
Endomembrane mutiny: how picornaviruses hijack host organelles to
support their replication
Melia, C.E.

Citation
Melia, C. E. (2019, May 21). Endomembrane mutiny: how picornaviruses hijack host
organelles to support their replication. Retrieved from https://hdl.handle.net/1887/73640
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/73640
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/73640


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/73640  holds various files of this Leiden University 
dissertation. 
 
Author: Melia, C.E. 
Title: Endomembrane mutiny: how picornaviruses hijack host organelles to support their 
replication 
Issue Date: 2019-05-21 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/73640
https://openaccess.leidenuniv.nl/handle/1887/1�


47

EN
TERO

V
IRU

S REPLIC
A

TIO
N

 IN
 TH

E A
BSEN

C
E O

F REPLIC
A

TIO
N

 O
RG

A
N

ELLES

    3CHAPTER
ESCAPING HOST FACTOR PI4KB INHIBITION:

ENTEROVIRUS GENOMIC RNA REPLICATION IN 
THE ABSENCE OF REPLICATION ORGANELLES

Charlotte E. Melia1$, Hilde M. van der Schaar²$, Heyrhyoung Lyoo², Ronald W.A.L. 
Limpens¹, Qian Feng²†, Maryam Wahedi², Gijs J. Overheul³, Ronald P. van Rij³, Eric 

J. Snijder⁴,  Abraham J. Koster¹, Montserrat Bárcena¹&, Frank J.M. van Kuppeveld²&

Published in Cell Reports 2017. 21;3: 587-599

DOI: 10.1016/j.celrep.2017.09.068

1 Department of Molecular Cell Biology, Leiden University Medical Center, 
Leiden, 2333 ZC, The Netherlands

2 Department of Infectious Diseases & Immunology, Utrecht University,
Utrecht, 3584 CL, The Netherlands

³ Department of Medical Microbiology, Radboud Institute for Molecular Life Sciences,
Nijmegen, 6525 GA, The Netherlands

⁴ Department of Medical Microbiology, Leiden University Medical Center,
Leiden, 2333 ZA, The Netherlands

†Current address: Institute of Biochemistry, ETH Zürich,
8093 Zürich, Switzerland

$,&These authors contributed equally

3



48

EN
TERO

V
IRU

S REPLIC
A

TIO
N

 IN
 TH

E A
BSEN

C
E O

F REPLIC
A

TIO
N

 O
RG

A
N

ELLES

        3    

S U M M A RY 

Enteroviruses reorganize cellular endomembranes into replication organelles (ROs) for genome 

replication. Although enterovirus replication depends on phosphatidylinositol 4-kinase type III 

beta (PI4KB), its role, and that of its product PI4P, is only partially understood. Exploiting a mutant 

coxsackievirus resistant to PI4KB inhibition, we uncover that PI4KB activity has distinct functions 

in proteolytic processing of the viral polyprotein and in RO biogenesis. The escape mutation 

rectified a proteolytic processing defect imposed by PI4KB inhibition, pointing to a possible escape 

mechanism. Remarkably, under PI4KB inhibition the mutant virus could replicate its genome in 

the absence of ROs, using instead the Golgi apparatus. This impaired RO biogenesis provided an 

opportunity to investigate the proposed role of ROs in shielding enteroviral RNA from cellular 

sensors. Neither accelerated sensing of viral RNA nor enhanced innate immune responses were 

observed. Together, our findings challenge the notion that ROs are indispensable for enterovirus 

genome replication and immune evasion.

I N T R O D U C T I O N

Positive-strand RNA (+RNA) viruses comprise many human pathogens, such as hepatitis C virus, Zika 

virus, dengue virus, SARS- and MERS-coronavirus, and enteroviruses. Despite substantial genetic 

divergence across virus families, some features of replication are common to all +RNA viruses 

infecting eukaryotes. One of the most striking is the remodelling of host cell endomembranes 

into novel membranous compartments in the cytoplasm of the infected cell. These compartments 

serve as compositionally unique platforms upon which the components of the viral RNA synthesis 

machinery assemble, and whose micro-environments may facilitate efficient genome replication 

(reviewed in (1) and (2)). In addition, they have been postulated to play a role in the evasion of the 

innate antiviral host responses by shielding viral RNA products from cytosolic sensors such as MDA5 

and RIG-I, which signal to activate the type I interferon (IFN-a/b) pathway, and protein kinase R 

(PKR), which activates an integral stress response (3, 4). 

Members of the Enterovirus genus, belonging to the Picornaviridae family, include poliovirus, 

coxsackie A and B viruses, several numbered enteroviruses (e.g. EV-D68, EV-A71), and rhinoviruses, 

which are causative agents of various human diseases. Enteroviruses, like other positive-sense RNA 

viruses, modify host-cell membranes to form structures with novel morphologies. These modified 

membranes serve as platforms for viral replication, which we will refer to as replication organelles 

(ROs). At earlier stages of coxsackievirus B3 (CVB3) or poliovirus (PV) infection, ROs emerge as 

single-membrane tubules that appear to form at the expense of the Golgi apparatus. These tubules 

are interspersed with double-membrane vesicles (DMVs), which are believed to arise as tubules 

deform and enwrap small volumes of cytosol. In this way, most tubules transform into DMVs over 

the course of infection, and DMVs may be further enwrapped to form multilamellar vesicles (5, 

6). Each stage of virus replication, including the transformation of cellular membranes into ROs, 

is dependent upon the interplay between viral proteins and host factors. The small, membrane-

anchored enterovirus 3A protein has a key role in generating ROs (7), and is known to recruit host 

factors that are essential for genome replication. One of these factors is phosphatidylinositol 

4-kinase type IIIβ (PI4KB) (8, 9). In uninfected cells PI4KB is a Golgi-resident enzyme that generates 
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phosphatidylinositol 4-phosphate (PI4P), while during enterovirus infection the viral 3A protein 

recruits PI4KB to ROs, enriching them in PI4P (8, 10). 

The importance of PI4P in viral infections has been the subject of several recent investigations, 

both for the Picornaviridae, such as Aichivirus (genus Kobuviruses) and encephalomyocarditis 

virus (EMCV) (genus Cardiovirus) and for other +RNA viruses, such as hepatitis C virus (HCV) 

(reviewed in (11) and (12)). In uninfected cells, PI4P is involved in a multitude of functions, including 

signalling, membrane trafficking, regulation of Golgi apparatus organisation, and lipid homeostasis 

(reviewed in (13) and (14)). Of particular relevance for viruses that utilise PI4P is the counterflux of 

PI4P and cholesterol between Golgi apparatus and ER, which is mediated by the oxysterol-binding 

protein (OSBP). OSBP acts as a bridge between these two membrane compartments to generate 

a membrane contact site, using PI4P as a Golgi-based anchor and vesicle-associated membrane 

protein-associated protein A (VAP-A) as an ER anchor (15). During enterovirus infection, OSBP is 

diverted to create a novel type of membrane contact site between ROs and the ER. These sites 

mediate the exchange of PI4P for cholesterol, which is another essential lipid for enterovirus 

genome replication (16-18). 

Recruitment of PI4KB by the viral 3A protein is critical for enterovirus genome replication (8, 9), but 

its exact role is unclear. The stage of genome replication in the enterovirus life cycle encompasses 

different processes, including proteolytic processing of the polyprotein, RO biogenesis, and RNA 

synthesis by the viral replication machinery. In this study, we used a CVB3 mutant resistant to PI4KB 

inhibition, i.e. CVB3 3A-H57Y (19), to further dissect the role of PI4KB and the PI4P-rich environment 

it generates during genome replication. We show that PI4KB activity facilitates efficient proteolytic 

processing of the CVB3 polyprotein. The 3A-H57Y substitution compensates for the impairment of 

polyprotein processing caused by PI4KB inhibition, which may represent the escape mechanism of 

this mutant virus. Distinct from its effect on polyprotein processing, we found that PI4KB inhibition 

also delayed RO formation. Remarkably, CVB3 3A-H57Y could replicate its genome in the absence 

of detectable ROs when PI4KB was inhibited. Under these conditions, viral RNA synthesis was 

observed instead at a cellular organelle, the Golgi apparatus, which challenges the notion that 

ROs are essential for the exponential phase of genome replication. Golgi disintegration and RO 

formation did eventually occur under PI4KB inhibition, which suggests that PI4KB activity is not 

fundamentally required for RO biogenesis, but expedites the process. The delay in RO formation 

under PI4KB inhibition was exploited to experimentally test the hypothesis that ROs shield viral RNA 

from cytoplasmic sensors of the innate immune system. Our results suggest that, in addition to 

being dispensable for viral RNA synthesis, enterovirus ROs do not play a pivotal role in suppression 

of the innate antiviral response pathways.

R E S U LT S

CVB3 3A-H57Y RO formation is impaired under PI4KB inhibition

First, we set out to study the morphology of the ROs induced by CVB3 3A-H57Y under conditions 

where PI4KB is not inhibited. Infected BGM cells were prepared for electron microscopy (EM) by 

high-pressure freezing and freeze-substitution at different times post-infection and analysed for 

the presence of membrane modifications. The first ROs induced by CVB3 3A-H57Y were detected 

at 5 hours post infection (hpi). At this stage single-membrane tubules were predominant, 
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interspersed with double-membrane vesicles (DMVs) (Fig. 1A). The emergence of ROs coincides 

with disintegration of the Golgi apparatus in wt infection (5) and, concordantly, the Golgi apparatus 

was not observed in cell sections that contained ROs at any time point in this analysis. Later in 

infection tubules had largely transformed into DMVs (Fig. 1A, 6 hpi) and into multilamellar structures 

(Fig. 1A, 7 hpi). This progression closely reflects observations of wt CVB3 RO development with 

regard to both the specific morphologies induced and the time frame over which they develop 

(5), (Fig. S1A). Together, these results indicate that the 3A-H57Y substitution does not affect RO 

development or their general architecture.

Next, we investigated the effect of PI4KB inhibition on RO development during CVB3 3A-H57Y 

infection. To determine suitable time points for EM analysis of cells infected in the presence of a 

PI4KB inhibitor, we first measured viral replication in the presence of BF738735, a potent and specific 

PI4KB inhibitor without overt cytotoxicity (a.k.a. Compound 1; (9, 20)). Unlike CVB3 wt (Fig. S2A), 

CVB3 3A-H57Y was resistant to BF738735 (Fig. S2B), although its replication was nevertheless delayed 

and impaired in the presence of BF738735 with regard to both viral RNA (vRNA) and infectious 

Figure 1. CVB3 3A-H57Y RO formation is impaired under PI4KB inhibition. A, B) BGM cells infected with 
CVB3 3A-H57Y (MOI 50). A) Cells fixed for EM analysis at early (5 hpi), intermediate (6 hpi) or late (7 hpi) stages of 
infection show the progression in RO development. B) ROs were not observed in EM cell sections (up to 8 hpi, n = 
153) from cells treated with BF738735. (Left) An example of the Golgi apparatus in cells fixed at 7 hpi. (Right) Parallel 
immunofluorescence data (dsRNA (green) and nuclear stain (blue). Scale bars, 1 µm. See also Figs. S1 and S2.

A

B
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progeny virus. This is in agreement with observations using other PI4KB inhibitors (e.g. PIK93; (19)). 

To examine whether the impairment of replication upon PI4KB inhibition was the consequence of 

a decrease in the number of infected cells and/or a reduced level of vRNA replication, we collected 

cells infected with EGFP-CVB3 3A-H57Y at different time points post infection and analysed them 

with flow cytometry. PI4KB inhibition reduced the number of CVB3 3A-H57Y-infected cells (by ~3-

fold), delayed replication (by ~1-2 h), and limited viral protein production, as reflected by reduced 

EGFP levels (Fig. S2C). These results indicate that the PI4KB inhibitor imposes a critical barrier to 

CVB3 3A-H57Y replication in a subpopulation of cells, and reduces the efficiency of replication in 

those cells where infection is established. 

Based on the growth curve analysis, cells were fixed and processed for EM between 5 and 8 hpi, 

as this period encompasses the exponential phase of vRNA replication for CVB3 3A-H57Y under 

PI4KB inhibition. Remarkably, while ROs were detected at a frequency of ~50% in EM cell-sections 

from infections in the absence of PI4KB inhibitor (n = 43 cell-sections assessed at 6 hpi), neither 

archetypal enterovirus ROs (i.e. clusters of single-membrane tubules and/or DMVs) nor cellular 

membranes with atypical morphologies were detected in cells infected under PI4KB inhibition 

(n = 153 cell-sections), even at late time points (7-8 hpi, n = 47 cell-sections, example shown in 

Fig. 1B). Seemingly intact Golgi cisternae were apparent in these cells and were detected at a 

frequency similar to that of mock-infected or BF738735-treated cells (Fig. S1B and C respectively). 

Corresponding immunofluorescence microscopy data showed a high percentage of cells positive 

for dsRNA labelling, confirming that the lack of membrane modifications in the EM analysis was not 

simply due to a low number of infected cells (Fig. 1B, right). These data show that RO development 

is impaired by PI4KB inhibition, and suggest that replication may be taking place instead at a cellular 

organelle.

CVB3 3A-H57Y replicates its genome at the Golgi apparatus under PI4KB inhibition

As an initial indicator of the replication site under PI4KB inhibition, we performed 

immunofluorescence microscopy on infected cells (Fig. 2A). Cells were fixed at 5 hpi in the absence 

of inhibitor, and at 6 hpi in the presence of inhibitor given the delay in replication. Similar to findings 

for wt virus (8, 19), both 3A and dsRNA were detected throughout the cytoplasm in cells infected 

with CVB3 3A-H57Y in the absence of PI4KB inhibition (Fig. 2A, left panels). Golgi disassembly 

could be readily visualized through the signal reduction and dispersion of the cis-Golgi marker 

GM130 and the trans-Golgi network marker TGN46, whereas the PI4KB signal overlapped with the 

3A labelling. Upon PI4KB inhibitor treatment however, 3A and dsRNA were primarily confined to 

the perinuclear region (Fig. 2A, right panels). In wide-field images, the strength and distribution 

of GM130 and TGN46 signals were largely maintained and overlapped with the viral 3A signal. 

These results suggested that both the 3A-H57Y protein and dsRNA reside at the Golgi apparatus 

in the presence of inhibitor. To confirm that these observations were due to specific inhibition of 

PI4KB, the localisation of 3A-GFP was assessed using different PI4KB inhibitors. Similar to BF738735, 

enviroxime, GW5074 or PIK93 treatment resulted the accumulation of 3A specifically at the Golgi 

region, although confocal imaging revealed that 3A did not directly co-localise with the cis-Golgi 

marker GM130 (Fig. 2B). 
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To unambiguously determine the subcellular location of the 3A-H57Y protein under PI4KB inhibitor 

treatment, correlative light and electron microscopy (CLEM) was performed. For this we employed 

the split-GFP system (21) to label the 3A-H57Y protein, in a similar approach to that previously 

reported for wt CVB3 (22). To produce a split-GFP CVB3 3A-H57Y mutant, the final beta sheet of GFP, 

i.e. strand 11, further referred to as GFP(S11), was introduced into the 3A-H57Y protein to produce 

CVB3 3A-H57Y(S11). Upon CVB3 3A-H57Y(S11) infection of BGM cells stably expressing the remaining 

portion of GFP (GFPS1-10), the two fragments of GFP self-assemble to produce GFP-tagged 3A-H57Y. 

GFP-tagged 3A-H57Y was then visualized by confocal microscopy before chemical fixation and 

processing for EM. Overlays of 3A-H57Y-GFP signal with the corresponding EM cell-sections fixed 

at 6 hpi revealed that the 3A protein localised specifically to the Golgi apparatus (Fig. 3A).

The presence of the 3A-H57Y protein at the Golgi apparatus suggested that vRNA replication occurs 

Figure 2.  The 3A protein localises to the Golgi apparatus under PI4KB inhibition. A, B) BGM cells infected with 
CVB3 3A-H57Y (MOI 10). Untreated cells were fixed at 5 hpi ((A) left panels) and drug treated cells were fixed at 6 hpi 
((A) right panels, and (B)). Fixed cells were labelled with the indicated antibodies and a nuclear stain (blue). Scale bars, 
10 µm.

A

B
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at this compartment under PI4KB inhibition. To further investigate this, metabolic labelling was 

performed to detect newly synthesized vRNA in situ. Infected cells were pre-treated with 10 µg/ml 

dactinomycin to inhibit cellular transcription, and incubated with tritiated uridine for 45 minutes 

prior to fixation to label newly-synthesised vRNA. As a control, mock-infected cells underwent the 

same treatment. After processing for EM, radiolabelled uridine was detected by autoradiography 

(ARG). In cells infected with CVB3 3A-H57Y without PI4KB inhibition, abundant ARG signal was 

found in regions containing typical ROs (Fig. 3B). Although RO membranes in chemically fixed 

samples appeared somewhat distended in comparison to high-pressure frozen material (see Fig. 1), 

they were recognisable as clusters of single-membrane compartments (Fig. 3B, black arrowhead) 

Figure 3. Replication under PI4KB inhibition occurs at the Golgi apparatus. A) BGM(GFPS1-10) cells infected with 
CVB3 3A-H57Y(S11) (MOI 7) monitored by live-cell LM, fixed at 6 hpi, and processed for CLEM. Overlay of the 3A-GFP 
signal at the time of fixation with the corresponding EM image (left). Inset highlights one of two 3A-GFP foci present 
in the image shown, both of which correspond to Golgi membranes. B, C) BGM cells infected with CVB3 3A-H57Y (MOI 
50), metabolically labelled, fixed at 6 hpi (B) or 7 hpi (C), and processed for EM autoradiography to detect newly-
synthesized vRNA (ARG). ARG signal is apparent as electron-dense grains. B) ROs positive for ARG signal were readily 
observed in the absence of BF738735. C) In cells treated with BF738735 ROs were not observed, and clusters of ARG 
signal were found exclusively at the Golgi apparatus. cis = Golgi apparatus cis face, trans = Golgi apparatus trans face, 
TGN = trans Golgi network. Scale bars, 2 µm (A) or 1 µm (B, C).

A

B C
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interspersed with DMVs (Fig. 3B, white arrowhead) that closely resemble the ROs observed in 

chemically fixed PV-infected (6, 23) or wt CVB3-infected cells (22). In CVB3 3A-H57Y-infected cells 

treated with PI4KB inhibitor and fixed at 7 hpi ROs were not observed (n = 148 cell sections), and 

abundant ARG signal was found at the Golgi apparatus (Fig. 3C), with the vast majority of signal 

localising to the trans-side of the Golgi apparatus and trans-Golgi network rather than the Golgi 

cisternae. This demonstrates that, under PI4KB inhibition, CVB3 3A-H57Y can replicate its genome 

Fig. 4. Golgi disintegration during CVB3 3A-H57Y infection is prolonged under PI4KB inhibition, and 
ultimately results in RO formation. BGM(GFPS1-10) cells transduced with MLV mCherry-GM130, infected with CVB3 
3A-H57Y(S11) (MOI 7) and imaged by live-cell confocal microscopy in the absence (A) or presence (B, D) of BF738735. 
Asterisks (A, B) denote completion of Golgi disintegration, evidenced by an entirely punctate mCherry-GM130 
signal. A) Initial 3A-GFP signal was detected primarily at peripheral locations (arrowhead) and Golgi disintegration 
was typically complete within 25 minutes of its onset (C, upper graph n = 23 cells). B) In cells treated with BF738735, 
initial 3A-GFP signal was detected primarily at the Golgi apparatus (arrowhead). The Golgi disintegration duration was 
typically prolonged but highly variable (C, lower graph n = 48 cells). D) Cells were fixed for EM analysis at 9 hpi. The 
LM-EM overlay reveals single-membrane (black arrowhead) and double-membrane (white arrowhead) structures 
positive for 3A-GFP signal. Scale bars, 5 µm (D). See also Fig. S3.

BA

C

D
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in the absence of ROs on a seemingly intact Golgi apparatus.

Under PI4KB inhibition, ROs form late in CVB3 3A-H57Y-infected cells

Our results thus far show that, under PI4KB inhibition, CVB3 3A-H57Y replication is possible in 

association with an apparently intact cellular organelle. We next set out to establish whether 

PI4KB inhibition precludes Golgi disintegration and RO development entirely, or simply delays the 

process. Confocal microscopy of live cells expressing mCherry-GM130 was performed to monitor 

the Golgi apparatus across the course of CVB3 3A-H57Y(S11) infection, either with or without 

BF738735 treatment (Fig. 4A-C). In the absence of inhibitor, the process of Golgi fragmentation 

following CVB3 3A-H57Y(S11) infection was similar to that of wt split-GFP CVB3 infections (22). 

The onset of Golgi fragmentation occurred in conjunction with or even preceded 3A protein 

accumulation in the Golgi area, and Golgi disintegration was typically complete within 25 min (n = 

23 cells) (Fig. 4A and C, upper graph). While in the absence of PI4KB inhibition early 3A signal was 

often located at peripheral foci (Fig. 4A arrowheads), under PI4KB inhibition the first 3A signal was 

often found in the Golgi region (Fig. 4B, arrowheads). Remarkably, the Golgi apparatus of most 

CVB3 3A-H57Y(S11) infected cells did disassemble during infections under PI4KB inhibition, but with 

markedly different dynamics. The onset of disintegration under these conditions did not coincide 

with 3A protein accumulation at the Golgi, but suffered a relative average delay of 30 minutes (n 

= 48 cells). Additionally, the time needed for Golgi disintegration was highly variable under PI4KB 

inhibition. In a minority of infected cells treated with BF738735 Golgi disassembly was as rapid 

as in untreated cells. However, in most cells the Golgi disintegration process was substantially 

prolonged (by up to 10 hours) under PI4KB inhibition (Fig. 4B and C, lower graph).

To determine whether Golgi disassembly under PI4KB inhibition was associated with the 

development of ROs, CLEM was performed on cells infected with split-GFP 3A-H57Y(S11) virus 

under BF738735 treatment and fixed at 9 hpi. While some cells retained seemingly intact Golgi 

membranes at this late stage in infection, in those cells lacking recognisable Golgi membranes 

the 3A-GFP signal was found at structures resembling typical early ROs (Fig. 4D, see Fig. 3A for 

comparison). As verified by immunofluorescence microscopy, PI4P did not accumulate in cells 

infected under PI4KB inhibition (Fig. S3), suggesting that the ROs that develop during CVB3 

3A-H57Y infection under PI4KB inhibition do so independently of high PI4P levels.

PI4KB activity drives rapid Golgi disassembly and RO formation

RO formation is likely associated with the amount of viral protein produced in the cell, which in 

turn depends upon vRNA replication levels. Therefore, rather than the absence of high PI4P levels, 

the delay in CVB3 3A-H57Y vRNA replication under PI4KB inhibition could be solely responsible 

for impeding RO formation. Previously it was shown that replication-independent expression of 

PV non-structural proteins results in membranous structures reminiscent of ROs produced upon 

infection (24). Here, we engineered a replication-independent CVB3 expression system, which 

produces high amounts of viral proteins in the absence of vRNA replication. Hence, the inhibition 

of vRNA replication caused by PI4KB inhibition will not result in a delay in viral protein production 

in this setup. The system utilizes a CVB3 cDNA placed under the control of the bacteriophage T7 

RNA polymerase, and is rendered replication-incompetent through modifications to the cloverleaf 

structure in the 5’ untranslated region (UTR) of the viral genome that prevent replication via the 
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CVB3 polymerase (25). The 3A-H57Y substitution was introduced into this replication-incompetent 

CVB3 cDNA. Transfection of the CVB3 3A-H57Y cDNA plasmid in HuH-7/T7 cells, which stably 

express the T7 RNA polymerase, resulted in the expression of individual viral proteins whose 

amounts were not affected by the addition of PI4KB inhibitor (Fig. S4). Immunofluorescence 

analysis of transfected cells showed that the first 3A signal could be detected as early as 3 h post 

transfection (hpt), but without significant effects on the Golgi apparatus. In the absence of PI4KB 

inhibitor, Golgi disintegration was observed from 4 hpt onwards, as evidenced by the change in 

GM130 signal in transfected cells (Fig. 5A, upper panels). Under PI4KB inhibition Golgi disintegration 

was delayed by ~1 h (Fig. 5A middle and lower panels). While Golgi disintegration in the replication-

independent system is more rapid than during infection (see Fig. 4), most likely because of the 

high protein expression levels generated with this system, these data nevertheless demonstrate 

that in cells with equal levels of viral proteins, PI4KB inhibition delays enterovirus-induced Golgi 

apparatus disassembly. To determine the contribution of the 3A-H57Y substitution to (delayed) 

Golgi disassembly, we examined whether the wt CVB3 cDNA could also induce Golgi disassembly 

under PI4KB inhibition in the replication-independent system. The results closely resembled 

those obtained for CVB3 3A-H57Y cDNA both with and without PI4KB inhibition (Fig. 5B). This 

demonstrates that the 3A-H57Y substitution does not affect Golgi disintegration. 

Altogether, these findings strongly suggest that enterovirus RO biogenesis is driven by PI4KB 

activity.

The 3A-H57Y substitution rectifies a proteolytic polyprotein processing impairment 

induced by PI4KB inhibition 

Another important step in the enterovirus replication cycle that relies on membranes is the 

proteolytic processing of the polyprotein by the viral proteases (26). Proteolytic polyprotein 

processing is a co- and post-translational event mediated by the viral proteinases 2Apro, 3Cpro, and 

3CDpro. These proteinases catalyse a cascade of cleavages in cis and in trans that liberate individual 

capsid proteins, as well as replication proteins and their precursors (e.g. 2BC, 3AB and 3CD). Recent 

studies indicate that alterations to the lipid composition of membranes during PV infection impact 

polyprotein processing efficiency (27-29). Given that wt virus replication is abolished under PI4KB 

inhibition, we used the replication-independent CVB3 expression system to study the effects of 

PI4KB inhibition on polyprotein processing. Cells were lysed at 16 hours post transfection (hpt) and 

processed for Western blot analysis. PI4KB inhibition led to a relative accumulation of 3AB and a 

reduction in 3A for the wt polyprotein (Fig 5C, left). Remarkably, the 3A-H57Y substitution rectified 

this impaired polyprotein processing, as the relative levels of 3AB and 3A were not affected by PI4KB 

inhibition (Fig. 5C, right). PI4KB inhibition did not affect levels of 3CD or 3D. Together, these results 

demonstrate that PI4KB activity is important for proteolytic processing at the 3A-3B junction, but 

not at the 3C-3D junction (nor at the 2C-3A and 3B-3C junctions). The 3A-H57Y substitution restores 

processing to the level detected in the absence of inhibitor, which may point to a potential strategy 

of the mutant virus to escape PI4KB inhibition. 

The delay in RO formation under PI4KB inhibition does not elicit a strong antiviral response

One of the proposed advantages of ROs is that they may shield vRNA products against viral RNA 

sensors present in the cytoplasm, such as MDA5, RIG-I, and PKR. Given that CVB3 3A-H57Y is 



57

EN
TERO

V
IRU

S REPLIC
A

TIO
N

 IN
 TH

E A
BSEN

C
E O

F REPLIC
A

TIO
N

 O
RG

A
N

ELLES

    3

Figure 5. Effect of PI4KB inhibition on enterovirus-induced Golgi disintegration and proteolytic polyprotein 
processing in a replication-independent CVB3 system. HuH-7/T7 cells transfected with CVB3 3A-H57Y or wt 
CVB3 cDNA under the control of a T7 promoter, both rendered replication-incompetent by altering the 5’UTR 
of the genome. Where indicated, cells were treated with BF738735. A, B) Cells fixed at 4 h or 5 h post-transfection 
and labelled for 3A (green) and GM130 (red) alongside a nuclear stain (blue). Representative 3A-positive cells are 
indicated (arrowheads). Scale bars, 20 µm. C) Western blot analysis of lysates from cells at 16 h post-transfection using 
antibodies against 3A or 3D. Actin was used as a loading control. See also Fig. S4
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Fig. 6. Innate antiviral responses during CVB3 3A-H57Y infection. Cells infected and treated with BF738735 where 
indicated. A) HeLa cells infected with CVB3 3A-H57Y (MOI 50) were lysed for Western blot analysis at the indicated time 
points. Band sizes (in kDa), full-length proteins (arrows), and putative cleavage products (arrowheads) are indicated. 
B) HeLa cells infected with CVB3 wt or CVB3 3A-H57Y (MOI 10). Total RNA was isolated from cells and subjected to 
reverse transcription-quantitative PCR for interferon-b (IFN-b). Mengo Zn, whose L protein contains substitutions 
that render it unable to suppress IFN-b induction, was included as a positive control (left graph). Viral RNA levels were 
determined by quantitative RT-PCR (right graph). Data were normalized to actin mRNA levels. Results are expressed 
as fold induction relative to quantities in mock-infected cells. Two independent experiments are shown, ranging 
from 2-8 hpi and 8-12 hpi. C, D) Cells were infected with CVB3-Rluc 3A-H57Y (MOI 0.01) and lysed to determine the 
intracellular luciferase levels. Values represent mean values of triplicates ± standard error of the means. See also Figs. 
S5 and S6.
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able to replicate its genome at the Golgi apparatus under PI4KB inhibition, vRNA products may 

be more accessible and better detected in this situation, thereby triggering an antiviral response 

that might limit or delay replication. To investigate whether viral dsRNA is better sensed under 

PI4KB inhibition, we studied the activation status of the cytoplasmic RNA sensor PKR. Western blot 

analyses were performed on infected cell lysates to assess viral protein levels in parallel with dsRNA-

activated, phosphorylated PKR (p-PKR). The first appearance and the final levels of viral proteins 

were delayed and reduced respectively under PI4KB inhibition, which is in agreement with the 

observed reduction in the proportion of infected cells and the decrease in viral protein per cell (see 

Fig. S2C). Nevertheless, p-PKR emerged concomitantly with the accumulation of viral proteins both 

in the presence and absence of PI4KB inhibitor (Fig. 6A), suggesting that delayed RO formation 

under PI4KB inhibition does not lead to premature activation of PKR.

Another innate antiviral response that is activated upon sensing of vRNA products is the type I 

interferon (IFN-a/b) pathway. Enteroviruses counteract the transcription of IFN-a/b genes by 

cleaving components in the signalling pathways that control their activation, such as MDA5 (30) 

and its downstream adaptor MAVS (30, 31). The altered location of genome replication under PI4KB 

inhibition may influence the ability of the viral proteinases to cleave these components. However, 

we found that the appearance of MAVS degradation products in infected cell lysates coincided 

with the accumulation of viral proteins irrespective of the presence of PI4KB inhibitor (Fig. 6A). 

Furthermore, qPCR analysis showed that no substantial IFN-b response was triggered in infected 

cells in both conditions (Fig. 6B). Together, these results indicate that the delayed formation of ROs 

during infection does not accelerate cellular sensing of viral dsRNA, nor does it affect the ability of 

the viral proteinases to cleave MAVS.

As a complementary approach to investigate whether the delay in replication in the presence 

of PI4KB inhibitor is related to activation of innate antiviral responses, the level of CVB3 3A-H57Y 

replication was determined in cells lacking sensors of these pathways. Knock-out cells for PKR 

or MAVS, generated with CRISPR-Cas9 technology, were infected with CVB3 wt or 3A-H57Y that 

also encode Renilla luciferase as a sensitive measure to quantify the level of viral replication. In the 

absence of inhibitor, CVB3 3A-H57Y replicated to a similar extent in HeLa, HeLa PKR -/-, or HeLa 

MAVS-/- cells (Fig. 6C and S6). In the presence of PI4KB inhibitor, CVB3 3A-H57Y replication was 

delayed not only in HeLa cells, but also in PKR-/- or MAVS-/- cells. Thus, replication under PI4KB 

inhibition was not significantly increased in PKR-/- or MAVS-/- cells compared to parental HeLa 

cells. Similar results were obtained in U2OS cells, another human cell line (Fig. S5A and S6). 

An alternative strategy employed by some eukaryotes, such as plants, worms, and insects, in 

response to viral infections is RNA interference (RNAi), although whether RNAi is an antiviral 

mechanism in mammalian cells remains controversial (32). In the RNAi pathway, the cytoplasmic 

sensor Dicer cleaves viral dsRNA into viral siRNAs, which are loaded by Argonaute-2 (AGO2) into 

the RNA-induced silencing complex (RISC) in order to degrade vRNA (33). Recently, it was reported 

that replication of the picornavirus EMCV was enhanced in mammalian somatic cells that lacked 

AGO2 (34). To investigate whether the delay in CVB3 3A-H57Y replication in the presence of PI4KB 

inhibitor is due to triggering of antiviral RNAi, we studied its replication kinetics in HeLa and 

HEK293T cells that lacked AGO2. Similar to our findings in MAVS and PKR knockout cell lines, the 

delay in replication under PI4KB inhibition was not alleviated in cells lacking AGO2 (Fig. 6D, S5B). 

Altogether, these data suggest that the delay in CVB3 3A-H57Y replication under PI4KB inhibition 
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is not caused by premature triggering of innate antiviral responses as result of impaired RO 

biogenesis.
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E X P E R I M E N TA L  P RO C E D U R E S

Replication-independent system. HuH-7/T7 cells were seeded in 24-well plates containing 

glass coverslips. The next day, the cells were lipofectamine transfected with CVB3 cDNA rendered 

replication-deficient through modifications to the cloverleaf structure in the 5’ untranslated region 

(UTR) of the viral genome (25). One hour later, the medium was replaced with fresh medium. At 

indicated hours post-transfection, cells were washed and either fixed for immunofluorescence or 

lysed for Western Blot analysis. 

Live cell imaging. BGM(GFPS1-10) cells were grown in glass-bottom 4-chamber 35-mm dishes 

(CELLviewTM) to ~35% confluency and transduced with MLV mCherry-GM130 particles described 

before (see (22)). Infection with CVB3 3A-H57Y(S11) was carried out 18-24 hours later. Prior to 

imaging cells were washed with Fluorobrite medium (Thermo Fisher Scientific) supplemented with 

8% fetal calf serum (FCS) and 25 mM HEPES. Cells were maintained in a live-cell imaging chamber 

at 37°C and 5% CO2. Imaging was carried out from ~2.5 (hpi) using a Leica SP5 confocal microscope. 

Positions of interest (xyz) were marked and imaged sequentially at 5 minute intervals.

High-pressure freezing and freeze substitution. BGM cells were grown on sapphire discs and 

infected with CVB3 or CVB3 3A-H57Y and refreshed at 1 hpi with medium supplemented with 25 

mM HEPES buffer with or without 1 µm BF738735. Cells were high-pressure frozen using a Leica EM 

PACT2 at different time points post infection. The instruments and procedures used for freeze-

substitution, epoxy resin infiltration and polymerisation were identical to those described in (5). 

Sections of 70 nm were then prepared for electron microscopy and post-stained with uranyl 
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acetate and lead citrate. 

Correlative light and electron microscopy (CLEM) preparation. BGM (GFPS1-10) cells were 

cultured in gridded 8-well chamber µ-slides (Ibidi) ahead of infection with CVB3 3A-H57Y(S11). Just 

prior to imaging cells were treated with 100 nM Mitotracker® Deep Red FM for 30 minutes. Live-

cell imaging was carried out to monitor the levels of 3A-H57Y-GFP. High resolution (1024x1024) 

z-stacks were collected of cells of interest just prior to fixation. To aid in the relocation of these 

cells for CLEM, tile scan overviews were taken and the positions of cells relative to nearby grid co-

ordinates were recorded. Following imaging by live-cell light microscopy (LM), cells were prepared 

for electron microscopy as described previously (see (22)). EM images were collected of cells 

previously identified by LM. The EM and LM data for each cell were overlaid using the Mitotracker® 

Deep Red FM signal (LM images) and corresponding mitochondria (EM images) as a guide for 

image transformation.

Metabolic labelling and autoradiography. A subconfluent layer of BGM cells was grown in 35 

mm dishes (Corning) and infected with CVB3 or CVB3 3A-H57Y at MOI 5. Cells were incubated 

with dactinomycin for 1 hour prior to a 45-minute labelling with tritiated uridine ([5-3H], 1 mCi/ml) 

(Perkin Elmer). Cells were processed for EM as described in (22). Sections of 50 nm were collected 

and post stained with lead citrate and uranyl acetate, then prepared for autoradiography (as 

described in (51)). 

Electron microscopy. Images were collected on an FEI Tecnai12 BioTWIN or TWIN electron 

microscope at 120 kV using an Eagle 4k slow-scan CCD camera (FEI) or OneView 4k high frame-rate 

camera (Gatan) respectively. For the collection of larger EM datasets, meshes of overlapping areas 

across the grid were taken that were later stitched into a single composite image (as described in 

(52)).
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S U P P L E M E N TA L  E X P E R I M E N TA L  P RO C E D U R E S

Cells. BGM, BGM(GFPS1-10) stably expressing GFP(S1-10) (described in (1)), HeLa R19, HEK293T, 

U2OS, and HuH-7-Lunet T7-BLR (HuH-7/T7) cells, and a cell pool stably expressing T7 RNA 

polymerase and blasticidin S-deaminase generously provided by R. Bartenschlager (University of 

Heidelberg, Heidelberg, Germany) ((2)), were maintained in Dulbecco’s modified Eagle’s medium 

(Gibco) supplemented with 10% fetal calf serum, penicillin, and streptomycin, and grown at 37°C 

in 5% CO2. The culture medium for HuH-77/T7 cells contained 10 µg/ml blasticidine, while that of 

BGM(GFPS1-10) cells contained 30 µg/ml puromycin. 

Knock-out cells. HeLa PKR-/- cells have been described before (see (3)). U2OS PKR-/- were 

generated using the pCRISPR-hCas9-2xgRNA-Puro plasmid ((4)) with the same gRNAs as 

used for the HeLa PKR-/- cells, which target the kinase domain of PKR. To target human Ago2, 

gRNA encoding oligonucleotides cassettes (gRNA1: 5’-ACCGACCGCGTCTGCAATGTGACC-3’ 

and 5’-AACGGTCACATTGCAGACGCGGTC-3’, gRNA2: 5’-ACCGCCCATGTTTACAAGTCGGAC-3’ 

and 5’-AACGTCCGACTTGTAAACATGGGC-3’) were cloned into the SapI restriction sites of the 

pCRISPR-hCas9-2xgRNA-Puro plasmid. HEK293T Ago2-/- cells were kindly provided by K.W. 

Mulder (Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands) and have 

been described previously (see (5)). To generate HeLa MAVS-/- and U2OS MAVS-/-, cells were co-

transfected with two plasmids containing gRNA1 5’- GAATACCCTTCAGCGGCGGCC-3’ and gRNA2 

5’-GCTGTGAGCTAGTTGATCTCG-3’. Single-cell clones were generated using end-point dilutions. 

The knock-out was verified by sequence analysis of the genomic DNA and by Western Blot analysis 

(Fig. S7; HeLa Ago2-/- will be shown elsewhere by RPvR). 

Viruses. Coxsackievirus B3 (CVB3) WT was obtained by transfecting in vitro-transcribed RNA 

derived from the p53CB3/T7 plasmid, which contains the cDNA of CVB3 strain Nancy driven by a T7 

RNA polymerase promoter. The 3A-H57Y substitution was introduced in the cDNA clones of CVB3, 

Rluc-CVB3 and EGFP-CVB3 encoding Renilla luciferase or EGFP upstream of P1 ((6)), or the split-GFP-

tagged CVB3 ((1)) using standard DNA cloning techniques. Virus titers were determined by end-
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point titration analysis and expressed as 50% cell culture infectious dose (CCID50). A Mengovirus 

which lost its IFN-suppressing activities due to substitutions in the Zn-finger domain of the leader 

protein (Mengo Zn) has been described previously (see (7)). Virus titers were determined by end-

point titration analysis and expressed as 50% cell culture infectious dose (CCID50).

Reagents. BF738735 (2-fluoro-4-(2-methyl-8-(3-(methylsulfonyl)benzylamino)imidazo[1,2-a]

pyrazin-3-yl)phenol) ((8), (9)) was provided by Galapagos NV, used at a working concentration 

of 1 µM and added in all the experiments 1 hour after infection or mock-infection. Guanidine 

Hydrochloride (GuHCl) and GW5074 were  purchased from Sigma and used at a working 

concentration of 30 µM and 2 mM respectively. Enviroxime has been previously described ((10)) 

and used at a concentration of 0.5 µg/ml (1.4 µM). PIK93 was provided by Dr K Shokat (University of 

California San Francisco, San Francisco, California, USA) and used at a concentration of 1 µM.

Antibodies. The rabbit antiserum and the mouse monoclonal antibody directed against the non-

structural protein 3A were described previously (see (11), (12)). Rabbit antiserum against CVB3 3D 

was generously provided by C.E. Cameron (Pennsylvania State University, USA). Primary mouse 

monoclonal antibodies included anti-β-actin (Sigma Aldrich), anti-GM130 (BD Biosciences), anti-

dsRNA J2 (English & Scientific Consulting), and anti-PKR (Santa-Cruz). Primary rabbit polyclonal 

antibodies included anti-PI4KB (Millipore), anti-TGN46 (Novus Biologicals), anti-phospho-PKR 

(Abcam), and anti-MAVS (Cardif, Enzo Life Sciences). Alexa Fluor 594-conjugated goat-anti-

rabbit IgG and Alexa Fluor 488-conjugated goat-anti-mouse IgG (Molecular Probes) were used as 

secondary antibodies for immunofluorescence microscopy. For Western Blot analysis, secondary 

antibody detection included IRDye goat anti-mouse or goat anti-rabbit (LI-COR).

Quantitative PCR. RNA was isolated from infected cells using a Nucleospin RNA kit (Machery-

Nagel). cDNA was synthesized using random hexamers as primers with a TaqMan reverse 

transcription reagents kit (Roche). The cDNA was used for quantitative PCR with the forward 

primer 5’-CGTGGGGCTACAATCAAGTT-3’, the reverse primer 5’-TAACAGGAGCTTTGGGCATC-3’, 

and the LightCycler 480 SYBR Green I master kit (Roche) for 45 cycles (5 s at 95°C, 10 s at 60°C, and 

20 s at 72°C) on a LightCycler 480 (Roche). Obtained Ct values were expressed as fold increase with 

the value at t = 2 h set as 1.

Flow cytometry. BGM cells were seeded in 24-well plates and infected with EGFP-CVB3 3A-H57Y 

the next day at different MOIs. Cells were released using trypsin, washed once in phosphate 

buffered saline (PBS), and fixed with 1% paraformaldehyde (PFA) in PBS. Cells were analyzed on 

FACS Canto (BD) using BD FACS Diva software.

Western Blot analysis. Virus-infected cells were collected in lysis buffer (50 mM TrisHCl pH 7.4, 150 

mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.05% SDS) and heated for 5 min at 95°C after addition of 

Laemmli sample buffer. Samples were run on polyacrylamide gels and transferred to a nitrocellulose 

membrane (Bio-Rad), which following blocking was incubated with primary antibodies overnight 

at 4˚C and secondary antibodies for 1 h at room temperature. Images of blots were acquired with 

Odyssey Imaging System (LI-COR).

Immunofluorescence microscopy. BGM cells grown on coverslips were infected with CVB3 WT 

or CVB3 3A-H57Y for 30-60 minutes, after which the inoculum was removed and fresh medium 

was added. At indicated time points post-infection, cells were fixed with paraformaldehyde 

and permeabilized with PBS containing 0.1% Triton X-100. Cells were then stained with primary 

and secondary antibodies and a nuclear stain (DAPI or Hoechst 33342). Wide-field imaging was 
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performed using either an Olympus BX60 or Leica DM5500 fluorescent microscope, and confocal 

imaging was performed with a Leica SpeII confocal microscope.

Replication-independent system. HuH-7/T7 cells were seeded in 24-well plates containing 

glass coverslips. The next day, the cells were transfected with cDNA of CVB3 rendered replication-

deficient through modifications to the cloverleaf structure in the 5’ untranslated region (UTR) 

of the viral genome ((4)) using Lipofectamine 2000 (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. One hour later, the medium was replaced with fresh medium. At indicated 

hours post-transfection, cells were washed and either fixed for immunofluorescence or lysed for 

Western Blot analysis.

Live cell imaging. BGM(GFPS1-10) cells were grown in glass-bottom 4-chamber 35-mm dishes 

(CELLviewTM) to ~35% confluency and transduced with MLV mCherry-GM130 particles described 

before ((1)). Infection with CVB3 3A-H57Y(S11) was carried out 18-24 hours later. In samples to be 

studied under PI4KB inhibition, infections were maintained in medium containing 1 µm BF735738 

from 1 hpi and for the duration of imaging. Prior to imaging cells were washed with Fluorobrite 

medium (Thermo Fisher Scientific) supplemented with 8% fetal calf serum (FCS) and 25 mM HEPES. 

Imaging was carried out from ~2.5 (hpi) using a Leica SP5 confocal microscope equipped with a HyD 

detector and a 63x (1.4 NA) oil immersion objective, with the confocal pinhole adjusted to 1 airy unit 

for GFP emission (95.56 µm pinhole). Cells were maintained in a live-cell imaging chamber at 37°C 

and 5% CO2. Positions of interest (xyz) were marked and imaged sequentially at 5 minute intervals. 

Live-cell imaging data were processed in ImageJ and aligned using the StackReg plugin.

High-pressure freezing and freeze substitution. BGM cells were grown on sapphire discs and 

infected with CVB3 or CVB3 3A-H57Y and refreshed at 1 hpi with medium supplemented with 25 mM 

HEPES buffer. Cells were high-pressure frozen using a Leica EM PACT2 at different time points post 

infection. The instruments and procedures used for freeze-substitution, epoxy resin infiltration 

and polymerisation were identical to those described in (13). Briefly, samples were maintained in 

a Leica AFS2 at -90°C for 44h in a freeze substitution medium containing 10% H20, 2% osmium 

tetroxide and 1% anhydrous glutaraldehyde. The temperature was then raised to 0°C over a period 

of 22 hours through a series of controlled warming phases. Samples were washed with acetone, 

infiltrated with epoxy resin LX-112 (Ladd Research) and polymerised at 60°C. Sections of 70 nm were 

then prepared for electron microscopy and post-stained with uranyl acetate and lead citrate. 

Correlative light and electron microscopy (CLEM). BGM(GFPS1-10) cells were cultured in 

gridded 8-well chamber µ-slides (Ibidi) ahead of infection with CVB3 3A-H57Y(S11). Cells were 

maintained in 1 µm BF735738 from 1 hpi in all incubation steps and for the duration of imaging. Just 

prior to imaging cells were treated with 100 nM Mitotracker® Deep Red FM for 30 minutes, then 

washed several times in Fluorobrite medium supplemented with 8% FCS and 25 mM HEPES. Images 

were collected using a Leica SP8 confocal microscope equipped with a HyD detector and using 

a 63x (1.4 NA) oil immersion objective, while cells were maintained in a live-cell chamber at 37°C 

and 5% CO2. High resolution (1024x1024) z-stacks were collected of cells of interest. To aid in the 

relocation of these cells for CLEM, tile scan ((14)) overviews were taken and the positions of cells 

relative to nearby grid co-ordinates were recorded. Following imaging by live-cell light microscopy 

(LM), cells were prepared for electron microscopy as described in (1). EM images were collected 

of cells previously identified by LM. To assess the correlation the EM and LM data for each cell 

were overlaid (Adobe Photoshop CS6) using the Mitotracker® Deep Red FM signal (LM images) and 
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corresponding mitochondria (EM images) as a guide for image transformation.

Metabolic labelling and autoradiography. Subconfluent layers of BGM cells were grown in 35 

mm dishes (Corning) and infected with CVB3 3A-H57Y at MOI 5 for 1 hour, after which time the 

incubation medium was replaced with fresh culture medium. Cells were incubated with 10 µg/

ml dactinomycin for 1 hour prior to a 45-minute labelling with tritiated uridine ([5-3H], 1 mCi/ml) 

(Perkin Elmer), after which cells were washed several times to remove unincorporated label and 

fixed for 1 hour in 1.5% glutaraldehyde in 0.1M cacodylate buffer.. Control samples consisting of 

uninfected BGM cells pre-treated with dactinomycin and incubated with tritiated uridine were 

also prepared. Cells were then post-fixed with 1% osmium tetroxide for 1 hour in 0.1M cacodylate 

buffer followed by a 30 minute incubation with 1% tannic acid in 0.1M cacodylate buffer, after which 

they were dehydrated in ethanol and infiltrated and embedded in LX 112 resin (Ladd Research 

Industries) before polymerisation at 60°C. Sections of 50 nm were collected on formvar-coated 

EM grids and post stained with lead citrate and uranyl acetate, then prepared for autoradiography. 

For the addition of the layer of photographic emulsion (ILFORD L4), grids were first attached to 

microscope slides by gently pressing the grid edge against a line of double sided sticky tape applied 

down the length of the slide, taking care to avoid contact between the tape and the formvar layer. A 

layer of carbon (~12 nm thick) was then evaporated onto the grids to prevent any direct interaction 

between the stained epon sections and photographic emulsion, which was subsequently placed on 

the grids with the help of a wire loop. Samples were developed for autoradiography as described 

in (15).
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S U P P L E M E N TA L  F I G U R E S

 

Figure S1. The morphologies of WT CVB3 and CVB3 3A-H57Y ROs in BGM cells are indistinguishable.  BF738735 
treatment  does not affect Golgi apparatus architecture. A) BGM cells infected with WT CVB3 and prepared for EM 
by HPF-FS reveal typical enterovirus ROs, including single-membrane tubules, DMVs and multilamellar vesicles (left 
to right). B, C). BGM cells either untreated (B) or treated with BF738735 for 7 hours (C) were fixed for EM analysis. 
Representative images are shown illustrating that the morphology of the Golgi apparatus was unaffected by 
treatment. Scale bars, 200 nm (A) or 1 µm (B, C).
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Figure S2. Replication kinetics of CVB3 3A-H57Y differ in the presence or absence of PI4KB inhibitor. A, B) 
Growth curve analysis. BGM cells were infected with CVB3 WT (A) or CVB3 3A-H57Y (B) and treated with compounds 
where specified. At the indicated time points, cells were either lysed to determine the intracellular level of viral 
RNA with quantitative RT-PCR (left graphs), or frozen to titrate the total amount of infectious virus produced (right 
graphs). Results are expressed as fold increase relative to the quantities at 2 hpi. C) Flow cytometry analysis. BGM cells 
were infected with EGFP-CVB3 3A-H57Y at different MOIs in the presence or absence of BF738735. At the indicated 
time points, cells were collected and fixed for flow cytometry analysis to determine the percentage of EGFP-positive 
cells (left graph) and the mean fluorescence intensity of the EGFP-positive cells (right graph) as an indicator of the 
level of viral proteins produced. Values represent mean values of triplicates ± standard error of the means.
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Figure S3. PI4P accumulation 
is not detected in cells 
infected with CVB3 3A-H57Y 
in the presence of PI4KB 
inhibitor. BGM cells were 
infected with CVB3 3A-H57Y 
at MOI 10 and treated with 
BF738735 where indicated. At 
the specified time points, cells 
were fixed and labelled with 
antibodies against 3A (green) 
or PI4P (red) alongside a nuclear 
stain (blue). Confocal images 
were acquired with a Leica 
SpeII confocal microscope. 
Without inhibitor, the level of 
PI4P signal was considerably 
elevated (saturated relative to 
background) in infected cells. 
In the presence of inhibitor no 
increase in PI4P was detected in 
infected cells, even at late time 
points (9 hpi). Scale bars, 10 µm

Figure S4. Viral protein production by the replication-independent expression system is not affected by 
PI4KB inhibition. HuH-7/T7 cells were mock-transfected or transfected with CVB3 3A-H57Y cDNA, which is under 
the control of a T7 promoter sequence and rendered replication-incompetent by altering the 5’UTR of the genome. 
cDNA used in (A) additionally encoded Renilla luciferase upstream of the P1 region as a sensitive measure for viral 
protein production. Cells were treated with BF738735 where indicated. A) At 6 h post transfection, cells were lysed 
to determine the intracellular luciferase amount. Guanidine Hydrochloride (GuHCl) (2 mM) was used as a positive 
control for protein production independent of viral RNA synthesis. Values represent mean values of triplicates ± 
standard error of the means. B) At 7 h post-transfection, cells were lysed and subjected to Western Blot analysis using 
an antibody against 3D. A lysate of CVB3-infected cells was used as a positive control. Marker bands of the indicated 
size (in kDa) are indicated.

BA
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Figure S5. Innate 
antiviral responses 
during CVB3 3A-H57Y 
infection. U2OS or 
HEK293T cells (KO 
for PKR, MAVS and 
AGO where indicated) 
were infected with 
CVB3-Rluc 3A-H57Y at 
MOI 0.01. Following 
infection, the inoculum 
was removed and 
fresh medium with 
or without BF738735 
inhibitor was added 
to the cells. Cells were 
lysed to determine the 
intracellular amounts 
of luciferase as a 
measure of genome 
replication. Values 
represent mean values 
of triplicates ± standard 
error of the means.

Figure S6. Generation of 
MAVS-/- and PKR-/- cells 
using the CRISPR-Cas9 
system.
Single-cell clones of 
HeLa or U2OS cells were 
characterized by isolation 
of genomic DNA and PCR 
with gene-specific primers 
for PKR or MAVS, followed 
by sequence analysis (upper 
panels). All alleles contain a 
deletion resulting in a frame-
shift event and a premature 
stop codon. The knock-out 
was confirmed by Western 
blot analysis of cell lysates 
(lower panels; marker bands 
of the indicated size in kDa 
are indicated on the left). 
U2OS MAVS-/- cells were 
only analysed by Western 
blot.
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