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Abstract
Cardioviruses, including encephalomyocarditis virus (EMCV) and the human Saffold virus,

are small non-enveloped viruses belonging to the Picornaviridae, a large family of positive-

sense RNA [(+)RNA] viruses. All (+)RNA viruses remodel intracellular membranes into

unique structures for viral genome replication. Accumulating evidence suggests that picor-

naviruses from different genera use different strategies to generate viral replication organ-

elles (ROs). For instance, enteroviruses (e.g. poliovirus, coxsackievirus, rhinovirus) rely on

the Golgi-localized phosphatidylinositol 4-kinase III beta (PI4KB), while cardioviruses repli-

cate independently of the kinase. By which mechanisms cardioviruses develop their ROs is

currently unknown. Here we show that cardioviruses manipulate another PI4K, namely the

ER-localized phosphatidylinositol 4-kinase III alpha (PI4KA), to generate PI4P-enriched

ROs. By siRNA-mediated knockdown and pharmacological inhibition, we demonstrate that

PI4KA is an essential host factor for EMCV genome replication. We reveal that the EMCV

nonstructural protein 3A interacts with and is responsible for PI4KA recruitment to viral

ROs. The ensuing phosphatidylinositol 4-phosphate (PI4P) proved important for the recruit-

ment of oxysterol-binding protein (OSBP), which delivers cholesterol to EMCV ROs in a

PI4P-dependent manner. PI4P lipids and cholesterol are shown to be required for the global

organization of the ROs and for viral genome replication. Consistently, inhibition of OSBP

expression or function efficiently blocked EMCV RNA replication. In conclusion, we

describe for the first time a cellular pathway involved in the biogenesis of cardiovirus ROs.

Remarkably, the same pathway was reported to promote formation of the replication sites of
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hepatitis C virus, a member of the Flaviviridae family, but not other picornaviruses or flavivi-

ruses. Thus, our results highlight the convergent recruitment by distantly related (+)RNA

viruses of a host lipid-modifying pathway underlying formation of viral replication sites.

Author Summary

All positive-sense RNA viruses [(+)RNA viruses] replicate their viral genomes in tight
association with reorganized membranous structures. Viruses generate these unique struc-
tures, often termed “replication organelles” (ROs), by efficiently manipulating the host
lipid metabolism. While the molecular mechanisms underlying RO formation by enterovi-
ruses (e.g. poliovirus) of the family Picornaviridae have been extensively investigated, little
is known about other members belonging to this large family. This study provides the first
detailed insight into the RO biogenesis of encephalomyocarditis virus (EMCV), a picorna-
virus from the genus Cardiovirus. We reveal that EMCV hijacks the lipid kinase phospha-
tidylinositol-4 kinase IIIα (PI4KA) to generate viral ROs enriched in phosphatidylinositol
4-phosphate (PI4P). In EMCV-infected cells, PI4P lipids play an essential role in virus rep-
lication by recruiting another cellular protein, oxysterol-binding protein (OSBP), to the
ROs. OSBP further impacts the lipid composition of the RO membranes, by mediating the
exchange of PI4P with cholesterol. This membrane-modification mechanism of EMCV is
remarkably similar to that of the distantly related flavivirus hepatitis C virus (HCV), while
distinct from that of the closely related enteroviruses, which recruit OSBP via another
PI4K, namely PI4K IIIβ (PI4KB). Thus, EMCV and HCV represent a striking case of func-
tional convergence in (+)RNA virus evolution.

Introduction
Picornaviridae is a large family of positive-sense RNA viruses [(+)RNA viruses] comprising
many clinically relevant human and animal pathogens. Members of the genus Enterovirus
include important human viruses like poliovirus (PV), the causative agents of poliomyelitis,
coxsackieviruses (CV), causing meningitis and myocarditis, and rhinoviruses (RV), responsible
for the common cold and exacerbations of asthma and chronic obstructive pulmonary disease.
Perhaps the best-known non-human picornavirus is foot-and-mouth-disease virus (FMDV,
genus Aphtovirus), which can cause devastating outbreaks in cattle leading to severe economic
loss. Closely related to the Apthovirus genus is the genus Cardiovirus, composed of three spe-
cies: Theilovirus (TV), encephalomyocarditis virus (EMCV) and the more recently discovered
Boone cardiovirus. The species Theilovirus includes, among others, Theiler’s murine encepha-
lomyocarditis virus (TMEV) and Saffold virus (SAFV), a human cardiovirus. While TMEV is
known to cause enteric infections and sometimes more severe encephalitis or chronic infection
of the central nervous system [1], as yet, SAFV has not been firmly associated with a clinical
disease [2]. EMCV can infect a wide range of animals, of which rodents are considered the nat-
ural reservoir. Of all domesticated animals, pigs are most prone to EMCV infection, which can
lead to fatal myocarditis [3], reproductive failure in sows or sudden death of piglets [4–6].

Like other (+)RNA viruses—such as hepatitis C virus (HCV), dengue virus (DENV), chi-
kungunya virus (ChikV) and coronavirus (CoV)—picornaviruses replicate their genomic RNA
on specialized, virus-modified intracellular membranes. These remodeled membranes termed
replication organelles (ROs) arise from the concerted actions of both viral nonstructural
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proteins and co-opted host factors. Enteroviruses, for instance, hijack members of the secretory
pathway for replication and formation of ROs [7,8]. Among the viral nonstructural proteins,
2B, 2C, 3A as well as their precursors 2BC and 3AB contain hydrophobic domains which con-
fer them membrane-modifying properties [9–11]. Considerable interest has been given to the
study of the small viral protein 3A, which is the key viral player involved in membrane rear-
rangements. 3A interacts with and recruits secretory pathway components GBF1 (Golgi-spe-
cific brefeldin A-resistance guanine nucleotide exchange factor 1) and PI4KB
(phosphatidylinositol-4 kinase type III isoform β) to ROs [12–16]. Despite intensive investiga-
tion, the role of GBF1 in enterovirus replication is not yet elucidated (reviewed in [8]). Recruit-
ment of PI4KB to ROs leads to a significant local increase of membranes in its enzymatic
product PI4P [15]. This PI4P-rich environment serves to further recruit other essential viral
and host factors to replication sites, such as the viral polymerase 3Dpol, which is able to specifi-
cally bind PI4P in vitro. Recently, we and others revealed that PI4P plays a central role in
enterovirus replication by recruiting the oxysterol-binding protein (OSBP) to ROs [17–19]. In
uninfected cells, OSBP bridges the ER and Golgi membranes by binding to the ER integral
membrane protein VAP-A and to PI4P and Arf1-GTP at the trans-Golgi [20]. Through its ste-
rol-binding domain, OSBP shuttles cholesterol from ER to the Golgi and PI4P from the Golgi
to the ER, thereby generating a lipid counterflow at ER-Golgi membrane contact sites (MCSs).
In enterovirus infection, OSBP exchanges PI4P for cholesterol most likely at ER-RO MCSs
[18]. The unique lipid and protein composition of enterovirus ROs determines their particular
3D architecture, which consists of a complex tubulo-vesicular network, as shown in cells
infected with PV and coxsackievirus B3 (CVB3) [21,22].

The lipid transfer function of OSBP at membrane contact sites is not only vital for enterovi-
ruses, but also for HCV [23]. HCV genome replication occurs in association with an ER-derived
network of specialized membrane vesicles called the membranous web (MW). Like enterovirus
ROs, the HCVMW is enriched in PI4P lipids and cholesterol [23–25]. In the case of HCV, PI4P
are generated through recruitment and activation of the ER-localized enzyme PI4KA (phosphati-
dylinositol-4-phopshate kinase type III isoform α) by the viral protein NS5A [24,26].

Thus far, information regarding virus-host interactions that govern the formation of cardio-
virus ROs remains scarce. In a report by Zhang et al, it was suggested that autophagy supports
EMCV replication [27]. The study showed that EMCV infection triggered an accumulation of
autophagosome-like vesicles in the cytoplasm and that EMCV 3A colocalized with the autop-
hagy marker LC3. However, inhibition of autophagy exerted only minor effects on virus repli-
cation [27], which argues against a strong implication of the autophagy pathway in cardiovirus
genome replication and/or formation of ROs. Evidence for a role of autophagy in virus replica-
tion also exists for enteroviruses and flaviviruses, but rather related to non-lytic virus release or
modulation of host innate immune responses than viral genome replication [28–31].

Based on observations that cardioviruses do not require GBF1 or PI4KB for replication [32–
34], it is generally believed that cardiovirus replication strategies are distinct from those of
enteroviruses. Here, we set out to elucidate whether cardiovirus replication depends on another
PI4K isoform. By siRNA-mediated knockdown, we identified PI4KA as a key player in the rep-
lication of EMCV. EMCV 3A interacts with and recruits PI4KA to ROs, which increases local
PI4P synthesis, eventually leading to downstream recruitment of OSBP. We show that the cho-
lesterol-PI4P shuttling activity of OSBP is important for the global distribution of the ROs and
for virus genome replication. Our data reveal that, by exploiting the same cellular pathway, the
cardiovirus replication strategy profoundly resembles that of the distantly related HCV and is
dissimilar to those of other characterized picornaviruses and flaviviruses in this critical aspect.
Thus, the similarity between EMCV and HCV is a striking case of functional convergence in
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virus-host interactions, indicating that diverse RNA viruses might have a limited choice of
pathways in the remodeling of host membrane network for virus replication.

Results

Cardiovirus replication requires PI4KA
Unlike enteroviruses, cardioviruses do not require PI4KB for replication [34]. To investigate
whether other PI4Ks might be involved in cardiovirus replication, we depleted each of the four dis-
tinct cellular PI4Ks by siRNA-mediated gene knockdown using a set of siRNA sequences
(Ambion) which we previously tested for efficiency and toxicity [35], and monitored the subse-
quent effects on replication of EMCV.We observed inhibitory effects on EMCV replication when
silencing PI4KA, but not upon silencing of the other PI4Ks (Fig 1A). To confirm the importance
of PI4KA for EMCV replication, we performed another series of knockdown experiments using
another set of siRNA sequences (Qiagen). Depletion of PI4KA, but not PI4KB, significantly
reduced EMCV infection, measured by end-point titration of progeny virus production (Fig 1B).

We next wondered which step in the virus life cycle is dependent on PI4KA. To omit the
step of virus attachment and cell entry, EMCV RNA was in vitro transcribed and subsequently
transfected in cells depleted of PI4KA by siRNAs. Virus replication was strongly inhibited
upon PI4KA silencing, as measured by end-point titration of progeny virions (Fig 1C). This
indicated that PI4KA is involved in a post-entry step in the virus life cycle. To elucidate
whether EMCV requires PI4KA for viral genome amplification, we infected cells with a Renilla
luciferase-encoding EMCV (RLuc-EMCV) and quantified the luciferase activity as a measure
of viral RNA replication. EMCV RNA replication was severely impaired in cells lacking
PI4KA, but not PI4KB (Fig 1D). We excluded that inhibition of EMCV replication by PI4KA
silencing was due to cytotoxic effects by a cell viability assay (Fig 1E) and verified the knock-
down efficiency by western blot analysis (Fig 1F). Altogether, these results showed that PI4KA
plays a key role in EMCV genome RNA replication.

Next, we investigated whether EMCV required the enzymatic activity of PI4KA using AL-9,
a PI4K inhibitor that also blocks PI4KB, but at 5-fold higher concentration [36]. Cells were
infected with EMCV or RLuc-EMCV at MOI 0.1 and treated with increasing concentrations of
AL-9 for 8 h. Coxsackievirus B3 (CVB3), as well as all other enteroviruses, has been previously
shown to hijack the Golgi-localized PI4KB for replication [15,34] and was included as a con-
trol. As measured by end-point titration and analysis of the luciferase activity (Fig 1G and 1H),
EMCV replication was efficiently inhibited by AL-9 in a dose-dependent manner with com-
plete inhibition detected at 10 μM, while CVB3 replication was hampered only at 50 μM (Fig
1G), which is in line with the 5-fold preference of AL-9 for PI4KA over PI4KB. Dipyridamole,
a well-established inhibitor of EMCV RNA replication, was included here as positive control.
Importantly, AL-9 inhibited EMCV replication also when infection was performed at high
MOI (S1A Fig, MOI 10). To corroborate that PI4KA activity is required for the step of viral
genome replication, we performed a time-of-addition experiment in which AL-9 was added to
the cells at different time points after infection with RLuc-EMCV. Similar to dipyridamole,
AL-9 strongly inhibited replication when added up to 3 h after infection (S1B Fig), indicating
that not entry but rather a step during genome replication was blocked by AL-9.

Next, we tested whether other members of the cardiovirus genus also depended on PI4KA
for replication. Similar to EMCV, replication of the human cardiovirus Saffold virus 3 (SAFV3)
(species Theilovirus) was also sensitive to AL-9 treatment (Fig 1I). The cell viability assay dem-
onstrated that AL-9 treatment only exerted slight cytotoxic effects at the highest concentration
tested (Fig 1J). These results indicated that different cardiovirus species required the enzymatic
activity of PI4KA for genome replication.
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PI4KA localizes to EMCV replication sites
Soon after infection, the cytoplasm of EMCV-infected cells accumulates an impressive amount
of vesicular membranous structures [37,38]. As yet, there is little information available regard-
ing which viral proteins and host factors are associated with these new virus-induced organelles
[27,39]. We set out to investigate whether PI4KA was present at EMCV ROs. Despite repeated
efforts, we were unable to detect the endogenous kinase by immunofluorescence staining in
any of the cell lines tested. As an alternative, we chose to analyze possible changes in the subcel-
lular distribution of ectopically expressed PI4KA upon EMCV infection. In mock-infected cells
(Fig 2A, upper panel), GFP-PI4KA was distributed diffusely throughout the entire cytoplasm,
as previously reported by others [40,41]. In infected cells visualized by dsRNA staining, we
instead observed a clear difference in the localization of the kinase, which was redistributed to
discrete cytoplasmic punctae in a perinuclear region (Fig 2A, lower panel).

We next aimed to elucidate whether these PI4KA punctae coincided with the viral ROs. The
small picornaviral protein 3A and its precursor 3AB are membrane-associated and play key roles
in viral RNA replication and recruitment of essential host factors [15,42–45]. Hence, we consid-
ered 3AB as a suitable marker for EMCV ROs and compared the staining of PI4KA to that of
3AB in infected cells. We observed a striking overlap of GFP-PI4KA with 3AB-positive structures
(Fig 2B, lower panels) and could confirm this phenotype when analyzing the localization of
ectopically expressed PI4KA bearing an HA-tag (S2 Fig). By contrast, the signal for GFP-PI4KB,
which was mainly localized at the Golgi in non-infected cells (Fig 2C, top panel), failed to overlap
with 3AB (Fig 2C, lower panels). Interestingly, although in close proximity to dsRNA signals (Fig
2A, lower panel), PI4KA did not clearly overlap with dsRNA (Fig 2A, insets). Taken together,
these data demonstrated that PI4KA is selectively recruited to EMCV ROs.

Interestingly, we noticed a loss of the typical Golgi localization of PI4KB in EMCV-infected
cells (Fig 2C, lower panel), suggesting that Golgi integrity might be affected upon EMCV infec-
tion. Prompted by this and our finding that EMCV utilizes the ER-localized PI4KA for replica-
tion, we set out to elucidate whether other ER or Golgi components are present at EMCV ROs.
In order to be able to use more antibody combinations in immunofluorescence, we constructed
a recombinant EMCV bearing an HA-tag in the nonstructural protein 2C. The tag was intro-
duced after the second amino acid, leaving the 2B-2C cleavage site intact (S3A Fig), and did
not impair virus replication (S3B Fig). First, we checked whether 2C-HA and 3AB are present
on the same membranes by immunofluorescence microscopy. Indeed, 2C and 3AB signals
greatly overlapped (S3C Fig), supporting the idea that these proteins occupy the same mem-
branes of the ROs. Using this tagged EMCV, we noticed that the Golgi structure was indeed
altered in infected cells, from 4 h p.i. onwards, as revealed by the dispersed pattern of both cis-
and trans-Golgi markers GM130 (Fig 3A) and TGN46, respectively (Fig 3B). However, neither
TGN46 nor GM130 were present at 2C-HA-positive structures, suggesting that EMCV ROs
are not Golgi-derived. ERGIC53, a marker of the ER-Golgi intermediate compartment also

Fig 1. PI4KA is essential for cardiovirus replication. (A-D) Effects of PI4KA knockdown on EMCV infection. HeLa R19 cells were reverse transfected with
siRNA against PI4K2A, PI4K2B, PI4KA, PI4KB or scrambled siRNA as a control (A) or siRNA against PI4KA, PI4KB or scrambled siRNA (B-D). At 48 h post
transfection (p.t.), cells were infected with EMCV (A-C) or RLuc-EMCV (D) at an MOI of 0.1 or transfected with full-length infectious EMCV in vitro-transcribed
RNA (C). After 8 h, cells were freeze-thawed to release intracellular virus particles and the total virus titers were determined by endpoint titration (A-C).
Alternatively, cells were lysed and Renilla luciferase activity was determined as a measure of viral RNA replication (D). In parallel, a cell viability assay was
performed to evaluate the cytotoxicity of the siRNA treatment (E). (F) Western blot analysis showing efficient knockdown of PI4KA and PI4KB. Actin was
used as loading control. (G-I) AL-9 treatment inhibits cardiovirus replication. HeLa R19 cells were infected with virus at an MOI of 0.1 (G and H) or 1 (I),
followed by AL-9 treatment for 8 h, after which cells were lysed and virus replication was measured by endpoint titration (G and I) or by determining the Renilla
luciferase activity (H). Cytotoxicity of AL-9 was determined in a cell viability assay run in parallel (J). Bars represent mean values of triplicates ± standard error
of the means (SEM). Means were statistically compared using unpaired t tests. *P < 0.05, **P<0.01; ***P<0.001.

doi:10.1371/journal.ppat.1005185.g001

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 6 / 27



The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 7 / 27



appeared scattered throughout the cytoplasm in infected cells, but without overlapping 2C-HA
(Fig 3C). We next compared the localization of 3AB with Sec13 (COPII-coatomer complex
component), an ER exit site (ERES) marker, and the ER marker calreticulin. While in non-
infected cells, Sec13 displayed mainly a typical perinuclear localization, in EMCV-infected cells
it appeared dispersed, but without significantly colocalizing with 3AB (Fig 3D, Mander’s colo-
calization coefficient M2 = 0.14 ± 0.01, fraction of Sec13 overlapping 3AB). We observed a
greater degree of overlap between 3AB and calreticulin (Fig 3E, M2 = 0.4 ± 0.02, fraction of cal-
reticulin overlapping 3AB). Images acquired with higher magnification revealed that most of
3AB was in close contact with ER tubules (Fig 3F). Taken together, these data suggested that
EMCV possibly replicates on ER-derived membranes.

EMCV 3A interacts with PI4KA
Based on the extensive overlap between PI4KA and 3AB and the drastic change in PI4KA pat-
tern in infected cells, we hypothesized that PI4KA might be recruited to replication sites by
interacting (directly or indirectly) with one or more of the viral nonstructural proteins. To
investigate this, we used the stable cell line Huh7-Lunet/T7 that allows ectopic protein expres-
sion under the control of a T7 promoter and has been previously optimized and validated as a
reliable and reproducible cellular system to study PI4KA-protein interactions by radioactive
Co-IP assays [40,46]. Myc-tagged EMCV nonstructural proteins 2A, 2B, 2C, 3A, 3AB, 3C and
3D were individually co-expressed together with HA-PI4KA in Huh7-Lunet/T7 cells, radioac-
tively labeled, and affinity purified from cell lysates using anti-myc specific antibodies. Autora-
diography analysis showed that HA-PI4KA was specifically co-purified by 3A and 3AB, but
not by the other viral proteins (Fig 4A). To confirm this interaction by co-immunoprecipita-
tion (co-IP) coupled with western blot analysis, myc-tagged EMCV 3A was co-expressed with
HA-PI4KA and subjected to affinity purification using either monoclonal or polyclonal anti-
myc antibodies. As shown in Fig 4B, HA-PI4KA only interacted with EMCV 3A, but not with
CVB3 3A, which interacts with PI4KB [15,16,45] and was included here as a negative control.
These data implied that EMCV nonstructural protein 3A is responsible for PI4KA recruitment
to ROs. Interestingly, a diffuse band just below 17 KDa appears to co-purify with EMCV 3C
when HA-PI4KA is co-expressed (Fig 4A, indicated by �). We reasoned this could be indicative
of a temporal regulation of the PI4KA activity during infection via 3C-dependent degradation.
To explore this possibility, we performed western blot analysis of endogenous PI4KA during
the time course of infection, but did not detect any bands indicative of degradation, neither in
Huh7-Lunet/T7 or HeLa R19 cells (S4 Fig). To test if 3A alone can recruit PI4KA, we examined
by immunofluorescence the subcellular localization of HA-PI4KA when co-expressed with 3A,
3AB or 2B, which we considered as a negative control. When expressed alone, HA-PI4KA
localized throughout the cell in a diffuse pattern (Fig 4C, top panel), as previously described
[40]. EMCV 3A- and 3AB-myc were both localized throughout the cytoplasm and at discrete
punctate structures, of which a subset was also positive for PI4KA (Fig 4C). 2B-myc was also
distributed in punctae throughout the cytoplasm, but failed to recruit PI4KA (Fig 4C). Collec-
tively, these results indicated that EMCV 3A is the viral protein responsible for engaging
PI4KA in replication.

Fig 2. PI4KA is recruited to EMCV replication sites.HeLa R19 cells were transfected with plasmids
encoding GFP-PI4KA (A and B) or GFP-PI4KB (C). The next day, cells were mock-infected or infected with
EMCV at an MOI of 250. At 6 h post infection (p.i.), cells were fixed and stained with antibodies against
dsRNA as a marker of infection (A) or 3AB as a ROmarker (B and C). Nuclei were stained with DAPI (blue).
The crop panels at the bottom depict enlargements of boxed areas. Scale bars represent 10 μm.

doi:10.1371/journal.ppat.1005185.g002
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Fig 3. Localization of early secretory membranes in EMCV-infected cells.HeLa R19 cells were mock-infected or infected with EMCV-2C-HA (A-C) or
EMCV (D-F) at MOI 10. 6 h later, cells were fixed and co-stained with antibodies against viral 3AB or HA as ROmarkers and antibodies against endogenous
GM130 (cis-Golgi marker; A), TGN46 (trans-Golgi marker, B), ERGIC53 (ERGIC marker, C), Sec13 (ER exit site marker, D) or calreticulin (ER marker, E and
F). Nuclei were stained with DAPI (blue). The crop panels at the bottom depict enlargements of boxed areas. Scale bars represent 10 μm.

doi:10.1371/journal.ppat.1005185.g003
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EMCV alters PI4P homeostasis
While PI4KB produces PI4P at Golgi membranes, PI4KA is responsible for the synthesis of the
PI4P pool at the plasma membrane, where it dynamically localizes [41,47–49]. Our finding
that PI4KA activity was critical for EMCV RNA replication prompted us to investigate whether
PI4P metabolism is altered during virus replication. Given that EMCV replicates on

Fig 4. EMCV 3A interacts with PI4KA. (A) Only EMCV 3A and 3AB can interact with PI4KA. Huh7-Lunet/T7 cells were transfected with empty vector or
plasmids encoding myc-tagged EMCV nonstructural proteins and co-transfected with pTM-HA-PI4KA where indicated. 7 h later, cells were radiolabeled for
16 h with [35S] methionine/cysteine-containing medium, lysed and subjected to immunoprecipitation using anti-myc antibodies. Samples were analyzed by
SDS-PAGE and visualized by autoradiography. An enlargement of the boxed area at the top shows co-precipitation of HA-PI4KA with 3A- and 3AB-myc, but
not with 2C-myc. (B) Huh7-Lunet/T7 cells were transfected with plasmids encoding HA-PI4KA and either myc-tagged EMCV 3A or CVB3 3A proteins. One
day later, cells were lysed and subjected to immunoprecipitation using two different anti-myc antibodies. Captured complexes were separated by SDS-PAGE
and subjected to western blot analysis using specific antibodies against the myc- or HA-tags. (C) Specific recruitment of PI4KA to 3A-positive membranes.
Huh7-Lunet/T7 cells were cotransfected with the HA-PI4KA expression construct and either empty vector or plasmids encoding myc-tagged EMCV 2B, 3A or
3AB. The next day, cells were fixed and co-stained with antibodies against myc and HA to detect the overexpressed proteins. The crop panels at the bottom
depict an enlargement of the boxed areas. Scale bars represent 10 μm.

doi:10.1371/journal.ppat.1005185.g004
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intracellular membranes, we monitored potential changes in the subcellular distribution of
both plasma membrane (PM) and intracellular (IC) pools of PI4P in Huh7Lunet/T7 cells fol-
lowing EMCV infection. The two pools of PI4P can be selectively visualized using two different
immunocytochemistry protocols previously established by Hammond et al [50]. While the
plasma membrane pool of PI4P appeared unaffected in EMCV-infected cells (Fig 5A), the
intracellular PI4P distribution changed from a perinuclear, Golgi-like pattern in mock-infected
cells to dispersed throughout the cytoplasm in EMCV-infected cells (Fig 5A). We observed
similar PI4P phenotypes in HeLa cells (S5 Fig), indicating that the observed effects were not
cell line-specific. Notably, quantitative analysis of the fluorescent PI4P signals revealed a
marked increase in the level of intracellular PI4P in infected cells (Fig 5B).

To rule out a possible involvement of PI4KB in establishing the elevated PI4P levels
observed in EMCV infected cells, we treated cells with the PI4KB inhibitor BF738735 (Com-
pound 1) [34]. For simultaneous detection of PI4P and viral ROs by immunofluorescence, we
infected cells with EMCV-2C-HA. Short treatment with BF738735 severely depleted the Golgi
PI4P pool in non-infected cells (Fig 5C), thus reflecting an effective inhibition of PI4KB activ-
ity. However, the PI4P phenotype remained unaltered in infected cells (Fig 5C), demonstrating
that the EMCV-induced accumulation of intracellular PI4P was not mediated by PI4KB. Most
PI4P localized in the vicinity of 2C-HA, with at least a small subset of PI4P overlapping with
2C-HA (Fig 5C). These data together with the finding that EMCV requires PI4KA activity sug-
gested that PI4KA-derived PI4P lipids play a central role in EMCV genome replication.

OSBP supports EMCV genome replication downstream of PI4KA
Various cellular proteins carrying a PI4P-binding domain called the pleckstrin-homology
domain (PH), such as the ceramide-transfer protein (CERT), four-phosphate-adaptor protein
1 (FAPP1), or the oxysterol-binding protein (OSBP) can sense and specifically bind PI4P lipids
[47,51–53]. Recently, we and others showed that enteroviruses generate PI4P-enriched mem-
branes to recruit OSBP, which in turn exchanges PI4P for cholesterol at ROs [17,18,54]. More-
over, we showed that EMCV is sensitive to itraconazole, which we identified to be an OSBP
inhibitor [17], and that cholesterol shuttling is important for EMCV replication [54]. We there-
fore reasoned that in EMCV-infected cells one purpose of PI4P lipids might be to recruit OSBP
to replication membranes to support viral RNA replication. To test if OSBP is required for
EMCV replication, we efficiently reduced OSBP expression in HeLa cells by siRNA gene silenc-
ing (Fig 6A) and evaluated the subsequent effects on EMCV replication by end-point titration
analysis. Replication of EMCV was significantly reduced in cells in which OSBP was depleted
compared to control-treated cells (Fig 6A), indicating that OSBP is required for efficient repli-
cation. We further used OSW-1, an OSBP ligand that interferes with normal OSBP functioning
[55], to pharmacologically inhibit OSBP and analyze whether its lipid transfer function is
linked to EMCV infection. Using luciferase-encoding EMCV, we observed a complete inhibi-
tion of genome RNA replication after 7 h of treatment with OSW-1 at nanomolar concentra-
tions, with no cytotoxicity present (Fig 6B). A similar inhibition by OSW-1 was observed when
infection was performed at high MOI (S6 Fig, MOI 10). Furthermore, by performing OSW-1
time-of-addition experiments, we excluded the possibility that OSBP was involved in early
steps in the virus life cycle (Fig 6C). Similar results were obtained when using 25-hydroxycho-
lesterol (25-HC, Fig 6C), another established OSBP ligand [20,56].

Next, we wondered whether endogenous OSBP was present at EMCV ROs and if so,
whether this localization was dependent on the PI4P pool generated by PI4KA. To this end,
cells were infected with EMCV for 5.5 h and then treated with DMSO or AL-9 for 30 min to
acutely deplete PI4P, prior to immunofluorescence analysis. While in non-infected cells OSBP
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Fig 5. PI4P homeostasis is affected upon EMCV infection. (A) EMCV alters the distribution of intracellular PI4P lipids. Huh7-Lunet/T7 cells were mock-
infected or infected with GFP-EMCV at an MOI of 10. At 6 h p.i., cells were fixed and stained with antibodies against PI4P using specific protocols for
detection of plasmamembrane and intracellular PI4P pools, as described previously [50]. Nuclei were stained with DAPI (blue). (B) Quantification of PI4P
levels by immunofluorescence analysis. Huh7-Lunet/T7 cells were mock-infected or infected with EMCV at an MOI of 10. At 6 h p.i., cells were fixed and
stained for intracellular PI4P and viral dsRNA. The intensities of fluorescent PI4P signals from whole-cell z-stacks were quantified using ImageJ. Shown are
mean values ± SEM of 30 cells per condition. Means of mock and infected cells were statistically analyzed using the Mann–Whitney test. ***P<0.001. (C)
EMCV ROs contain PI4P. Huh7-Lunet/T7 cells were mock-infected or infected with EMCV-2C-HA at an MOI of 10. At 5.5 h p.i., cells were treated with DMSO
or 1 μMBF738735 (PI4KB inhibitor) for 30 min, then fixed and stained for intracellular PI4P and HA using specific antibodies. Nuclei were stained with DAPI
(blue). The crop panels at the bottom depict an enlargement of the boxed areas. Scale bars represent 10 μm.

doi:10.1371/journal.ppat.1005185.g005
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localized throughout the cytoplasm and at the Golgi, OSBP was mainly found at ROs in
infected cells, where it largely colocalized with 3AB (Fig 6D, Pearson’s correlation coeffi-
cient = 0.71). Since other Golgi proteins were not present at the ROs (Fig 3A and 3B), these
results suggested that OSBP is specifically recruited by EMCV. Following inhibition of PI4KA
by short treatment with AL-9, we observed a strong and significant reduction of OSBP and
3AB colocalization (Fig 6D, Pearson’s coefficient = 0.58). Importantly, the subcellular localiza-
tion of OSBP in non-infected cells was not affected by AL-9 treatment (Fig 6D), demonstrating
that the presence of OSBP at EMCV replication structures is conditioned by PI4KA-produced
PI4P.

Given the colocalization of OSBP with 3AB, we sought to verify whether EMCV 3A was
responsible for OSBP recruitment. To this end, myc-tagged EMCV 3A-, 3AB- or 2B-myc were
ectopically expressed in Huh7-Lunet/T7 cells and recruitment of endogenous OSBP was ana-
lyzed by immunofluorescence analysis. In cells expressing 3A and 3AB, OSBP was redistrib-
uted in punctate structures throughout the cytoplasm, with some of these punctae colocalizing
with 3A/3AB (Fig 6E). By contrast, OSBP remained localized at the Golgi and did not localize
at 2C-positive punctae (Fig 6E). These data indicated that during EMCV infection, OSBP is
recruited to ROs via 3A.

OSBP transfers cholesterol to EMCV ROs in a PI4P-dependent manner
To test whether OSBP is involved in transferring cholesterol to ROs in a PI4P-dependent man-
ner, cells were infected with EMCV for 4 h, treated with AL-9 or OSW-1 for 2 h to block
PI4KA activity or OSBP function respectively, and subjected to immunofluorescence analysis.
In non-infected cells, cholesterol mainly localizes at endosomes in the perinuclear area and at
the plasma membrane, as visualized by filipin staining [54]. In infected cells treated with
DMSO, we detected cholesterol primarily colocalizing with 3AB-positive structures (Pearson’s
coefficient = 0.62), while in drug-treated cells this colocalization was markedly reduced (Fig 7,
Pearson’s coefficient = 0.32 for AL-9 and 0.39 for OSW-1). This result confirmed that EMCV
ROs acquire cholesterol through the actions of both PI4KA and OSBP.

Discussion
(+)RNA viruses display immense genetic diversity, yet they all rely on remodeled membranes
for viral genome replication. A diverse array of cellular organelles can be remodeled into viral
replication structures. For instance, picornaviruses from the genera Enterovirus and Kobuvirus
are thought to replicate at modified Golgi membranes [15,45,57], while the flavivirus HCV rep-
licates on a membranous web originated from the ER [58]. To do so, viruses rewire host path-
ways involved in lipid synthesis and transport to generate replication membranes with unique

Fig 6. OSBP is a PI4KA effector important for EMCV replication. (A) OSBP knockdown reduces EMCV replication. HeLa R19 cells were reverse
transfected with siRNA against OSBP or scrambled siRNA as a control. At 48 h p.t., cells were infected with EMCV at MOI 0.1. After 8 h, cells were freeze-
thawed to release intracellular virus particles and total virus titers were determined by endpoint titration. OSBP knockdown efficiency was verified by western
blot analysis. Actin was used as loading control. (B) Antiviral effects of the OSBP inhibitor OSW-1 against EMCV. HeLa R19 cells were infected with RLuc-
EMCV at MOI 0.1, followed by treatment with OSW-1 at the indicated concentrations. Renilla luciferase levels at 8 h p.i were determined as a measure of
virus genome replication. Cell viability was measured in parallel. (C) HeLa R19 cells were infected with RLuc-EMCV at an MOI of 1 and treated at the
indicated time points after infection with DMSO, OSW-1 or 25-HC at the specified concentrations. At 7 h p.i., cells were lysed and Renilla luciferase activity
was measured. (D) OSBP localization at EMCV ROs is PI4P-dependent. HeLa R19 cells were infected with EMCV at MOI 10. At 5.5 h p.i., cells were treated
for 30 min with DMSO or 10 μMAL-9 to inhibit PI4KA activity, then fixed and subjected to immunofluorescence analysis using antibodies against OSBP and
viral 3AB. Colocalization of OSBP with 3AB was determined by calculating the Pearson’s correlation coefficients for at least 15 cells for each condition. (E)
Specific recruitment of OSBP to 3A-positive membranes. Huh7-Lunet/T7 cells were transfected with empty vector or plasmids encoding myc-tagged EMCV
2B, 3A or 3AB. One day later, cells were fixed and co-stained with antibodies against myc and endogenous OSBP. The crop panels at the bottom depict
enlargements of boxed areas. Scale bars represent 10 μm. Shown are mean values ± SEM. Means were statistically compared using either unpaired t tests
(A and B) or the Mann–Whitney test (D). *P < 0.05, ***P<0.001.

doi:10.1371/journal.ppat.1005185.g006
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lipid signatures [59–62]. How picornaviruses from the genus Cardiovirus build their ROs is
currently unknown. Here, we identified PI4KA and OSBP as essential host factors for genome
replication of the cardiovirus EMCV. Our data suggest that EMCV ROs may be derived from
the ER and that PI4KA was recruited to ROs by interacting with the viral protein 3A(B).
PI4KA recruitment led to a significant increase of intracellular PI4P levels in infected cells,
which proved important for the downstream recruitment of OSBP. Finally, data are presented
suggesting that the OSBP-mediated exchange of PI4P and cholesterol at RO-MCSs is critical
for EMCV genome replication and the global organization of ROs.

Membrane alterations in the cytoplasm of cardiovirus-infected cells were already observed
decades ago by electron microscopy [37,38,63]. As also described for enteroviruses, cardio-
virus-induced membranes consist of perinuclear clusters of heterogeneous single- and double-
membrane vesicles (DMVs). While recent studies greatly contributed to our understanding of
the origin and biogenesis of enterovirus ROs [18,19,21,22,64,65], for cardioviruses these details
have remained scarce. In a report by Zhang et al it was proposed that EMCV subverts the
autophagy pathway to promote virus replication and RO formation [27]. The authors observed
induction of autophagy and accumulation of cytoplasmic double-membrane vesicles (DMVs),
a hallmark of autophagosomes, upon EMCV infection. However, inhibition of autophagy had
stronger effects on extracellular than intracellular virus yields, which pointed towards a role of
autophagy in virus release. Indeed, recent studies using enteroviruses and flaviviruses support
the hypothesis that autophagy-derived membranes rather serve as means of non-lytic virus
release and spread than as a membrane source for the viral ROs [28–31].

As opposed to enteroviruses, members of the Cardiovirus genus are insensitive to GBF1
depletion by siRNA [32] or treatment with BFA [33,39,66], a compound that targets GBF1 and
subsequently blocks activation of Arf1, a key regulator of membrane trafficking in the secretory

Fig 7. Cholesterol delivery to EMCVROs depends on PI4KA and OSBP activities. (A) HeLa R19 cells
were infected with EMCV at MOI 10. At 4 h p.i., cells were treated with DMSO, 10 μMAL-9 or 3nMOSW-1.
After 2 h, cells were fixed, followed by staining with antibodies against 3AB or filipin for cholesterol detection.
The merged panels also depict the outline of the cell (white line). Scale bars represent 10 μm. Pearson’s
correlation coefficients of colocalization between filipin and 3AB were calculated for at least 15 cells for each
condition. Shown are mean values ± SEM. Means were statistically compared using the Mann–Whitney test.
***P<0.001.

doi:10.1371/journal.ppat.1005185.g007
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pathway. Furthermore, cardiovirus replication does not require the Golgi-localized PI4KB,
which is essential for enterovirus replication [34]. Collectively, these data suggested that cardio-
viruses do not rely on Golgi components for replication. In line with these previous findings,
we here present data suggesting that EMCV may derive its ROs from ER membranes. Confocal
microscopy analysis revealed that EMCV nonstructural proteins partially overlapped with the
ER marker calreticulin, but not with markers of ERES, ERGIC, cis- or trans-Golgi network,
which appeared dispersed in infected cells, even at the earliest stages of infection. Furthermore,
PI4KA, which normally resides at the ER network, was redistributed in EMCV-infected cells to
discrete cytoplasmic structures that also contained the viral protein 3AB. Interestingly, the
majority of PI4KA-positive punctae were detected in close proximity to viral dsRNA, but did
not completely overlap with dsRNA, suggesting a spatial segregation of dsRNA from the viral
replication membranes, previously also shown for coronaviruses [67,68].

PI4P and cholesterol are key lipid components of EMCV ROs
Using a pharmacological inhibitor of PI4KA, we prove that EMCV and SAFV, which belong to
distinct cardiovirus species, both require the lipid kinase activity for replication. In agreement
with this result, we observed elevated PI4P levels at intracellular membranes in infected cells,
suggesting an important role of PI4P lipids in cardiovirus replication. In non-infected cells,
OSBP plays a critical role in lipid homeostasis by exchanging cholesterol for PI4P at the inter-
face of ER and Golgi membranes, to which it localizes under normal conditions [20]. In this
process, PI4P lipids also serve as a membrane anchor for OSBP. We hypothesized that in cardi-
ovirus infection, PI4P may serve to recruit OSBP and cholesterol to viral replication sites.
Indeed, OSBP was present at EMCV ROs, where it colocalized with the viral protein 3AB. This
colocalization was markedly reduced upon AL-9 treatment, demonstrating that OSBP is
recruited through PI4KA-produced PI4P. OSBP is an essential cardiovirus host factor, since
both genetic depletion by siRNA treatment and pharmacological inhibition by OSW-1 and
25-HC blocked viral genome replication. Cholesterol was redistributed to EMCV ROs upon
infection, and treatment with AL-9 or OSW-1 resulted in a significantly reduced colocalization
of cholesterol with 3AB, arguing that accumulation of cholesterol at ROs is mediated by both
PI4KA and OSBP. These data are in agreement with our recent findings that cholesterol shut-
tling is important for cardiovirus genome replication [54] and that cardioviruses are sensitive
to itraconazole, which we recently discovered to be an. inhibitor of OSBP [65].

Our results indicate that PI4P and cholesterol are vital for the global organization of EMCV
ROs. However, as these lipids fulfill multiple functions in various cellular processes [53,69–71],
other roles in virus replication should be envisaged. A potential task of PI4P in virus replication
may be linked to the PI(4,5)P2 synthesis pathway, since PI4P is the major precursor of PI(4,5)
P2 lipids, which were recently attributed an important role in HCV replication [72]. Choles-
terol homeostasis was recently shown to play an important role in efficient PV polyprotein pro-
cessing [73]. Whether cholesterol also ensures a proper microenvironment that supports
cardiovirus polyprotein processing remains to be determined. Interestingly and in apparent
parallel with the distantly related enteroviruses, exploitation of the PI4K-OSBP pathway by
HCV correlates with the induction of membranes of positive curvature [58]. By contrast, the
flavivirus DENV, although closely related to HCV, does not require PI4K or OSBP [23] and
generates membranes of negative curvature [74]. Hence, the interplay between PI4P and cho-
lesterol may dictate the positive curvature of the membranes at which diverse RNA viruses rep-
licate their genomes.

Through co-IP assays, we identified PI4KA as a novel interaction partner of EMCV proteins
3A and its precursor 3AB. EMCV 3A is a small protein (88 amino acids) of unknown structure,
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containing a predicted hydrophobic domain in the C-terminus half. Expression of 3A alone
was sufficient for PI4KA recruitment in intact cells, arguing that in infection, PI4KA is
recruited to ROs by this viral protein. Enteroviruses and kobuviruses recruit PI4KB to ROs also
via their 3A protein [15,16,45,57], raising the possibility that diverse picornaviruses might use
an evolutionary conserved and 3A-mediated mechanism to generate PI4P-enriched mem-
branes. However, the 3A proteins of entero-, kobu- and cardioviruses do not share any appar-
ent sequence similarity, their name simply reflecting the occupancy of the same locus (3A) in
the respective viral genomes. With the exception of their catalytic domain, also the PI4KA and
PI4KB isoforms do not share any sequence similarity [75]. Furthermore, unlike 3A of most
enteroviruses, cardiovirus 3A does not interact with GBF1 nor blocks protein transport in the
secretory pathway when expressed alone [76], highlighting the functional diversification asso-
ciated with these small viral proteins.

EMCV and HCV converged to recruit a common lipid-modifying pathway
in building replication sites
Several lines of evidence suggest that the picornavirus EMCV and the distantly related flavivi-
rus HCV have evolved to exploit common host components in assisting virus RNA replication.
First, HCV genome replication occurs at the “membranous web” (MW), a network of single
and DMVs that, like the EMCV RO, also mainly originates from the ER [58]. Second, both
EMCV and HCV express a viral protein dedicated to recruitment of PI4KA, in order to induce
a PI4P-rich environment at the replication sites [24,46]. Third, in HCV infection, PI4P lipids
were also shown to be important for the recruitment of OSBP, which mediates cholesterol
transfer to the MW [23]. Fourth, inhibition of either PI4KA or OSBP induced clear alterations
in the global distribution of EMCV ROs, which appeared more “clustered” upon treatment
with AL-9 or OSW-1. A similar clustering effect was also observed for replication structures of
the HCVMW upon PI4KA or OSBP inhibition [23,24], whereas no obvious disruption of the
enterovirus ROs was observed upon PI4KB or OSBP inhibition [18,19,65]. Together, these
observations indicate that EMCV and HCV replication structures share critical host compo-
nents, and possibly also a similar architecture, although the latter still remains to be
determined.

Based on at least two lines of emerging evidence in the context of phylogeny of flavi- and
picornaviruses, EMCV and HCV have likely converged on rather than retained their functional
similarities upon divergence from the common ancestor (Fig 8). First, the observed commonal-
ities between EMCV and HCV are not shared by other characterized viruses in their respective
families, indicating that they are not a manifestation of the properties conserved among the
two families. For instance, picornaviruses from different genera exhibit different host factor
requirements. Members of the Cardiovirus genus hijack the ER-localized PI4KA (this study),
whereas members of the Enterovirus and Kobuvirus genera depend on the Golgi-localized
PI4KB [15,34,57]. In contrast, equine rhinitis A virus (ERAV, member of Aphthovirus genus,
which is prototyped by FMDV) and hepatitis A virus (Hepatovirus genus) seem to replicate
independent of both PI4KB and PI4KA (S7 Fig and [34,77]). Likewise, the flaviviruses DENV
andWNV, representing a sister genus to that of HCV, do not rely on either PI4KA or PI4KB
[23,78]. While DENV was also shown not to require OSBP [23], for WNV this is not known
yet. Importantly, cardioviruses targeting PI4KA occupy a lineage that is farther from the root
compared to those of entero- and kobuviruses targeting PI4KB (Fig 8). This phylogenetic pat-
tern is indicative of the relatively recent emergence of the EMCV-specific target properties. Sec-
ond, EMCV and HCV employ apparently unrelated proteins to mediate the interaction with
PI4KA, namely 3A and NS5A (although HCV NS5B may contribute as well [24,46]). Both
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proteins are membrane-bound, albeit through a hydrophobic domain located at either N-ter-
minus (NS5A) or in the C-terminus-half (3A), and each includes another region which is
among the least conserved in the nonstructural proteins of the respective families [79,80].

Our study contributes to the hypothesis that viruses may be confronted with powerful con-
straints that limit the diversity of host pathways recruited for efficient replication. Thus, a com-
mon pathway is used by different RNA viruses that either only moderately diverged (e.g.
different species of same genus) or converged on a host target while diverging profoundly (dif-
ferent families–e.g. EMCV and HCV). To date, only a small number of (+)RNA viruses have
been studied in terms of host lipid requirements. Identification of the lipid pathways used by
other viruses will hopefully provide a deeper insight on the constraints that viruses are con-
fronted with during the endeavor to replicate their genome.

Materials and Methods

Cells and reagents
Buffalo green monkey (BGM) kidney cells, baby hamster kidney 21 (BHK-21) and HeLa R19
cells were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Lonza)
supplemented with 10% fetal bovine serum (FBS). Huh7Lunet/T7 cells (provided by R. Bar-
tenschlager, Department of Molecular Virology, University of Heidelberg, Heidelberg, Ger-
many) [82] were grown in DMEM (Lonza) supplemented with 10% FBS and 10 μg/ml
Blasticidin (PAA). BGM cells were purchased from ECACC and BHK-21 cells were purchased
from ATCC. HeLa R19 cells were obtained from G. Belov (University of Maryland and Vir-
ginia-Maryland Regional College of Veterinary Medicine, US) [83]. AL-9 and OSW-1 were
kind gifts from J. Neyts (Rega Institute for Medical Research, University of Leuven, Leuven,
Belgium) and M.D. Shair (Department of Chemistry and Chemical Biology, Harvard Univer-
sity, Cambridge, USA) respectively. 25-HC was purchased from Santa Cruz. BF738735 [84]
was provided by Galapagos NV. Filipin III and dipyridamole were from Sigma.

Fig 8. Evolution of the recruitment of lipid-modulating pathways by picorna- and flaviviruses.Our current understanding of the major elements of lipid-
modulating pathways targeted by proteins of picorna- and flaviviruses in the context of the virus phylogeny is presented. Only viruses characterized so far
with respect to this function are depicted. The tree branches are of arbitrary scale, while the branching of picornaviruses reflects the topology of maximum-
likelihood RdRp-based tree according to Gorbalenya & Lauber, 2010 [80], and the entire tree is rooted according to Gibrat et al., 2013 [81]. *In addition to
NS5A, NS5B has also been suggested to be involved in the interaction with PI4KA [24,46]. Abbreviation of virus names are as follows: DENV, dengue virus;
HCV, hepatitis C virus; EMCV, encephalomyocarditis virus; ERAV, equine rhinitis A virus; CV, coxsackievirus; PV, poliovirus; RV, rhinovirus; AiV, Aichivirus;
HAV, hepatitis A virus.

doi:10.1371/journal.ppat.1005185.g008
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Plasmids
Constructs pTM-HA-PI4KA [24], pEGFP-PI4KA (provided by G. Hammond, NICHD,
National Institutes of Health, Bethesda, USA) [41,85] and p3A(CVB3)-myc [86] were
described previously. pGFP-PI4KB was a kind gift from N. Altan-Bonnet (Laboratory of Host-
Pathogen Dynamics, National Institutes of Health, Bethesda, USA). To generate C-terminal
myc-tagged EMCV proteins, genes encoding EMCV nonstructural proteins 2A, 2B, 2C, 3A,
3AB, 3C and 3D were amplified by PCR using the plasmid pM16.1 [87] and primers introduc-
ing restriction sites BamHI and HindIII. pM16.1 contains the full-length infectious cDNA
sequence of EMCV, strain mengovirus. The PCR products were then cloned into the p3A
(CVB3)-myc backbone from which the CVB3-3A gene was removed using the same restriction
enzymes. To allow ectopic expression of PI4KA under a CMV promoter, the gene encoding
HA-PI4KA was amplified by PCR using pTM-HA-PI4KA as template and introduced in the
pEGFP-N3 backbone using restriction enzymes SalI and NotI. EMCV-2C-HA infectious clone
was generated by introducing the HA coding sequence (YPYDVPDYA) in-frame after codon 2
in 2C of pM16.1 using mutagenesis primers and the Q5 Site-Directed Mutagenesis Kit (New
England Biolabs).

Viruses and infections
EMCV, EMCV-2C-HA and RLuc-EMCV, which contains the Renilla luciferase gene upstream
of the capsid coding region [54], were obtained by transfecting BHK-21 cells with RNA tran-
scripts derived from full length infectious clones pM16.1, pM16.1-2C-HA and pRLuc-
QG-M16.1, respectively, linearized with BamHI. GFP-EMCV, which contains the EGFP gene
upstream the capsid region, was generated similar as RLucEMCV [54]. CVB3 (strain Nancy)
was obtained by transfecting BGM cells with RNA transcripts of the full length infectious clone
p53CB3/T7 [86] linearized with SalI. Saffold virus (type 3) was described previously [2]. ERAV
(NM11/67) was kindly provided by David Rowlands and Toby Tuthill (University of Leeds,
United Kingdom). Virus infections were performed by incubating subconfluent cell monolay-
ers for 30 min at 37°C with virus, after which the virus-containing medium was removed and
fresh (compound-containing) medium was added to the cells (t = 0). In the time-of-addition
experiments, medium without compound was added at t = 0 and replaced by medium with
compound at the indicated time points. At the given time points post infection, cells were
either fixed for immunolabeling, freeze-thawed to determine virus titers or, in the case of
RLuc-EMCV, lysed to determine replication by measuring the intracellular Renilla luciferase
activity using the Renilla Luciferase Assay System (Promega). Virus titers were determined by
endpoint titration according to the method of Reed and Muench and expressed as 50% tissue
culture infective doses (TCID50).

Immunofluorescence microscopy
HeLa R19 or Huh7Lunet/T7 cells were grown to subconfluency on coverslips in 24-well plates.
Where indicated, cells were transfected with 400 ng of plasmids using Lipofectamine2000
according to the manufacturer’s protocol and/or infected with EMCV at the specified multi-
plicity of infection (MOI), followed by compound treatment where specified. At the indicated
time points, cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature
(RT). Permeabilization was done with PBS-0.5% Triton X-100 for 15 min or PBS/0.2% sapo-
nin/5% BSA for 5 min, in the case of filipin staining. Cells were incubated sequentially with pri-
mary and secondary antibodies diluted in PBS containing 2% normal goat serum (NGS). The
following primary antibodies were used for detection: mouse monoclonal anti-GM130 (BD
Biosciences), rabbit polyclonal anti-TGN46 (Novus Biologicals), mouse monoclonal anti-
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ERGIC53 (Enzo Life Sciences), rabbit polyclonal anti-Sec13 (kindly provided by B.L Tang,
Department of Biochemistry, The National University of Singapore, Singapore), rabbit poly-
clonal anti-calreticulin (Sigma), rabbit polyclonal anti-HA (Santa Cruz), mouse monoclonal
anti-HA (Abcam), mouse monoclonal anti-C-Myc (Sigma), rabbit polyclonal anti-myc
(Thermo Scientific), mouse anti-PI4P IgM (Echelon Biosciences), mouse monoclonal anti-
dsRNA (J2, English & Scientific Consulting), mouse monoclonal anti-EMCV 3AB (kind gift
from A.G. Aminev) [88] and rabbit polyclonal anti-OSBP (kindly provided by M.A. De Mat-
teis, Telethon Institute of Genetics and Medicine, Naples, Italy) [65]. Alexa Fluor 488-,
594-conjugated IgG and Alexa Fluor 488- or 594-conjugated IgM (Invitrogen, Molecular
Probes) were used as secondary antibodies. Cholesterol was stained with 25 μg/ml filipin III
(Sigma) for 1 h at room temperature, included during the incubation with the secondary anti-
body. Nuclei were counterstained with DAPI.

Staining of plasma membrane or intracellular PI4P was performed as described elsewhere
[50]. Briefly, for PM staining, cells were fixed at RT in 4% PFA and 0.2% glutaraldehyde. All
subsequent steps were performed on ice. Cells were blocked and permeabilized for 45 min in
buffer A (20mM Pipes, pH 6.8, 137 mMNaCl, 2.7 mM KCl) containing 5% NGS, 50 mM
NH4Cl and 0.5% saponin. Slides were incubated with primary and secondary antibodies in
buffer A containing 5% NGS and 0.1% saponin for 1 h. Finally, slides were post-fixed in 2%
PFA in PBS for 10 min. The intracellular PI4P staining was performed at RT as follows: cells
were fixed with 2% PFA, then permeabilized for 5 min in 20 μM digitonin in buffer A, blocked
for 45 min in buffer A with 5% NGS and 50 mMNH4Cl and then incubated sequentially with
primary and secondary antibodies in buffer A with 5% NGS, before post fixation in 2% PFA.
All coverslips were mounted with FluorSave (Calbiochem). Images were acquired with a Leica
SPE-II DMI-4000 confocal laser scanning microscope or a Nikon Ti Eclipse microscope
equipped with an Andor DU-897 EMCCD-camera.

Image analysis
PI4P quantification was performed for at least 40 cells for each condition, using the ImageJ
software as described elsewhere [46]. To determine colocalization of Sec13 or calreticulin with
3AB, images were first deconvoluted using NIS advanced Research 4.3 software (Nikon) (10
iterations) and further processed using Image J as follows. Individual infected cells were out-
lined and a mask was created, and all signal outside the mask was cropped to exclude it from
the calculations. Manders’ colocalization coefficient was calculated for at least 10 cells for each
condition using the JACoP plugin [89] with a manually set threshold. Colocalization of OSBP
with 3A in infected cells was analyzed using ImageJ by determining Pearson’s coefficient for at
least 15 cells per condition using the Coloc 2 plugin with default settings. To quantify colocali-
zation of filipin with 3AB, images were first deconvoluted using NIS software (20 iterations),
then ImageJ was used to select infected cells and the Pearson’s coefficient of colocalization for
at least 15 cells per condition was calculated using the Coloc 2 plugin with default settings.

siRNA treatment
HeLa R19 cells were reverse-transfected with 2 pmoles of siRNA per well of a 96-well plate
(2000 cells/well) using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s indi-
cations. Scrambled siRNA (AllStars Neg. Control, Qiagen) was used as a control. SiRNA
against hPI4KA (cat. no. S102777390) and hPI4KB (target sequence: 5’-UGUUGGGGC
UUCCCUGCCCTT-3’) were from Qiagen. siRNA against hOSBP (two siRNAs mixed at 1:1
ratio, target sequences: 5’- CGCUAAUGGAAGAAGUUUA[dT][dT]-3’ and 5’-CCUUU
GAGCUGGACCGAUU[dT][dT]-3’)) was from Sigma. 48 h p.t., cells were either infected with
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virus, transfected with in vitro transcribed RNA derived from the full length infectious clone
pM16.1 or harvested to evaluate the knockdown efficiency by western blot analysis.

Cell viability assay
Cell viability was determined in parallel with virus infection as follows. One day after seeding
cells in a 96-well plate, the compounds were added to the cells and incubated for 8 h. Alterna-
tively, cells were transfected with siRNAs and incubated for 48 h. Subsequently, the medium
was replaced with CellTiter 96 AQueous One Solution Reagent (Promega) and optical densities
were measured at 490 nm. The obtained raw values were converted to percentage of untreated
samples or samples transfected with scrambled siRNAs, following correction for background
absorbance.

Radioactive labeling and immunoprecipitation
Metabolic labeling of myc-tagged EMCV proteins and HA-PI4KA was performed as described
elsewhere [46]. Briefly, Huh7-Lunet/T7 cells seeded in 6-well plates were co-transfected with
2 μg of plasmid encoding EMCV nonstructural proteins and 2 μg of either pTMHA-PI4KIIIa
or an empty pTM vector (mock) using Lipofectamine2000 (Invitrogen) according to the manu-
facturer’s instructions. 7 h later, cells were starved in methionine/cysteine-free medium for 1 h.
Radiolabeling of cells was done by overnight incubation in methionine/cysteine-free medium,
supplemented with 10 mM glutamine, 10 mMHepes, and 100 μCi/ml of Express Protein label-
ing mix (Perkin Elmer, Boston). Cells were then harvested and lysed in lysis buffer (50 mM
Tris-Cl [pH 7.5], 150 mMNaCl, 1% Nonidet P-40 and protease inhibitors) for 1 h on ice, fol-
lowed by centrifugation at 14,000 g for 10 min at 4°C. Supernatants were further subjected to
immunoprecipitation by a 3 h incubation at 4°C with anti-c-myc rabbit polyclonal antibody
(Santa Cruz). Immunocomplexes were then captured with protein G-sepharose beads (Sigma)
by an additional 3 h incubation at 4°C. Beads were washed three times in lysis buffer, followed
by elution of immunocomplexes by boiling in sample buffer, separation by polyacrylamide-
SDS gel electrophoresis and detection by autoradiography. For co-IP followed by western blot,
cells were seeded in 55 cm2 dishes and transfected with 3.5 μg of each plasmid using polyethyle-
nimine (PEI) (Polysciences). Immunoprecipitation was carried out as described above, but
using protein A-sepharose beads (GE Healthcare) and mouse monoclonal anti-C-Myc (Sigma)
or rabbit polyclonal anti-myc (Thermo Scientific) antibodies.

Western blot analysis
Samples separated by SDS-PAGE were transferred to nitrocellulose membranes (Bio-Rad).
Membranes were incubated with the following primary antibodies: rabbit polyclonal anti-
PI4KA (Cell Signaling), rabbit polyclonal anti-PI4KB (Upstate), rabbit polyclonal anti-OSBP
(ProteinTech), rabbit polyclonal anti-EMCV capsid (kind gift from Ann Palmenberg) and
mouse monoclonal anti-β-actin (Sigma). Secondary antibodies included IRDye 680-conjugated
goat anti-mouse or IRDye 800-conjugated goat anti-rabbit (LI-COR). Images of blots were
acquired with an Odyssey Fc Imaging System (LI-COR).

Statistical analyses
Where indicated, unpaired one-tailed Student’s t-test or two-tailed Mann–Whitney test were
applied as statistical analyses using the GraphPad Prism software.
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Supporting Information
S1 Fig. AL-9 inhibits EMCV at the step of genome replication. (A) AL-9 is effective against
EMCV also at high MOI. HeLa R19 cells were infected with RLuc-EMCV at an MOI of 10 fol-
lowed by AL-9 treatment for 8 h, after which cells were lysed and virus replication was mea-
sured by determining the Renilla luciferase activity. (B) AL-9 blocks EMCV genome
replication. HeLa R19 cells were infected with RLuc-EMCV at an MOI of 1. At the indicated
time points, DMSO, 10 μMAL-9 or 100 μM dipyridamole was added to the cells and virus rep-
lication was measured by determining the Renilla luciferase activity at 8 h p.i. Bars represent
mean values of triplicates ± standard error of the means (SEM). Means were statistically com-
pared using unpaired t tests. �P< 0.05, ��P<0.01; ���P<0.001.
(TIF)

S2 Fig. EMCV 3A recruits PI4KA to replication sites.HeLa R19 cells were transfected with a
plasmid encoding HA-PI4KA and infected the following day with EMCV at MOI 250. At 6 h
p.i., cells were fixed and co-stained with antibodies against HA and viral 3AB. Nuclei were
stained with DAPI (blue). The crop panels at the bottom depict enlargements of boxed areas.
Scale bars represent 10 μm.
(TIF)

S3 Fig. Characterization of EMCV-2C-HA. (A) Schematic representation of EMCV-2C-HA
genome organization drawn to scale (nucleotide base length). The HA tag (YPYDVPDYA) was
introduced in frame after the second amino acid in the viral protein 2C. (B) Replication kinet-
ics of EMCV-2C-HA compared to wt EMCV. HeLa R19 cells were infected at MOI 1 with
EMCV or EMCV-2C-HA. At the indicated time points p.i., cells were freeze-thawed to release
intracellular virus particles and the total virus titers were determined by endpoint titration.
Shown are mean values ± SEM. (C) 2C-HA is present at 3AB-positive replication membranes.
Huh7-Lunet/T7 cells were infected with EMCV-2C-HA at MOI 10. At 6 h p.i., cells were fixed
and co-stained with antibodies against HA and viral 3AB. Nuclei were stained with DAPI
(blue). The crop panels at the bottom depict enlargements of boxed areas. Scale bars represent
10 μm.
(TIF)

S4 Fig. Time course analysis of endogenous PI4KA in EMCV-infected cells.Huh7-Lunet/T7
cells or HeLa R19 cells were infected with EMCV at MOI 10. At the indicated time points p.i.,
cells were lysed and the whole-cell lysates were subjected SDS-PAGE followed by western blot
analysis using specific antibodies against actin, EMCV capsid or endogenous PI4KA. For
PI4KA visualization, samples were separated in a resolving SDS-PAGE gel composed of two
different acrylamide concentrations: 7.5% (for the upper half) and 15% (for the lower half).
(TIF)

S5 Fig. EMCV alters the distribution of intracellular PI4P lipids.HeLa R19 cells were mock-
infected or infected with GFP-EMCV at MOI 10. At 6 h p.i., cells were fixed and stained with
antibodies against PI4P using specific protocols for detection of plasma membrane and intra-
cellular PI4P pools [50]. Nuclei were stained with DAPI (blue). Scale bars represent 10 μm.
(TIF)

S6 Fig. OSW-1 inhibits EMCV replication also at high MOI.HeLa R19 cells were infected
with RLuc-EMCV at an MOI of 10 followed by OSW-1 treatment for 8 h, after which cells
were lysed and virus replication was measured by determining the Renilla luciferase activity.
Bars represent mean values of triplicates ± standard error of the means (SEM). Means were
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statistically compared using unpaired t tests. �P< 0.05, ��P<0.01; ���P<0.001.
(TIF)

S7 Fig. Aphthoviruses are insensitive to AL-9 treatment.HeLa R19 cells were infected with
ERAV or EMCV at MOI 1 followed by treatment with AL-9 at the indicated concentrations.
Cells were freeze-thawed to release intracellular virus particles and the total virus titers at 8 h p.
i. (EMCV) or 24 h p.i. (ERAV) were determined by endpoint titration. For ERAV, the highest
concentration of AL-9 used was 5 μM in order to avoid cytotoxicity. Dashed lines represent
input levels. Shown are mean values ± SEM.
(TIF)

Acknowledgments
We are grateful to Raffaele DeFrancesco, Francesco Peri, Petra Neddermann and Johan Neyts
for providing AL-9, Matthew Shair for OSW-1, Gerrald Hammond for the plasmid pEGFP-
PI4KA, Nihal Altan-Bonnet for the plasmid pGFP-PI4KB, Maria Antonietta de Matteis for the
rabbit polyclonal antibody against OSBP, Aleksey Aminev for the mouse monoclonal antibody
against 3AB (EMCV), Ann Palmenberg for the rabbit polyclonal antibody against EMCV cap-
sid, Bor Luen Tang for the rabbit polyclonal antibody against Sec13 and the Center for Cell
Imaging (Faculty of Veterinary Medicine, Utrecht University) for support with microscopy
experiments.

Author Contributions
Conceived and designed the experiments: CMD LA CH QF MvK JRPMS AEG VL HMvdS
FJMvK. Performed the experiments: CMD LA CH QF MvK JRPMS AEG HMvdS. Analyzed
the data: CMD LA CH QFMvK JRPMS AEG VL HMvdS FJMvK. Contributed reagents/mate-
rials/analysis tools: LA CH VL. Wrote the paper: CMD CH JRPMS AEG VL HMvdS FJMvK.

References
1. Brahic M, Bureau J-F, Michiels T. The genetics of the persistent infection and demyelinating disease

caused by Theiler’s virus. Annu Rev Microbiol. 2005; 59: 279–298. doi: 10.1146/annurev.micro.59.
030804.121242 PMID: 16153171

2. Zoll J, Erkens Hulshof S, Lanke K, Verduyn Lunel F, Melchers WJG, Schoondermark-van de Ven E,
et al. Saffold virus, a human Theiler’s-like cardiovirus, is ubiquitous and causes infection early in life.
PLoS Pathog. 2009; 5: e1000416. doi: 10.1371/journal.ppat.1000416 PMID: 19412527

3. Knowles NJ, Dickinson NB, Wilsden G, Carra E, Brocchi E, De Simone F. Molecular analysis of
encephalomyocarditis viruses isolated from pigs and rodents in Italy. Virus Res. 1998; 57: 53–62. doi:
10.1016/S0168-1702(98)00081-1 PMID: 9833886

4. Billinis C, Paschaleri-Papadopoulou E, Psychas V, Vlemmas J, Leontides S, Koumbati M, et al. Persis-
tence of encephalomyocarditis virus (EMCV) infection in piglets. Vet Microbiol. 1999; 70: 171–177. doi:
10.1016/S0378-1135(99)00137-6 PMID: 10596801

5. Love RJ, Grewal AS. Reproductive failure in pigs caused by encephalomyocarditis virus. Aust Vet J.
1986; 63: 128–129. doi: 10.1111/j.1751-0813.1986.tb07684.x PMID: 3017281

6. Koenen F, De Clercq K, Lefebvre J, Strobbe R. Reproductive failure in sows following experimental
infection with a Belgian EMCV isolate. Vet Microbiol. 1994; 39: 111–116. doi: 10.1016/0378-1135(94)
90091-4 PMID: 8203116

7. Belov GA, van Kuppeveld FJM. (+)RNA viruses rewire cellular pathways to build replication organelles.
Curr Opin Virol. 2012; 2: 740–7. doi: 10.1016/j.coviro.2012.09.006 PMID: 23036609

8. Belov GA, Sztul E. Rewiring of cellular membrane homeostasis by picornaviruses. J Virol. 2014; 88:
9478–89. doi: 10.1128/JVI.00922-14 PMID: 24920802

9. Teterina NL, Egger D, Bienz K, Brown DM, Semler BL, Ehrenfeld E. Requirements for assembly of
poliovirus replication complexes and negative-strand RNA synthesis. J Virol. 2001; 75: 3841–50. doi:
10.1128/JVI.75.8.3841–3850.2001 PMID: 11264373

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 23 / 27

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005185.s007
http://dx.doi.org/10.1146/annurev.micro.59.030804.121242
http://dx.doi.org/10.1146/annurev.micro.59.030804.121242
http://www.ncbi.nlm.nih.gov/pubmed/16153171
http://dx.doi.org/10.1371/journal.ppat.1000416
http://www.ncbi.nlm.nih.gov/pubmed/19412527
http://dx.doi.org/10.1016/S0168-1702(98)00081-1
http://www.ncbi.nlm.nih.gov/pubmed/9833886
http://dx.doi.org/10.1016/S0378-1135(99)00137-6
http://www.ncbi.nlm.nih.gov/pubmed/10596801
http://dx.doi.org/10.1111/j.1751-0813.1986.tb07684.x
http://www.ncbi.nlm.nih.gov/pubmed/3017281
http://dx.doi.org/10.1016/0378-1135(94)90091-4
http://dx.doi.org/10.1016/0378-1135(94)90091-4
http://www.ncbi.nlm.nih.gov/pubmed/8203116
http://dx.doi.org/10.1016/j.coviro.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23036609
http://dx.doi.org/10.1128/JVI.00922-14
http://www.ncbi.nlm.nih.gov/pubmed/24920802
http://dx.doi.org/10.1128/JVI.75.8.38413850.2001
http://www.ncbi.nlm.nih.gov/pubmed/11264373


10. Aldabe R, Carrasco L. Induction of membrane proliferation by poliovirus proteins 2C and 2BC. Biochem
Biophys Res Commun. 1995; 206: 64–76. doi: 10.1006/bbrc.1995.1010 PMID: 7818552

11. Cho MW, Teterina N, Egger D, Bienz K, Ehrenfeld E. Membrane rearrangement and vesicle induction
by recombinant poliovirus 2C and 2BC in human cells. Virology. 1994; 202: 129–45. doi: 10.1006/viro.
1994.1329 PMID: 8009827

12. Wessels E, Duijsings D, Niu T-K, Neumann S, Oorschot VM, de Lange F, et al. A viral protein that
blocks Arf1-mediated COP-I assembly by inhibiting the guanine nucleotide exchange factor GBF1. Dev
Cell. 2006; 11: 191–201. doi: 10.1016/j.devcel.2006.06.005 PMID: 16890159

13. Wessels E, Duijsings D, Lanke KHW, Melchers WJG, Jackson CL, van Kuppeveld FJM. Molecular
determinants of the interaction between coxsackievirus protein 3A and guanine nucleotide exchange
factor GBF1. J Virol. 2007; 81: 5238–45. doi: 10.1128/JVI.02680-06 PMID: 17329336

14. Belov GA, Altan-Bonnet N, Kovtunovych G, Jackson CL, Lippincott-Schwartz J, Ehrenfeld E. Hijacking
components of the cellular secretory pathway for replication of poliovirus RNA. J Virol. 2007; 81: 558–
67. doi: 10.1128/JVI.01820-06 PMID: 17079330

15. Hsu N-Y, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian PM, et al. Viral reorganization of the
secretory pathway generates distinct organelles for RNA replication. Cell. 2010; 141: 799–811. doi: 10.
1016/j.cell.2010.03.050 PMID: 20510927

16. Dorobantu CM, van der Schaar HM, Ford LA, Strating JRPM, Ulferts R, Fang Y, et al. Recruitment of
PI4KIIIβ to coxsackievirus B3 replication organelles is independent of ACBD3, GBF1, and Arf1. J Virol.
2014; 88: 2725–36. doi: 10.1128/JVI.03650-13 PMID: 24352456

17. Strating JRPM, van der Linden L, Albulescu L, Bigay J, Arita M, Delang L, et al. Itraconazole Inhibits
Enterovirus Replication by Targeting the Oxysterol-Binding Protein. Cell Rep. 2015; 10: 600–615. doi:
10.1016/j.celrep.2014.12.054 PMID: 25640182

18. Roulin PS, Lötzerich M, Torta F, Tanner LB, van Kuppeveld FJM, Wenk MR, et al. Rhinovirus Uses a
Phosphatidylinositol 4-Phosphate/Cholesterol Counter-Current for the Formation of Replication Com-
partments at the ER-Golgi Interface. Cell Host Microbe. 2014; 16: 677–690. doi: 10.1016/j.chom.2014.
10.003 PMID: 25525797

19. Arita M. Phosphatidylinositol-4 kinase III beta and oxysterol-binding protein accumulate unesterified
cholesterol on poliovirus-induced membrane structure. Microbiol Immunol. 2014; 58: 239–56. doi: 10.
1111/1348-0421.12144 PMID: 24527995

20. Mesmin B, Bigay J, Moser Von Filseck J, Lacas-Gervais S, Drin G, Antonny B. A four-step cycle driven
by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi Tether OSBP. Cell. 2013; 155. doi:
10.1016/j.cell.2013.09.056 PMID: 24209621

21. Belov GA, Nair V, Hansen BT, Hoyt FH, Fischer ER, Ehrenfeld E. Complex dynamic development of
poliovirus membranous replication complexes. J Virol. 2012; 86: 302–12. doi: 10.1128/JVI.05937-11
PMID: 22072780

22. Limpens RW a L, van der Schaar HM, Kumar D, Koster AJ, Snijder EJ, van Kuppeveld FJM, et al. The
transformation of enterovirus replication structures: A three-dimensional study of single- and double-
membrane compartments. MBio. 2011; 2: 1–10. doi: 10.1128/mBio.00166-11

23. Wang H, Perry JW, Lauring AS, Neddermann P, De Francesco R, Tai AW. Oxysterol-binding protein is
a phosphatidylinositol 4-kinase effector required for HCV replication membrane integrity and choles-
terol trafficking. Gastroenterology. 2014; 146: 1373–85.e1–11. doi: 10.1053/j.gastro.2014.02.002
PMID: 24512803

24. Reiss S, Rebhan I, Backes P, Romero-Brey I, Erfle H, Matula P, et al. Recruitment and activation of a
lipid kinase by hepatitis C virus NS5A is essential for integrity of the membranous replication compart-
ment. Cell Host Microbe. 2011; 9: 32–45. doi: 10.1016/j.chom.2010.12.002 PMID: 21238945

25. Paul D, Hoppe S, Saher G, Krijnse-Locker J, Bartenschlager R. Morphological and biochemical charac-
terization of the membranous hepatitis C virus replication compartment. J Virol. 2013; 87: 10612–27.
doi: 10.1128/JVI.01370-13 PMID: 23885072

26. Berger KL, Kelly SM, Jordan TX, Tartell MA, Randall G. Hepatitis C virus stimulates the phosphatidyli-
nositol 4-kinase III alpha-dependent phosphatidylinositol 4-phosphate production that is essential for its
replication. J Virol. 2011; 85: 8870–83. doi: 10.1128/JVI.00059-11 PMID: 21697487

27. Zhang Y, Li Z, Ge X, Guo X, Yang H. Autophagy promotes the replication of encephalomyocarditis
virus in host cells. Autophagy. 2011; 7: 613–28. PMID: 21460631

28. Mateo R, Nagamine CM, Spagnolo J, Méndez E, Rahe M, Gale M, et al. Inhibition of cellular autophagy
deranges dengue virion maturation. J Virol. 2013; 87: 1312–21. doi: 10.1128/JVI.02177-12 PMID:
23175363

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 24 / 27

http://dx.doi.org/10.1006/bbrc.1995.1010
http://www.ncbi.nlm.nih.gov/pubmed/7818552
http://dx.doi.org/10.1006/viro.1994.1329
http://dx.doi.org/10.1006/viro.1994.1329
http://www.ncbi.nlm.nih.gov/pubmed/8009827
http://dx.doi.org/10.1016/j.devcel.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16890159
http://dx.doi.org/10.1128/JVI.02680-06
http://www.ncbi.nlm.nih.gov/pubmed/17329336
http://dx.doi.org/10.1128/JVI.01820-06
http://www.ncbi.nlm.nih.gov/pubmed/17079330
http://dx.doi.org/10.1016/j.cell.2010.03.050
http://dx.doi.org/10.1016/j.cell.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20510927
http://dx.doi.org/10.1128/JVI.03650-13
http://www.ncbi.nlm.nih.gov/pubmed/24352456
http://dx.doi.org/10.1016/j.celrep.2014.12.054
http://www.ncbi.nlm.nih.gov/pubmed/25640182
http://dx.doi.org/10.1016/j.chom.2014.10.003
http://dx.doi.org/10.1016/j.chom.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25525797
http://dx.doi.org/10.1111/1348-0421.12144
http://dx.doi.org/10.1111/1348-0421.12144
http://www.ncbi.nlm.nih.gov/pubmed/24527995
http://dx.doi.org/10.1016/j.cell.2013.09.056
http://www.ncbi.nlm.nih.gov/pubmed/24209621
http://dx.doi.org/10.1128/JVI.05937-11
http://www.ncbi.nlm.nih.gov/pubmed/22072780
http://dx.doi.org/10.1128/mBio.00166-11
http://dx.doi.org/10.1053/j.gastro.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24512803
http://dx.doi.org/10.1016/j.chom.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21238945
http://dx.doi.org/10.1128/JVI.01370-13
http://www.ncbi.nlm.nih.gov/pubmed/23885072
http://dx.doi.org/10.1128/JVI.00059-11
http://www.ncbi.nlm.nih.gov/pubmed/21697487
http://www.ncbi.nlm.nih.gov/pubmed/21460631
http://dx.doi.org/10.1128/JVI.02177-12
http://www.ncbi.nlm.nih.gov/pubmed/23175363


29. Robinson SM, Tsueng G, Sin J, Mangale V, Rahawi S, McIntyre LL, et al. Coxsackievirus B exits the
host cell in shed microvesicles displaying autophagosomal markers. PLoS Pathog. 2014; 10:
e1004045. doi: 10.1371/journal.ppat.1004045 PMID: 24722773

30. Bird SW, Maynard ND, Covert MW, Kirkegaard K. Nonlytic viral spread enhanced by autophagy com-
ponents. Proc Natl Acad Sci U S A. 2014; 111: 13081–6. doi: 10.1073/pnas.1401437111 PMID:
25157142

31. Chen Y-H, DuW, Hagemeijer MC, Takvorian PM, Pau C, Cali A, et al. Phosphatidylserine vesicles
enable efficient en bloc transmission of enteroviruses. Cell. 2015; 160: 619–630. doi: 10.1016/j.cell.
2015.01.032 PMID: 25679758

32. Lanke KHW, van der Schaar HM, Belov GA, Feng Q, Duijsings D, Jackson CL, et al. GBF1, a guanine
nucleotide exchange factor for Arf, is crucial for coxsackievirus B3 RNA replication. J Virol. 2009; 83:
11940–11949. doi: 10.1128/JVI.01244-09 PMID: 19740986

33. Van der Linden L, van der Schaar HM, Lanke KHW, Neyts J, van Kuppeveld FJM. Differential effects of
the putative GBF1 inhibitors Golgicide A and AG1478 on enterovirus replication. J Virol. 2010; 84:
7535–42. doi: 10.1128/JVI.02684-09 PMID: 20504936

34. Van der Schaar HM, Leyssen P, Thibaut HJ, de Palma A, van der Linden L, Lanke KHW, et al. A novel,
broad-spectrum inhibitor of enterovirus replication that targets host cell factor phosphatidylinositol 4-
kinase IIIβ. Antimicrob Agents Chemother. 2013; 57: 4971–81. doi: 10.1128/AAC.01175-13 PMID:
23896472

35. Van der Schaar HM, van der Linden L, Lanke KHW, Strating JRPM, Pürstinger G, de Vries E, et al. Cox-
sackievirus mutants that can bypass host factor PI4KIIIβ and the need for high levels of PI4P lipids for
replication. Cell Res. 2012; 22: 1576–92. doi: 10.1038/cr.2012.129 PMID: 22945356

36. Bianco A, Reghellin V, Donnici L, Fenu S, Alvarez R, Baruffa C, et al. Metabolism of phosphatidylinosi-
tol 4-kinase IIIα-dependent PI4P Is subverted by HCV and is targeted by a 4-anilino quinazoline with
antiviral activity. PLoS Pathog. 2012; 8: e1002576. doi: 10.1371/journal.ppat.1002576 PMID:
22412376

37. Amako K, Dales S. Cytopathology of mengovirus infection II. Proliferation of membranous cisternae.
Virology. 1967; 32: 201–215. doi: 10.1016/0042-6822(67)90270-X PMID: 4290640

38. Plagemann PGW, Cleveland PH, Shea MA. Effect of Mengovirus Replication on Choline Metabolism
and Membrane Formation in Novikoff Hepatoma Cells. J Virol. 1970; 6: 800–812. PMID: 4322083

39. Gazina E V., Mackenzie JM, Gorrell RJ, Anderson D a. Differential Requirements for COPI Coats in
Formation of Replication Complexes among Three Genera of Picornaviridae. J Virol. 2002; 76: 11113–
11122. doi: 10.1128/JVI.76.21.11113–11122.2002 PMID: 12368353

40. Harak C, Radujkovic D, Taveneau C, Reiss S, Klein R, Bressanelli S, et al. Mapping of Functional
Domains of the Lipid Kinase Phosphatidylinositol 4-Kinase Type III Alpha Involved in Enzymatic Activity
and Hepatitis C Virus Replication. J Virol. 2014; 88: 9909–26. doi: 10.1128/JVI.01063-14 PMID:
24920820

41. Nakatsu F, Baskin JM, Chung J, Tanner LB, Shui G, Lee SY, et al. PtdIns4P synthesis by PI4KIIIα at
the plasmamembrane and its impact on plasmamembrane identity. J Cell Biol. 2012; 199: 1003–16.
doi: 10.1083/jcb.201206095 PMID: 23229899

42. Towner JS, Ho T V., Semler BL. Determinants of Membrane Association for Poliovirus Protein 3AB. J
Biol Chem. 1996; 271: 26810–26818. PMID: 8900162

43. Lama J, Paul A, Harris K, Wimmer E. Properties of purified recombinant poliovirus protein 3aB as sub-
strate for viral proteinases and as co-factor for RNA polymerase 3Dpol. J Biol Chem. 1994; 269: 66–70.
PMID: 8276867

44. XiangW, Harris K, Alexander L, Wimmer E. Interaction between the 5’-terminal cloverleaf and 3AB/
3CDpro of poliovirus is essential for RNA replication. J Virol. 1995; 69: 3658–3667. PMID: 7745714

45. Greninger AL, Knudsen GM, Betegon M, Burlingame AL, Derisi JL. The 3A protein frommultiple picor-
naviruses utilizes the golgi adaptor protein ACBD3 to recruit PI4KIIIβ. J Virol. 2012; 86: 3605–16. doi:
10.1128/JVI.06778-11 PMID: 22258260

46. Reiss S, Harak C, Romero-Brey I, Radujkovic D, Klein R, Ruggieri A, et al. The lipid kinase phosphati-
dylinositol-4 kinase III alpha regulates the phosphorylation status of hepatitis C virus NS5A. PLoS
Pathog. 2013; 9: e1003359. doi: 10.1371/journal.ppat.1003359 PMID: 23675303

47. Balla A, Tuymetova G, Tsiomenko A, Várnai P, Balla T. A plasmamembrane pool of phosphatidylinosi-
tol 4-phosphate is generated by phosphatidylinositol 4-kinase type-III alpha: studies with the PH
domains of the oxysterol binding protein and FAPP1. Mol Biol Cell. 2005; 16: 1282–95. doi: 10.1091/
mbc.E04-07-0578 PMID: 15635101

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 25 / 27

http://dx.doi.org/10.1371/journal.ppat.1004045
http://www.ncbi.nlm.nih.gov/pubmed/24722773
http://dx.doi.org/10.1073/pnas.1401437111
http://www.ncbi.nlm.nih.gov/pubmed/25157142
http://dx.doi.org/10.1016/j.cell.2015.01.032
http://dx.doi.org/10.1016/j.cell.2015.01.032
http://www.ncbi.nlm.nih.gov/pubmed/25679758
http://dx.doi.org/10.1128/JVI.01244-09
http://www.ncbi.nlm.nih.gov/pubmed/19740986
http://dx.doi.org/10.1128/JVI.02684-09
http://www.ncbi.nlm.nih.gov/pubmed/20504936
http://dx.doi.org/10.1128/AAC.01175-13
http://www.ncbi.nlm.nih.gov/pubmed/23896472
http://dx.doi.org/10.1038/cr.2012.129
http://www.ncbi.nlm.nih.gov/pubmed/22945356
http://dx.doi.org/10.1371/journal.ppat.1002576
http://www.ncbi.nlm.nih.gov/pubmed/22412376
http://dx.doi.org/10.1016/0042-6822(67)90270-X
http://www.ncbi.nlm.nih.gov/pubmed/4290640
http://www.ncbi.nlm.nih.gov/pubmed/4322083
http://dx.doi.org/10.1128/JVI.76.21.1111311122.2002
http://www.ncbi.nlm.nih.gov/pubmed/12368353
http://dx.doi.org/10.1128/JVI.01063-14
http://www.ncbi.nlm.nih.gov/pubmed/24920820
http://dx.doi.org/10.1083/jcb.201206095
http://www.ncbi.nlm.nih.gov/pubmed/23229899
http://www.ncbi.nlm.nih.gov/pubmed/8900162
http://www.ncbi.nlm.nih.gov/pubmed/8276867
http://www.ncbi.nlm.nih.gov/pubmed/7745714
http://dx.doi.org/10.1128/JVI.06778-11
http://www.ncbi.nlm.nih.gov/pubmed/22258260
http://dx.doi.org/10.1371/journal.ppat.1003359
http://www.ncbi.nlm.nih.gov/pubmed/23675303
http://dx.doi.org/10.1091/mbc.E04-07-0578
http://dx.doi.org/10.1091/mbc.E04-07-0578
http://www.ncbi.nlm.nih.gov/pubmed/15635101


48. Balla A, Kim YJ, Varnai P, Szentpetery Z, Knight Z, Shokat KM, et al. Maintenance of hormone-sensi-
tive phosphoinositide pools in the plasmamembrane requires phosphatidylinositol 4-kinase IIIalpha.
Mol Biol Cell. 2008; 19: 711–21. doi: 10.1091/mbc.E07-07-0713 PMID: 18077555

49. Bojjireddy N, Botyanszki J, Hammond G, Creech D, Peterson R, Kemp DC, et al. Pharmacological and
genetic targeting of the PI4KA enzyme reveals its important role in maintaining plasmamembrane
phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate levels. J Biol Chem. 2014;
289: 6120–32. doi: 10.1074/jbc.M113.531426 PMID: 24415756

50. Hammond GR V, Schiavo G, Irvine RF. Immunocytochemical techniques reveal multiple, distinct cellu-
lar pools of PtdIns4P and PtdIns(4,5)P(2). Biochem J. 2009; 422: 23–35. doi: 10.1042/BJ20090428
PMID: 19508231

51. Tóth B, Balla A, Ma H, Knight Z a, Shokat KM, Balla T. Phosphatidylinositol 4-kinase IIIbeta regulates
the transport of ceramide between the endoplasmic reticulum and Golgi. J Biol Chem. 2006; 281:
36369–77. doi: 10.1074/jbc.M604935200 PMID: 17003043

52. Levine TP, Munro S. Targeting of Golgi-specific pleckstrin homology domains involves both PtdIns 4-
kinase-dependent and-independent components. Curr Biol. 2002; 12: 695–704. doi: 10.1016/S0960-
9822(02)00779-0 PMID: 12007412

53. D’Angelo G, Vicinanza M, Di Campli A, De Matteis MA. The multiple roles of PtdIns(4)P—not just the
precursor of PtdIns(4,5)P2. J Cell Sci. 2008; 121: 1955–63. doi: 10.1242/jcs.023630 PMID: 18525025

54. Albulescu L, Strating JRPM,Wubbolts R, van Kuppeveld FJM. Cholesterol shuttling is important for
RNA replication of coxsackievirus B3 and encephalomyocarditis virus. Cell Microbiol. 2015; doi: 10.
1111/cmi.12425 PMID: 25645595

55. Burgett AWG, Poulsen TB, Wangkanont K, Anderson DR, Kikuchi C, Shimada K, et al. Natural products
reveal cancer cell dependence on oxysterol-binding proteins. Nat Chem Biol. 2011; 7: 639–647. doi:
10.1038/nchembio.625 PMID: 21822274

56. Ridgway ND, Dawson P a, Ho YK, BrownMS, Goldstein JL. Translocation of Oxysterol Protein to Golgi
Apparatus Triggered by Ligand Binding. Cell. 2012; 116: 307–319.

57. Sasaki J, Ishikawa K, Arita M, Taniguchi K. ACBD3-mediated recruitment of PI4KB to picornavirus
RNA replication sites. EMBO J. 2012; 31: 754–66. doi: 10.1038/emboj.2011.429 PMID: 22124328

58. Romero-Brey I, Merz A, Chiramel A, Lee J-Y, Chlanda P, Haselman U, et al. Three-dimensional archi-
tecture and biogenesis of membrane structures associated with hepatitis C virus replication. PLoS
Pathog. 2012; 8: e1003056. doi: 10.1371/journal.ppat.1003056 PMID: 23236278

59. Belov GA. Modulation of lipid synthesis and trafficking pathways by picornaviruses. Curr Opin Virol.
2014; 9C: 19–23. doi: 10.1016/j.coviro.2014.08.007

60. Romero-Brey I, Bartenschlager R. Membranous replication factories induced by plus-strand RNA
viruses. Viruses. 2014; 6: 2826–2857. doi: 10.3390/v6072826 PMID: 25054883

61. Harak C, Lohmann V. Ultrastructure of the replication sites of positive-strand RNA viruses. Virology.
2015; 1–16. doi: 10.1016/j.virol.2015.02.029

62. Paul D, Bartenschlager R. Architecture and biogenesis of plus-strand RNA virus replication factories.
World J Virol. 2013; 2: 32–48. doi: 10.5501/wjv.v2.i2.32 PMID: 24175228

63. Friedmann A, Lipton HL. Replication of Theiler’s murine encephalomyelitis viruses in BHK21 cells: an
electron microscopic study. Virology. 1980; 101: 389–398. doi: 10.1016/0042-6822(80)90452-3 PMID:
6244696

64. Nchoutmboube JA, Viktorova EG, Scott AJ, Ford LA, Pei Z, Watkins PA, et al. Increased Long Chain
acyl-Coa Synthetase Activity and Fatty Acid Import Is Linked to Membrane Synthesis for Development
of Picornavirus Replication Organelles. PLoS Pathog. 2013; 9: e1003401. doi: 10.1371/journal.ppat.
1003401 PMID: 23762027

65. Strating JRPM, van der Linden L, Albulescu L, Bigay J, Arita M, Delang L, et al. Itraconazole Inhibits
Enterovirus Replication by Targeting the Oxysterol-Binding Protein. Cell Rep. 2015; 10: 600–615. doi:
10.1016/j.celrep.2014.12.054 PMID: 25640182

66. Irurzun A, Perez L, Carrasco L. Involvement of membrane traffic in the replication of poliovirus
genomes: Effects of brefeldin A. Virology. 1992; 191: 166–175. doi: 10.1016/0042-6822(92)90178-R
PMID: 1329315

67. Hagemeijer MC, Vonk AM, Monastyrska I, Rottier PJM, de Haan CAM. Visualizing Coronavirus RNA
Synthesis in Time by Using Click Chemistry. J Virol. 2012; 86: 5808–5816. doi: 10.1128/JVI.07207-11
PMID: 22438542

68. Knoops K, Kikkert M, Van DenWorm SHE, Zevenhoven-Dobbe JC, Van Der Meer Y, Koster AJ, et al.
SARS-coronavirus replication is supported by a reticulovesicular network of modified endoplasmic
reticulum. PLoS Biol. 2008; 6: 1957–1974. doi: 10.1371/journal.pbio.0060226

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 26 / 27

http://dx.doi.org/10.1091/mbc.E07-07-0713
http://www.ncbi.nlm.nih.gov/pubmed/18077555
http://dx.doi.org/10.1074/jbc.M113.531426
http://www.ncbi.nlm.nih.gov/pubmed/24415756
http://dx.doi.org/10.1042/BJ20090428
http://www.ncbi.nlm.nih.gov/pubmed/19508231
http://dx.doi.org/10.1074/jbc.M604935200
http://www.ncbi.nlm.nih.gov/pubmed/17003043
http://dx.doi.org/10.1016/S0960-9822(02)00779-0
http://dx.doi.org/10.1016/S0960-9822(02)00779-0
http://www.ncbi.nlm.nih.gov/pubmed/12007412
http://dx.doi.org/10.1242/jcs.023630
http://www.ncbi.nlm.nih.gov/pubmed/18525025
http://dx.doi.org/10.1111/cmi.12425
http://dx.doi.org/10.1111/cmi.12425
http://www.ncbi.nlm.nih.gov/pubmed/25645595
http://dx.doi.org/10.1038/nchembio.625
http://www.ncbi.nlm.nih.gov/pubmed/21822274
http://dx.doi.org/10.1038/emboj.2011.429
http://www.ncbi.nlm.nih.gov/pubmed/22124328
http://dx.doi.org/10.1371/journal.ppat.1003056
http://www.ncbi.nlm.nih.gov/pubmed/23236278
http://dx.doi.org/10.1016/j.coviro.2014.08.007
http://dx.doi.org/10.3390/v6072826
http://www.ncbi.nlm.nih.gov/pubmed/25054883
http://dx.doi.org/10.1016/j.virol.2015.02.029
http://dx.doi.org/10.5501/wjv.v2.i2.32
http://www.ncbi.nlm.nih.gov/pubmed/24175228
http://dx.doi.org/10.1016/0042-6822(80)90452-3
http://www.ncbi.nlm.nih.gov/pubmed/6244696
http://dx.doi.org/10.1371/journal.ppat.1003401
http://dx.doi.org/10.1371/journal.ppat.1003401
http://www.ncbi.nlm.nih.gov/pubmed/23762027
http://dx.doi.org/10.1016/j.celrep.2014.12.054
http://www.ncbi.nlm.nih.gov/pubmed/25640182
http://dx.doi.org/10.1016/0042-6822(92)90178-R
http://www.ncbi.nlm.nih.gov/pubmed/1329315
http://dx.doi.org/10.1128/JVI.07207-11
http://www.ncbi.nlm.nih.gov/pubmed/22438542
http://dx.doi.org/10.1371/journal.pbio.0060226


69. Sridhar S, Patel B, Aphkhazava D, Macian F, Santambrogio L, Shields D, et al. The lipid kinase PI4KIIIβ
preserves lysosomal identity. EMBO J. 2013; 32: 324–39. doi: 10.1038/emboj.2012.341 PMID:
23258225

70. Wang H, Sun H-Q, Zhu X, Zhang L, Albanesi J, Levine B, et al. GABARAPs regulate PI4P-dependent
autophagosome:lysosome fusion. Proc Natl Acad Sci. 2015; 112: 201507263. doi: 10.1073/pnas.
1507263112

71. Tan J, Brill JA. Cinderella story: PI4P goes from precursor to key signaling molecule. Crit Rev Biochem
Mol Biol. 49: 33–58. doi: 10.3109/10409238.2013.853024 PMID: 24219382

72. Cho N, Lee C, Pang PS, Pham EA, Nguyen K, Xiong A, et al. Phosphatidylinositol 4,5-bisphosphate is
an HCV NS5A Ligand and Mediates Replication of the Viral Genome. 2015

73. Ilnytska O, Santiana M, Hsu N, DuW, Chen Y, Viktorova EG, et al. Enteroviruses harness the cellular
endocytic machinery to remodel the host cell cholesterol landscape for effective viral replication. Cell
Host Microbe. 2013; 14: 281–293. doi: 10.1016/j.chom.2013.08.002 PMID: 24034614

74. Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CKE, Walther P, et al. Composition and three-dimen-
sional architecture of the dengue virus replication and assembly sites. Cell Host Microbe. 2009; 5: 365–
75. doi: 10.1016/j.chom.2009.03.007 PMID: 19380115

75. Balla A, Balla T. Phosphatidylinositol 4-kinases: old enzymes with emerging functions. Trends Cell
Biol. 2006; 16: 351–61. doi: 10.1016/j.tcb.2006.05.003 PMID: 16793271

76. Wessels E, Duijsings D, Lanke KHW, van Dooren SHJ, Jackson CL, Melchers WJG, et al. Effects of
picornavirus 3A proteins on protein transport and GBF1-dependent COP-I recruitment. J Virol. 2006;
80: 11852–11860. doi: 10.1128/JVI.01225-06 PMID: 17005635

77. Esser-Nobis K, Harak C, Schult P, Kusov Y, Lohmann V. Novel perspectives for hepatitis A virus ther-
apy revealed by comparative analysis of hepatitis C virus and hepatitis A virus RNA replication. Hepa-
tology. 2015; doi: 10.1002/hep.27847 PMID: 25866017

78. Martín-Acebes MA, Blázquez A-B, Jiménez de Oya N, Escribano-Romero E, Saiz J-C. West Nile virus
replication requires fatty acid synthesis but is independent on phosphatidylinositol-4-phosphate lipids.
PLoS One. 2011; 6: e24970. doi: 10.1371/journal.pone.0024970 PMID: 21949814

79. Tellinghuisen TL, Marcotrigiano J, Gorbalenya AE, Rice CM. The NS5A protein of hepatitis C virus is a
zinc metalloprotein. J Biol Chem. 2004; 279: 48576–87. doi: 10.1074/jbc.M407787200 PMID:
15339921

80. Ehrenfeld E, Domingo E, Roos R. The Picornaviruses. 2010th ed. ASM Press, Washington, DC.;
2010.

81. Gibrat J-F, Mariadassou M, Boudinot P, Delmas B. Analyses of the radiation of birnaviruses from
diverse host phyla and of their evolutionary affinities with other double-stranded RNA and positive
strand RNA viruses using robust structure-based multiple sequence alignments and advanced phylo-
genetic metho. BMC Evol Biol. 2013; 13: 154. doi: 10.1186/1471-2148-13-154 PMID: 23865988

82. Backes P, Quinkert D, Reiss S, Binder M, Zayas M, Rescher U, et al. Role of annexin A2 in the produc-
tion of infectious hepatitis C virus particles. J Virol. 2010; 84: 5775–89. doi: 10.1128/JVI.02343-09
PMID: 20335258

83. Belov GA, Fogg MH, Ehrenfeld E. Poliovirus proteins induce membrane association of GTPase ADP-
ribosylation factor. J Virol. 2005; 79: 7207–16. doi: 10.1128/JVI.79.11.7207–7216.2005 PMID:
15890959

84. MacLeod AM, Mitchell DR, Palmer NJ, Van de Poël H, Conrath K, Andrews M, et al. Identification of a
series of compounds with potent antiviral activity for the treatment of enterovirus infections. ACSMed
Chem Lett. 2013; 4: 585–9. doi: 10.1021/ml400095m PMID: 24900715

85. Hammond GR V, Machner MP, Balla T. A novel probe for phosphatidylinositol 4-phosphate reveals
multiple pools beyond the Golgi. J Cell Biol. 2014; 205: 113–26. doi: 10.1083/jcb.201312072 PMID:
24711504

86. Wessels E, Duijsings D, Notebaart RA, Melchers WJG, van Kuppeveld FJM, Melchers JG, et al. A pro-
line-rich region in the coxsackievirus 3A protein is required for the protein to inhibit endoplasmic reticu-
lum-to-golgi transport. J Virol. 2005; 79: 5163–73. doi: 10.1128/JVI.79.8.5163–5173.2005 PMID:
15795300

87. Duke GM, Palmenberg AC. Cloning and synthesis of infectious cardiovirus RNAs containing short, dis-
crete poly(C) tracts. J Virol. 1989; 63: 1822–1826. PMID: 2538661

88. Aminev AG, Amineva SP, Palmenberg AC. Encephalomyocarditis viral protein 2A localizes to nucleoli
and inhibits cap-dependent mRNA translation. Virus Res. 2003; 95: 45–57. doi: 10.1016/S0168-1702
(03)00162-X PMID: 12921995

89. Bolte S, Cordelières FP. A guided tour into subcellular colocalization analysis in light microscopy. J
Microsc. 2006; 224: 213–32. doi: 10.1111/j.1365-2818.2006.01706.x PMID: 17210054

The Picornavirus EMCV Converges on the Host Lipid Pathway Used by HCV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005185 September 25, 2015 27 / 27

http://dx.doi.org/10.1038/emboj.2012.341
http://www.ncbi.nlm.nih.gov/pubmed/23258225
http://dx.doi.org/10.1073/pnas.1507263112
http://dx.doi.org/10.1073/pnas.1507263112
http://dx.doi.org/10.3109/10409238.2013.853024
http://www.ncbi.nlm.nih.gov/pubmed/24219382
http://dx.doi.org/10.1016/j.chom.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24034614
http://dx.doi.org/10.1016/j.chom.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19380115
http://dx.doi.org/10.1016/j.tcb.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16793271
http://dx.doi.org/10.1128/JVI.01225-06
http://www.ncbi.nlm.nih.gov/pubmed/17005635
http://dx.doi.org/10.1002/hep.27847
http://www.ncbi.nlm.nih.gov/pubmed/25866017
http://dx.doi.org/10.1371/journal.pone.0024970
http://www.ncbi.nlm.nih.gov/pubmed/21949814
http://dx.doi.org/10.1074/jbc.M407787200
http://www.ncbi.nlm.nih.gov/pubmed/15339921
http://dx.doi.org/10.1186/1471-2148-13-154
http://www.ncbi.nlm.nih.gov/pubmed/23865988
http://dx.doi.org/10.1128/JVI.02343-09
http://www.ncbi.nlm.nih.gov/pubmed/20335258
http://dx.doi.org/10.1128/JVI.79.11.72077216.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890959
http://dx.doi.org/10.1021/ml400095m
http://www.ncbi.nlm.nih.gov/pubmed/24900715
http://dx.doi.org/10.1083/jcb.201312072
http://www.ncbi.nlm.nih.gov/pubmed/24711504
http://dx.doi.org/10.1128/JVI.79.8.51635173.2005
http://www.ncbi.nlm.nih.gov/pubmed/15795300
http://www.ncbi.nlm.nih.gov/pubmed/2538661
http://dx.doi.org/10.1016/S0168-1702(03)00162-X
http://dx.doi.org/10.1016/S0168-1702(03)00162-X
http://www.ncbi.nlm.nih.gov/pubmed/12921995
http://dx.doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054

