored and viral replication was reduced (White et al., 2007). This viral-mediated
modification of G3BP, a major component in SG formation, may be one mechanism that
enteroviruses use to evade the stress response. However, another study showed that TIA-
I-dependent SGs, in the presence of low levels of G3BP and elF4G, may still form at a
later time in poliovirus infection (Piotrowska et al., 2010).

As mentioned above, SGs can be formed due to different stress stimuli. The
presence of an RNA-binding protein previously shown to interact with poliovirus RNA-
dependent RNA polymerase 3D, Sam68, was used as a marker for SGs unique to
poliovirus infection (McBride et al., 1996; Piotrowska et al., 2010). Sam68 localized with
SGs induced during poliovirus infection but not with SGs formed due to heat shock or
arsenite stress (Piotrowska et al., 2010). This finding suggests that SGs observed during
poliovirus infection are unique to stress induced directly by the virus (Piotrowska et al.,
2010). Another study showed that TIA-1-positive SGs did form early during poliovirus
infection, but as infection proceeded, TIA-1-positive SGs lacking translation factors,
RNA-binding proteins, and mRNA were observed (White and Lloyd, 2011). This type of
SG observed later in infection suggests that poliovirus most likely disrupts SGs to release
any sequestered translation factors to aid in its replication.

During CVB3 infection, SGs are formed early during infection but are

disassembled at 5 h.p.i.. CVB3 3C can also cleave G3BP, suggesting a similar
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mechanism of stress response evasion to poliovirus (Fung et al., 2013). These findings
suggest that the viral-mediated modification of the stress response may be conserved
among enteroviruses. Although the exact role of SG formation during enterovirus
infection remains unclear, another study reported that host factor, SRp20, which was
previously summarized in Table 3.2, colocalizes with SG marker TIA-1 at 3 h.p.i. during
a poliovirus infection of HeLa cells. Although not all SRp20 was present in SGs in these
experiments, colocalization was unique to poliovirus-induced SG formation, as this
colocalization was not observed during oxidative stress (Fitzgerald and Semler, 2013).
These results further confirm that translation factors involved during viral replication
may be sequestered into SGs and suggest that perhaps viral-mediated disruption of SGs
must be achieved to release factors necessary for efficient viral replication.
Evasion of cellular mRNA surveillance

P bodies are another type of cytoplasmic granules that contain translationally
silenced, deadenylated mRNAs and may serve in mRNA surveillance of the uninfected
cell. P bodies have been suggested to be involved in mRNA decay pathways and include
proteins involved in the formation of mRNA decapping complexes, such as Dcpla/2 and
Edc3, major 5° exonuclease Xrnl, and proteins involved in mRNA deadenylation, Ccr4
and Pan 2/3 [reviewed in (Adjibade and Mazroui, 2014)]. P bodies form aggregates in a
similar fashion to SGs, although the mechanism of their formation remains unknown.
Since enteroviruses have positive-strand RNAs lacking a cap at the 5’ end, this makes
them susceptible to the mRNA decay pathways. One study demonstrated that P bodies
are disrupted at 4 h.p.i. during poliovirus or CVB3 infection (Dougherty et al., 2011).

This dispersion of P bodies correlated with an increase of poliovirus 3C/3CD expression.
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During poliovirus infection, the number of P bodies was shown to decrease in the
presence of the viral RNA replication inhibitor, guanidine HCI; however, the P bodies
that did not disperse appeared to increase in size (Dougherty et al., 2011). P body protein
components Xrnl, Dcpla, and Pan 3 were also shown to undergo accelerated
proteasome-mediated degradation during poliovirus infection. Only Dcpla appeared to be
cleaved by poliovirus proteinase 3C. An increase in turnover of Dcpla during infection
was observed, suggesting that poliovirus targets the mRNA decay pathway to disrupt P
body formation (Dougherty et al., 2011). Although the mechanism of enterovirus
disruption of P body formation remains to be discovered, it is likely that enteroviruses
disrupt this host function to avoid the mRNA decay pathway.
V. Summary

Due to their limited coding capacity, enteroviruses hijack host cell functions to
stimulate viral translation and replication. They typically do this by cleaving cellular
proteins to modify their canonical functions. Enteroviruses modify proteins involved in
cellular nucleo-cytoplasmic trafficking, translation, and transcription to make these
proteins available for viral translation and RNA replication. The viral proteinases can
also further modify specific host proteins to mediate the switch from viral translation to
RNA synthesis. Nonstructural viral proteins without proteolytic activity also alter cellular
functions, such as membrane reorganization for viral replication complex formation.
Additionally, enteroviruses can evade the host antiviral or stress response to ensure
efficient replication. Although it is known that enteroviruses can modify the host
functions in multiple ways, many of the mechanisms remain unclear. It is necessary to

elucidate these mechanisms and identify viral specific protein-protein interactions so that
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antivirals may be generated targeting either the host proteins or viral proteins involved.
Although antivirals against cellular proteins can be potentially toxic to the cell, targeting
a non-canonical function of a host protein or a novel protein-protein interface may
circumvent such an issue. Importantly, identifying cellular targets required for
enterovirus replication avoids the issues of generating resistant viral variants due to the
high mutation rates of viral RNA-dependent RNA polymerases. Such a prospect holds
considerable promise for development of broad-spectrum antiviral therapies to treat
enterovirus infections.
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Host Viral Host function References
protein | proteinase disrupted
elF4GI/ PV and CVB3 2A | Cap-dependent Devaney et al. 1988,
translation Etchison et al_, 1982;
Krausslich et al_, 1987;
Bovee et al_, 1998;
Lamphear et al_., 1995
PABP PV and CVB3 2A; | Cap-dependent Joachims et al., 1999,
PV 3C translation Kuyumcu et al., 2002,
Kerekatte et al., 1999
UBF PV 3C RNA pol | transcription | Banerjee et al., 2005
TAF ;o PV 3C RNA pol | transcription | Banerjee et al.,, 2005
TBP PV 2A; PV 3C PIC formation for RNA | Yalamanchili et al., 1997a;
pol Il transcription Das and Dasgupta, 1993,
Yalamanchili et al., 1996
CREB-P PV 3C RNA pol Il transcription | Yalamanchili et al., 1997b
po3 PV 3C Transcription Weidman et al., 2001
TFIIC PV 3C RNA pol llI Clark et al., 1991;
transcription Shen et al., 1996

Table 3.1. Enterovirus cleavage targets to disrupt the host cell translation and
transcription machinery. Viral-encoded proteinases mediate cleavage of cellular
proteins to shut down host cell functions, including cap-dependent translation and cellular
transcription. Viral disruption allows host functions to become available for viral

translation and RNA synthesis activities. The cellular proteins involved in cellular

translation and transcription targeted by viral proteinases are outlined in Table 3.1.
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Table 3.2. Use and abuse of host cell functions for enterovirus translation and RNA

Host Viral Function of Role in viral References
protein Protein host protein replication
Nupé62, PV and HRV 2A | Nucdleo-cytoplasmic | Concentrates host proteins in Park etal., 2010
Nup98, trafficking the cytoplasm Park et al., 2008;
Nup153 Watters and Palmenberg, 2011;
Castello et al., 2009
Gustin and Samow, 2001
La PV 3C Maturation of RNA Binds IRES for translation Shiroki et al., 1999
pal lll transcripts
PTB PV and HRV14 Altemative splicing Full length PTB enhances viral | Back et a., 2002
3C/3CD translation; cleaved PTB
mediates switch to RNA
synthesis
PCBP2 PV, CVB3, and RNA binding; mRNA | Full length PCBP2 binds SLIV | Perera et al,, 2007;
HRV 3C/3CD stability to enhance translation; full Chase etal., 2014
length PCBP2 binds SLI to
initiate RNA synthesis; cleaved
PCBP2 binds SLI for RNA
synthesis
SRp20 PV 2A Shuttling RNA binding | Interacts with PCBP2 to Fitzgerald et al., 2013
protein; mRNA enhances franslation
splicing
COPIl PV 2B Protein transport from | Forms replication complexes Rust etal., 2001
the ER to Golgi
GBF1, PV 3A and 3CD | Guanine nudeoctide Activates Arf1 to produce Belov et al, 2007
BIG1/2 exchange factors PHKIIR for replication complex
formation
LC3 PV 2BC and 3A | Autophagy Forms replication complexes Jackson el al., 2005;
Taylor and Kirkegaard, 2007
AUF1 PV and HRV mRNA decay; RNA Negative regulator of Rozovics et al., 2012,
3CD; CVB3 3C | stability translation Wong et al., 2013;
Cathcart et al, 2013
TDP2 none DNA repair Cleaves VPg from 5’ end Virgen-Slane et al., 2012

replication. Enterovirus proteins alter host proteins to stimulate viral translation and

replication. Viral proteinases 2A, 3C, and 3CD can mediate cleavage of host proteins to

change their canonical functions to non-canonical activities to aid in viral replication.

However, some nonstructural proteins, including 2B, 2BC, and 3A, can modify the

microenvironment of the cytoplasm to generate replication complexes so that viral RNA

synthesis can be carried out.
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Figure 3.1. Overview of the enterovirus genome. Enteroviruses have a small (~7.5 kb),

positive-sense RNA genome. At the 5’ end is the viral protein genome-linked (VPg) in
red. VPg is covalently linked to the 5 end of the RNA via an O4-(5'-uridylyl)tyrosine
phosphodiester bond. VPg serves as a protein-primer for RNA synthesis since the RNA
dependent RNA polymerase 3DP®' cannot initiate RNA synthesis de novo. The highly
structured 5’ noncoding region (NCR) consists of stem-loops I-VI. Stem-loop I, also
known as the cloverleaf, is required for viral RNA synthesis. Stem-loops II-VI encode the
internal ribosome entry site (IRES), which initiates translation of the viral genome via a
cap-independent mechanism. Following the 5 NCR is the coding region. The coding
region is translated into a single polyprotein, containing the structural (VP4-VP1) and
nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) proteins. The polyprotein is then
proteolytically processed by viral-encoded proteinases. The nonstructural proteins are
involved in multiple steps throughout the replication cycle, including modifying the host
cell environment to aid in replication. Following the coding region is the 3> NCR and
genetically-encoded poly(A) tract, which are necessary for efficient viral replication

[reviewed in (Bedard and Semler, 2004)].

60



Enterovirus ® e © ®
IFN-o/f

e T I mARA ) )y oo G T TG I AR ARA(A),

()] Qs>
@ —

R Cn> (oD

cytoplasm

Nucleus

Figure 3.2. Enterovirus evasion of the type I IFN response. The host elicits an
immune response when it detects invading pathogens. The immune receptors of the RLR
pathway (RIG-I and MDAS) can detect double stranded RNAs. Although enteroviruses
have single stranded RNAs, a double stranded replicative form (RF) is generated during
viral replication. The RLR pathway is induced by detection of this RF. In order to bring
about efficient replication of their viral genomes, enteroviruses have evolved mechanisms
to evade the host antiviral response. A recent comprehensive study has shown that
enterovirus proteinase 2A can cleave both MDAS5 and MAVs and proteinase 3C can

cleave RIG-I to inhibit the type I IFN response (Feng et al., 2014).
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Figure 3.3. Summary of enterovirus-mediated host modifications to enhance viral
translation and RNA replication. Enteroviruses modify cellular functions to stimulate
viral replication. Upon release into the cytoplasm, the positive-strand viral RNA is
translated. It has been suggested that cellular enzyme TDP2 cleaves the covalently linked
viral protein, VPg, from the 5’ end of the RNA to allow for polysome association.
Following translation of the viral genome, the viral polyprotein is proteolytically
processed. The viral proteins can then alter a number of cellular proteins, resulting in the
hijacking of host functions for viral replication. Viral proteinases 2A, 3C, and 3CD are
responsible for cleaving host proteins involved in cellular nucleo-cytoplasmic trafficking,
translation, transcription, and the antiviral response. Nonstructural viral proteins, such as

2B, 2BC, and 3A, are also responsible for inducing conformational changes in the host
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cytoplasmic membranes to serve as replication sites for viral RNA synthesis. Together
these virus-induced modifications of cellular proteins result in an altered

microenvironment that allows the virus to replicate efficiently.
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