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RNA viruses can rapidly mutate and acquire resistance to drugs that directly target viral enzymes, which poses se-
rious problems in a clinical context. Therefore, there is a growing interest in the development of antiviral drugs that 
target host factors critical for viral replication, since they are unlikely to mutate in response to therapy. We recently 
demonstrated that phosphatidylinositol-4-kinase IIIβ (PI4KIIIβ) and its product phosphatidylinositol-4-phosphate 
(PI4P) are essential for replication of enteroviruses, a group of medically important RNA viruses including poliovirus 
(PV), coxsackievirus, rhinovirus, and enterovirus 71. Here, we show that enviroxime and GW5074 decreased PI4P 
levels at the Golgi complex by directly inhibiting PI4KIIIβ. Coxsackievirus mutants resistant to these inhibitors har-
bor single point mutations in the non-structural protein 3A. These 3A mutations did not confer compound-resistance 
by restoring the activity of PI4KIIIβ in the presence of the compounds. Instead, replication of the mutant viruses no 
longer depended on PI4KIIIβ, since their replication was insensitive to siRNA-mediated depletion of PI4KIIIβ. The 
mutant viruses also did not rely on other isoforms of PI4K. Consistently, no high level of PI4P could be detected at 
the replication sites induced by the mutant viruses in the presence of the compounds. Collectively, these findings in-
dicate that through specific single point mutations in 3A, CVB3 can bypass an essential host factor and lipid for its 
propagation, which is a new example of RNA viruses acquiring resistance against antiviral compounds, even when 
they directly target host factors.
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Introduction

The genus Enterovirus belongs to the family of Pi-
cornaviridae, a group of non-enveloped positive-strand 

RNA viruses that includes many important human and 
animal pathogens. Examples of well-known enterovi-
ruses are poliovirus (PV), the causative agent of paralytic 
poliomyelitis, and the human rhinoviruses (HRV), which 
can cause respiratory tract illnesses and exacerbations 
of asthma and chronic obstructive pulmonary disease 
(COPD) [1, 2]. Other clinically important members are 
echoviruses and coxsackieviruses, which can cause acute 
clinical manifestations ranging from mild febrile illness 
to more severe conditions including fulminant sepsis 
in neonates, meningo-encephalitis, and pancreatitis [3]. 



www.cell-research.com | Cell Research

Hilde M van der Schaar et al.
1577

npg

Furthermore, coxsackieviruses have also been associated 
with chronic diseases, such as chronic myocarditis and 
type 1 diabetes [4]. Another significant member of the 
Enterovirus genus is enterovirus 71 (EV71), which has 
caused large outbreaks in South East Asia in recent years. 
Infection with EV71 can result in hand-foot-and-mouth 
disease, but patients – especially children under 5 years 
of age – in severe cases develop a potentially fatal cen-
tral nervous system disease [5]. Currently, there are no 
approved antiviral drugs to treat enterovirus infections. 
Vaccines are only available against PV, yet the WHO 
campaign for eradication of poliomyelitis is encounter-
ing major problems due to the continuous emergence of 
pathogenic vaccine-derived revertants or recombinants. 
Development of vaccines against the other enteroviruses 
is essentially impossible given the large number of (sero)
types, exemplified by 150 rhinoviruses, 30 coxsackievi-
ruses, and 30 echoviruses. Thus, there is an urgent need 
for new tools, such as antiviral drugs, to combat entero-
virus infections. 

The enterovirus genome encodes four capsid proteins 
(VP1 through VP4) that facilitate cellular entry and de-
livery of the viral genome into the cytosol of the host 
cell, while the seven non-structural proteins (2Apro, 2B, 
2C, 3A, 3B, 3Cpro, and 3Dpol) mediate viral RNA replica-
tion [6]. The search for inhibitors of virus replication has 
resulted in the identification of various compounds that 
affect the specific stages of the viral life cycle. One of 
these is enviroxime, a compound already discovered in 
the late 1970s that inhibits initiation of positive-strand 
RNA synthesis of PV, HRV, and coxsackievirus B3 
(CVB3) [7-9]. Enviroxime-resistant enteroviruses were 
subsequently isolated in an attempt to identify the target 
of the compound. Enviroxime-resistant PV, HRV, and 
CVB3 were all found to carry mutations in 3A, but the 
resistance mechanism has remained elusive [7, 8, 10]. 
Remarkably, PV mutants that are resistant to GW5074, 
a kinase inhibitor that inhibits PV RNA replication, 
were found to contain the same amino acid alteration as 
mutants resistant to enviroxime [11]. Intriguingly, we 
recently identified TTP-8307 as another inhibitor of en-
terovirus replication and found that TTP-8307-resistant 
CVB3 contained other mutations in 3A (i.e., V45A and 
H57Y) that also conferred resistance to enviroxime [12]. 

The enterovirus 3A protein is a small protein that has 
intrinsic membrane-targeting properties due to a hydro-
phobic domain in its C-terminus. One of the precursor 
proteins present during replication is 3AB, of which the 
presumed function is to provide the primer (3B) for viral 
RNA synthesis during infection [13, 14]. Additionally, 

the 3A protein of PV and CVB3 has the ability to per-
turb the cellular secretory pathway. Under physiological 
conditions, Arf1, a small GTPase that is activated by the 
guanine nucleotide exchange factor (GEF) GBF1, is the 
master regulator of membrane trafficking through the 
early secretory pathway. Activated Arf1 is responsible 
for the recruitment of the COP-I complex, a coatomer 
protein complex that induces membrane curvature and 
initiates budding of transport vesicles [15-17]. When 
expressed in isolation, 3A disrupts ER-to-Golgi transport 
by blocking the formation of COP-I coat complexes on 
membranes [18-21]. The 3A protein most likely exerts 
this effect by directly interacting with GBF1 [22, 23]. 

The 3A proteins of PV and CVB3 are also responsible 
for recruiting phosphatidylinositol-4-kinase type III β 
(PI4KIIIβ), a critical host factor for viral RNA replica-
tion, to the sites of RNA replication [20]. PI4KIIIβ, 
another downstream effector of Arf1, catalyzes the syn-
thesis of phosphatidylinositol-4-phosphate (PI4P) lipids 
in Golgi membranes. These PI4P lipids are not only pre-
cursors for the classical inositol cycle important for Ca2+ 
signaling cascades, but have recently also been shown 
to carry out other functions [24-26], such as aiding bio-
genesis and fusion of transport vesicles in the secretory 
pathway [27, 28]. In enterovirus-infected cells, PI4KIIIβ 
is actively recruited to the replication sites to create a mi-
croenvironment rich in PI4P lipids. The purpose of this 
environment may be to attract the RNA-dependent RNA 
polymerase 3Dpol to the replication complex, since 3Dpol 
specifically binds PI4P over other cellular lipids in vitro 
[20].

In this study, we show that our previously identified 
enviroxime-resistance mutations in CVB3 3A (i.e., V45A 
and H57Y) conferred cross-resistance to GW5074 and 
PIK93, an inhibitor of PI4KIIIβ. Using a genetically 
encoded PI4P sensor, we furthermore demonstrate that 
enviroxime and GW5074 strongly reduced the amount of 
PI4P lipids at the Golgi complex by inhibiting PI4KIIIβ. 
Next, we set out to investigate how the mutations in 3A 
provided resistance against these PI4KIIIβ inhibitors. The 
mutations in 3A did not restore the activity of PI4KIIIβ 
in the presence of the compounds. Instead, replication of 
the mutant viruses no longer depended on PI4KIIIβ, nor 
on any other PI4K isoform, as demonstrated by their effi-
cient replication in cells depleted of these kinases by siR-
NA-treatment. Finally, we provide evidence that, unlike 
wild-type (wt) virus, the mutant viruses no longer created 
a PI4P-rich microenvironment that supports replication. 
Collectively, our data indicate that CVB3 can bypass an 
essential host factor for its propagation by a single point 
mutation in the 3A protein.
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Results

Cross-resistance of CVB3 3A mutants to enviroxime, 
GW5074, and PIK93

To identify novel inhibitors of CVB3 replication, 
we screened the Screen-Well Kinase Inhibitor Library, 
which contains 80 kinase inhibitors. The strongest inhibi-
tor was GW5074, which reduced CVB3 replication by 
~95% (data not shown). GW5074 has previously also 
been reported to inhibit PV and EV71 replication [29]. 
Interestingly, PV mutants resistant against GW5074 con-
tained the same point mutation (i.e., mutation A70T in 
the hydrophobic domain of 3A) as mutants resistant to 
enviroxime [11]. This finding prompted us to test wheth-
er our previously identified enviroxime-resistance muta-
tions in CVB3 3A (i.e., mutations V45A and H57Y in the 
cytosolic domain of 3A) also provided cross-resistance 
to GW5074 [12]. To this end, we infected cells with ei-
ther wild-type (wt) CVB3 or mutants carrying mutations 
3A-V45A or 3A-H57Y for 30 min. After removal of the 
virus, the different compounds were added to the cells. 
At 8 h post-infection (p.i.), when the enterovirus life 
cycle is (nearly) complete, the cells were frozen to re-
lease the intracellular virus into the culture medium, after 
which the virus titer was determined by endpoint titra-
tion. Replication of wt virus was inhibited by enviroxime 
and GW5074 by 3 to 4 logs (Figure 1A). The inhibitory 
effect of the compounds was not due to cytotoxicity as 
determined by a cell viability assay (Figure 1C). Both 
3A-V45A and 3A-H57Y mutations significantly restored 
the ability of the virus to replicate in the presence of the 
compounds (Figure 1A).

Recently, we identified PI4KIIIβ as a host factor es-
sential for enterovirus replication and showed that 3A 
recruits this host factor to the replication sites [20]. Since 
GW5074 is a kinase inhibitor and the resistant viruses 
harbor mutations in the 3A protein, we speculated that 
the target of GW5074 and enviroxime could be PI4KIIIβ. 
To study this possibility, we tested whether our 3A mu-
tants were also cross-resistant to PIK93, a well-known 
and commonly used inhibitor of PI4KIIIβ that can also 
inhibit PI4KIIIα but with a significantly decreased poten-
cy [30, 31]. Figure 1A shows that treatment with PIK93 
inhibited replication of wt CVB3 by more than 1 log. 
Consistent with our speculation, the mutants could rep-
licate significantly better than wt CVB3 in the presence 
of PIK93. While this work was in progress, a similar ob-
servation was made with the enviroxime- and GW5074-
resistant PV A70T mutant [7, 11], which was also found 
to provide protection against PIK93 [32]. 

Resistance of the mutants against the compounds was 
also observed upon transfection of RNA transcribed from 

Figure 1 CVB3 3A mutants are resistant to enviroxime, 
GW5074, and PI4KIIIβ inhibitor PIK93. (A, B) BGM cells were 
infected with CVB3 wt, CVB3 3A-V45A, or CVB3 3A-H57Y (A) 
or transfected with the corresponding RNA transcripts of full 
length infectious CVB3 clones (B). Immediately after infection or 
transfection, enviroxime, GW5074, or PIK93 were added to the 
cells. After 8 h, cells were lysed by freeze-thawing to release in-
tracellular virus particles and the total virus titer was determined 
by endpoint titration. (C) BGM or HeLa cells were incubated 
with the indicated compounds for 8 h using DMSO as a nega-
tive control. Subsequently, the cytoxicity of the compounds was 
determined in a cell viability assay. The percentage was set to 
100% for DMSO-treated cells. Bars represent mean of three 
samples ± SD. Significant differences compared to wt virus are 
indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. nd = 
not detectable.
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infectious cDNA clones, followed by endpoint titration 
analysis of the produced virus (Figure 1B). This result 
demonstrates that the compounds do not affect cell en-
try or uncoating of the virus. Furthermore, this finding 
shows that only the mutations in 3A are responsible for 
the resistance against the compounds.

To demonstrate that our 3A mutations rescued virus 
replication at the step of viral RNA synthesis, we utilized 
CVB3-Rluc, a genetically engineered virus that contains 
Renilla luciferase upstream of the capsid coding region. 
Infection of cells with CVB3-Rluc virus yields, besides 
viral proteins, a large amount of Renilla luciferase, which 
serves as a sensitive measure for viral RNA replication. 
We treated cells with the compounds after infection with 
wt or mutant CVB3-Rluc and quantified the intracellular 
amount of luciferase at various time points p.i. in order to 
obtain a detailed insight into the RNA replication kinet-
ics (Figure 2). In the absence of compounds, all viruses 
(i.e., wt and mutants) replicate with similar kinetics in a 
single cycle (Figure 2A), which is in line with the finding 
that the mutant viruses induced plaque phenotypes simi-
lar to that of wt virus [12]. Guanidine HCl, a well-known 
enterovirus inhibitor that blocks viral RNA replication, 
completely abolished replication of both wt and mutant 
viruses (Figure 2B). In line with the results of Figure 1, 
replication of wt CVB3-Rluc was also strongly impaired 
by the other compounds, whereas the mutant viruses rep-
licated relatively efficiently, albeit with some delay (Fig-
ure 2B). Collectively, these results demonstrate that the 
mutations V45A and H57Y in 3A enable the virus to rep-
licate its RNA in the presence of enviroxime, GW5074, 
and PIK93. 

GW5074 and enviroxime decrease PI4P levels on the 
Golgi complex

The cross-resistance of the 3A mutations to enviroxi-
me, GW5074, and the PI4KIIIβ inhibitor PIK93 suggest-
ed that enviroxime and GW5074 also target PI4KIIIβ. 
Recently, it was demonstrated that GW5074 inhibited 
PI4KIIIβ directly in an in vitro kinase activity assay [32]. 
Here, we tested whether enviroxime is also capable of 
targeting PI4KIIIβ directly in vitro. Enviroxime exhibited 
a ~30-fold preference for PI4KIIIβ over PI4KIIIα and 
was the most potent inhibitor tested (Figure 3). GW5074 
inhibited PI4KIIIβ, but not PI4KIIIα, which is in line 
with previous results [32]. This result shows that envi-
roxime, similar to GW5074, targets PI4KIIIβ directly.

In addition, we evaluated whether enviroxime and 
GW5074 impair PI4KIIIβ activity in vivo by examin-
ing their effects on PI4KIIIβ-catalyzed PI4P synthesis in 
Golgi membranes. PI4P lipids can be detected in intact 
cells using a plasmid encoding the PI4P sensor FAPP1-

Figure 2 RNA replication of CVB3 3A mutants in the presence 
of enviroxime, GW5074, and PIK93. (A, B) HeLa cells were in-
fected with wt or mutant CVB3-Rluc for 30 min. Immediately af-
ter infection, Guanidine HCl (GuaHCl), enviroxime, GW5074, or 
PIK93 were added to the cells (B). Cells were lysed at different 
time points after infection to determine the intracellular Renilla 
luciferase activity.
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PH-GFP, a GFP-tagged pleckstrin-homology (PH) do-
main of FAPP1 (four-phosphate-adaptor protein 1). This 
PH domain contains a PI4P-binding pocket as well as an 
Arf1-binding site, which together induce localization of 
this PI4P sensor to the Golgi complex [33-36]. In mam-
malian cells, PI4P lipids present in the early secretory 
pathway can be produced by three of the four different 
isoforms of PI4K, namely PI4KIIα (localized to the Gol-
gi), PI4KIIIα (ER), and PI4KIIIβ (Golgi). PI4KIIβ does 
not localize to the early secretory pathway, but is situated 
on the plasma membrane and on endosomes [24, 25]. We 

first investigated which PI4K isoforms are involved in 
the Golgi-localization of FAPP1-PH-GFP in our cells. To 
this end, we transfected HeLa cells expressing FAPP1-
PH-GFP with siRNAs against PI4KIIα, PI4KIIIα, or 
PI4KIIIβ. In line with previous results in COS-7 cells 
[33], we observed that PI4KIIIβ is the major determinant 
of the Golgi-localization of the PI4P sensor (Supplemen-
tary information, Figure S1). Thus, FAPP1-PH-GFP can 
be used to measure the synthesis of PI4P lipids at the 
Golgi catalyzed by PI4KIIIβ.

Next, we tested the effects of the antiviral compounds 
on the localization of FAPP1-PH-GFP. One day after 
transfection with the FAPP1-PH-GFP plasmid, the cells 
were treated for 1 h with the compounds, after which 
they were fixed and stained for PI4KIIIβ. In untreated 
cells, FAPP1-PH-GFP was predominantly localized 
on the Golgi complex, as shown by the overlap with 
PI4KIIIβ (Figure 4A). Treatment with either enviroxime, 
GW5074, or PIK93, however resulted in a severe reduc-
tion in the amount of FAPP1-PH-GFP present on the 
Golgi membranes (Figure 4A). Although analysis of the 
FAPP1-PH-GFP fluorescence is not the most accurate 
approach to quantify the effect of the compounds on 
PI4P levels, we determined the amount of the PI4P sen-
sor present in the Golgi in multiple cells per condition. 
This quantification revealed that at the used concentra-
tions, enviroxime was consistently the most effective 
compound (Figure 4B).

Remarkably, all compounds also induced a significant 
increase in the intensity of the PI4KIIIβ staining on the 
Golgi membranes compared to untreated cells (Figure 
4A and 4B). This increase in PI4KIIIβ could in theory be 
the result of activation of upstream factors of PI4KIIIβ 
that determine its localization. Under physiological con-
ditions, PI4KIIIβ is recruited to the Golgi membranes by 
the small GTPase Arf1 [37]. The activation and conse-
quent membrane association of Arf1 in turn is stimulated 
by the ArfGEF GBF1 [38]. Therefore, we investigated 
whether the accumulation of PI4KIIIβ on Golgi mem-
branes was due to effects of the compounds on either 
GBF1 or Arf1 using an immunofluorescence assay. The 
localization as well as the amount of GBF1 and Arf1 on 
Golgi membranes was not altered after a 1-h treatment 
with the compounds (Figure 4C), indicating that it is 
unlikely that the compounds affect these upstream regu-
lators of PI4KIIIβ. Hence, the increase in PI4KIIIβ on 
the Golgi complex is most likely caused by an unknown 
compensatory mechanism, possibly involving phospho-
rylation of PI4KIIIβ, of the cell [39]. In conclusion, these 
results collectively suggest that both enviroxime and 
GW5074 diminish PI4P levels on the Golgi through inhi-
bition of PI4KIIIβ activity.

Figure 3 Enviroxime targets PI4KIIIβ directly. Recombinant 
PI4KIIIβ (A) or PI4KIIIα (B) was incubated with the substrate 
phosphatidylinositol in the form of Triton micelles and radioac-
tively labeled ATP. After termination of the enzyme reaction, the 
radioactive ATP incorporated into the micelles is quantified as a 
measure of PI4K activity. (C) Data were converted to percent-
age inhibition with respect to positive (wortmannin) and negative 
(DMSO) controls and also presented as IC50. n.a. = not appli-
cable. 
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Rescue of CVB3 replication in the presence of enviroxime 
by expression of a PIK93-resistant PI4KIIIβ

GW5074 targets a broad and not yet fully defined 
range of cellular kinases [40], which may also be the 
case for enviroxime. Therefore, targets other than 
PI4KIIIβ could contribute to the inhibitory effect of both 
compounds on enterovirus replication. To test whether 
PI4KIIIβ is the only (major) target of the compounds re-
sponsible for their antiviral activity, we conducted a “rep-
lication rescue assay” using a PI4KIIIβ mutant resistant 
to the PI4KIIIβ inhibitors wortmannin and PIK93 [30]. 
This PI4KIIIβ mutant contains a single mutation (Y583M) 
that weakens the binding of wortmannin and PIK93 in 
the ATP-binding pocket without affecting the catalytic 
activity of the kinase. Cells were transfected with either 
PI4KIIIβ-wt, PI4KIIIβ-Y583M, or as negative controls 
the kinase-dead PI4KIIIβ-D656A or EGFP. Two days 
post-transfection, the cells were infected with wt CVB3 
or CVB3-Rluc in the presence of the compounds. At 8 
h p.i., cells were lysed to determine either the total virus 
titer or the intracellular amount of luciferase. Similar ex-
pression levels of all PI4KIIIβ proteins were confirmed 
in parallel in an immunofluorescence assay (data not 
shown). Figure 5A shows that transfection of PI4KIIIβ-
wt rescued the replication of CVB3-Rluc in the presence 
of the compounds only to a marginal extent. As expected, 
EGFP and the kinase-dead PI4KIIIβ-D656A could not 
counter the effects of the compounds on CVB3 replica-
tion. The presence of PI4KIIIβ-Y583M however mark-
edly restored CVB3 replication in the presence of either 
PIK93 or enviroxime nearly to untreated levels.

The effects of GW5074 on the other hand were not 
countered by PI4KIIIβ-Y583M, for which the explana-
tion could be that the Y583M mutation does not provide 
resistance to GW5074. To test this possibility, we co-
transfected the plasmids encoding FAPP1-PH-GFP with 
either PI4KIIIβ-wt or PI4KIIIβ-Y583M and evaluated 
the effect of the compounds on the presence of the PI4P 
sensor on the Golgi. In cells expressing PI4KIIIβ-wt, all 
compounds strongly reduced the presence of the PI4P 
sensor on Golgi membranes (Figure 5B). Expression 
of PI4KIIIβ-Y583M however only restored the Golgi-
localization of the PI4P sensor for enviroxime and PIK93 
(Figure 5C). In line with the observation that PI4KIIIβ-
Y583M could not rescue CVB3 replication in the pres-
ence of GW5074, PI4KIIIβ-Y583M was not resistant to 
GW5074 as shown by the absence of FAPP1-PH-GFP 
on the Golgi (Figure 5C). Taken together, these data sug-
gest that PI4KIIIβ is the major target of enviroxime and 
PIK93 that is responsible for the inhibition of CVB3 rep-
lication.

Figure 4 Enviroxime and GW5074 decrease PI4P levels at the 
Golgi complex. (A) HeLa cells were transfected with a plasmid 
encoding the PI4P sensor FAPP1-PH-GFP. The next day, cells 
were treated for 1 h with the indicated compounds and stained 
with an antibody against PI4KIIIβ. (B) Quantification of the per-
centage of Golgi-localized FAPP1-PH-GFP and PI4KIIIβ, which 
was determined by dividing the fluorescence intensity of the 
Golgi-area by that of the area of the whole cell. The resulting 
percentage was set to 100% in untreated cells. Bars represent 
the mean of 10 cells from three different experiments ± SD. Sig-
nificant differences compared to untreated cells are indicated as 
follows: ***P < 0.001. (C) GBF1 and Arf1 were stained in HeLa 
cells treated for 1 h with the indicated compounds.
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Figure 5 Mutant PI4KIIIβ rescues the effect of enviroxime on CVB3 replication. (A) Replication rescue experiment. BGM cells 
were transfected with HA-tagged PI4KIIIβ-wt, PI4KIIIβ-Y583M, or as negative controls the kinase-dead PI4KIIIβ-D656A or 
EGFP. Two days post-transfection, cells were infected with CVB3 or CVB3-Rluc in the presence of the indicated compounds. 
After lysing the cells at 8 h p.i., the total virus titer or the amount of luciferase activity was determined in the samples. (B, C) 
HeLa cells were co-transfected with plasmids encoding FAPP1-PH-GFP and either HA-tagged PI4KIIIβ-wt (B) or PI4KIIIβ-
Y583M (C). The next day, cells were treated for 1 h with the indicated compounds. Subsequently, cells were fixed and the 
overexpressed PI4KIIIβ was stained using an antibody against HA. The percentage of Golgi-localized FAPP1-PH-GFP was 
determined by dividing the fluorescence intensity of the Golgi-area by that of the area of the whole cell. The resulting percent-
age was set to 100% in untreated cells. Bars represent the mean of 10 cells from three different experiments ± SD. Signifi-
cant differences compared to untreated cells are indicated as follows: **P < 0.01, ***P < 0.001.
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Mutations in 3A do not rescue the activity of PI4KIIIβ in 
the presence of enviroxime, GW5074, and PIK93

Next, we investigated how the mutations in 3A con-
fer resistance to enviroxime, GW5074, and PIK93. One 
could speculate that mutations in 3A could somehow res-

cue the activity of PI4KIIIβ in the presence of the com-
pounds. Another possible explanation for the resistant 
phenotype is that the mutants replicate independently 
of PI4KIIIβ. To test the first scenario, we studied the ef-
fect of the compounds on PI4P levels in cells expressing 

Figure 6 3A-H57Y does not counter the decrease in PI4P levels induced by enviroxime, GW5074, and PIK93. HeLa cells 
were co-transfected with plasmids encoding FAPP1-PH-GFP and myc-tagged wt 3A (A) or 3A-H57Y (B). One day after trans-
fection, cells were treated for 1 h with compounds. Subsequently, 3A and 3A-H57Y were stained with an anti-myc antibody. 
The FAPP1-PH-GFP to 3A fluorescence was quantified in 10 cells per condition and expressed as a ratio. Bars represent the 
mean ± SD. Significant differences compared to untreated cells are indicated as follows: ***P < 0.001.
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either wt or mutant 3A. To this end, we co-transfected 
cells with plasmids encoding FAPP1-PH-GFP together 
with wt or mutant 3A-myc, and one day later treated 
them for 1 h with the compounds. In untreated cells, wt 
3A was visible in a punctate pattern (Figure 6A), corre-
sponding to a localization to dispersed Golgi membranes, 
as previously described [20, 23]. 3A showed a great 
overlap with PI4P, as detected by FAPP1-PH-GFP. In 
cells treated with enviroxime, GW5074, or PIK93, little 
if any FAPP1-PH-GFP was present on 3A-containing 
membranes (Figure 6A), which indicates that wt 3A is 
unable to prevent or restore the compound-induced inhi-
bition of PI4KIIIβ activity. In cells expressing 3A-H57Y-
myc (Figure 6B) or 3A-V45A-myc (data not shown), 
treatment with the compounds also resulted in a nearly 
complete absence of FAPP1-PH-GFP on 3A-containing 
membranes. The reduction in PI4P levels is not due to an 
absence of PI4KIIIβ, which was recruited equally well 
by wt 3A, 3A-V45A (not shown), and 3A-H57Y in the 

presence of the compounds (Supplementary information, 
Figure S2). These results suggest that it is unlikely that 
the resistance mutations in 3A prevent or counter the ef-
fect of the compounds on PI4KIIIβ activity. 

CVB3 3A mutants replicate efficiently in cells depleted of 
PI4KIIIβ

Next, we investigated whether the mutants still require 
PI4KIIIβ for replication. To this end, we first investi-
gated whether the mutant viruses also recruit PI4KIIIβ 
to the sites of RNA replication as wt virus does. Cells 
were infected with either wt or mutant viruses carrying 
mutations V45A or H57Y, fixed at 5 h p.i., and stained 
for PI4KIIIβ and dsRNA, a generally accepted marker of 
viral replication sites. For all viruses, an intense staining 
of PI4KIIIβ was observed at the replication sites (Figure 
7A, CVB3 3A-V45A not shown), which demonstrates 
that all viruses induced an active recruitment of PI4KIIIβ 
to the replication sites. PI4KIIIβ was also present on 

Figure 7 Replication of CVB3 3A mutants is largely independent of PI4KIIIβ. (A) HeLa cells were infected with wt CVB3 or 
mutant CVB3 3A-H57Y. At 5 h p.i., cells were fixed and stained with antibodies against PI4KIIIβ and dsRNA as a marker for 
the sites of RNA replication. (B, C) HeLa cells were transfected with siRNAs against PI4KIIIβ (B), or PI4KIIα, PI4KIIβ, and 
PI4KIIIα (C) and scrambled siRNA as a negative control. Two days later, siRNA-treated cells were infected with wt virus, 3A-
V45A virus, or 3A-H57Y virus. Virus titers were determined at 8 h p.i. Bars represent mean of three samples ± SD, *P < 0.05. (D) 
In parallel, efficiency of the knock-down was determined by western blot analysis.
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the replication sites of mutant viruses induced in the 
presence of the compounds (data not shown), which is 
consistent with the observation that the compounds also 
did not alter the PI4KIIIβ recruitment in cells transfected 
with wt or mutant 3A (Supplementary information, Fig-
ure S2).

The presence of PI4KIIIβ on the replication sites in-
duced by the mutant viruses does not necessarily prove 
that this host factor is essential for their replication. We 
next investigated whether PI4KIIIβ is critical for rep-
lication of the mutant viruses by testing the ability of 
the mutants to replicate in cells depleted of PI4KIIIβ by 
siRNA-treatment. Cell viability assays showed that the 
knock-down was not toxic for the cells (Supplementary 
information, Figure S3). Western blot analysis of control- 
and siRNA-treated cells revealed a knock-down efficien-
cy of ~90-95% (Figure 7D). Consistently, IFA analysis 
showed that 5-10% of the cells were not transfected with 
siRNAs against PI4KIIIβ and, hence, showed normal 
expression levels of this protein (data not shown). These 
untransfected cells can still support CVB3 replication 
and thereby a maximal decrease in virus titer of 1 to 1.5 
log can be achieved. In agreement with this transfection 
efficiency, we observed that replication of wt CVB3 was 
reduced by ~1.2 log in PI4KIIIβ-depleted cells (Figure 
7B). Surprisingly, replication of both mutants was not 
affected upon knock-down of PI4KIIIβ, which demon-
strates that replication of the mutants is largely indepen-
dent of PI4KIIIβ.

Mutations in 3A render CVB3 replication independent of 
high levels of PI4P lipids

A possible strategy of cells and viruses to overcome 
inhibition of crucial factors is to switch to other isoforms 
that are functionally redundant. Hence, we investigated 
whether the mutant viruses utilized PI4K isoforms other 
than PI4KIIIβ for the production of PI4P. To this end, we 
tested whether replication of wt or mutant CVB3 was af-
fected by depletion of PI4KIIα, PI4KIIβ, or PI4KIIIα by 
siRNA-treatment. Knock-down of these proteins was ef-
ficient and not toxic for the cells (Figure 7D, Supplemen-
tary information, Figure S3 and S4). Figure 7C shows 
that replication of neither wt nor mutant viruses was af-
fected by knock-down of PI4KIIα, PI4KIIβ, or PI4KIIIα. 
This result furthermore suggests that the mutant viruses 
do not rely on high levels of PI4P for replication, since 
they do not require any isoform of PI4K. 

Next, we investigated whether the replication sites 
induced by the CVB3 mutants in the presence of the 
compounds indeed were devoid of PI4P lipids. Initially, 
we opted for transfection of cells with the plasmid en-
coding FAPP1-PH-GFP followed by virus infection 

and compound-treatment the next day. However, this 
method resulted in very low numbers of cells that were 
both transfected, as well as efficiently infected. There-
fore, we switched to an immunofluorescence assay for 

Figure 8 CVB3 3A mutants do not require a high level of PI4P 
lipids. HeLa cells were infected with CVB3 wt or CVB3 3A-
H57Y, after which the medium was replaced with (compound-
containing) medium. At 5 h p.i., cells were fixed and stained with 
antibodies against 3A and PI4P. The PI4P to 3A fluorescence 
was quantified in 10 cells per condition and expressed as a ra-
tio. Bars represent the mean ± SD. Significant differences com-
pared to untreated cells are indicated as follows: ***P < 0.001.
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intracellular staining of PI4P lipids using an antibody 
that specifically recognizes PI4P lipids. Cells were in-
fected with either wt or mutant viruses in the presence or 
absence of the compounds, fixed at 5 h p.i., and stained 
for 3A and PI4P. We did not detect expression of 3A in 
Guanidine HCl-treated cells (data not shown), indicat-
ing that virus replication is required to generate detect-
able amounts of 3A. Upon replication, both CVB3 wt 
and the 3A-V45A and -H57Y mutant viruses induced 
a dramatic increase in PI4P levels in the absence of the 
compounds (Figure 8, CVB3 3A-V45A not shown). No 
infected cells were detected for wt CVB3 in the presence 
of the compounds, since they inhibit replication (data not 
shown). Consistent with the results of Figures 1 and 2, 
replication of the mutant viruses was slightly delayed by 
the compounds, as shown here by the reduced amount 
of infected cells. Accordingly, the pattern of 3A was in 
some cells more typical for the early stage of replication, 
when the distribution of 3A is still restricted to the Golgi 
area [20]. Remarkably, the PI4P lipids appeared absent 
in cells infected with the mutant viruses in the presence 
of enviroxime and GW5074 (Figure 8). Importantly, 
also no high levels of PI4P lipids were detected in these 
cells at later time points, when cells started to round up 
and display cytopathic effects (data not shown). In cells 
treated with PIK93 however, some PI4P lipids could still 
be detected, which is consistent with our observation that 
PIK93 at the used concentration was the weakest inhibi-
tor of PI4KIIIβ. These observations imply that the mutant 
viruses can establish replication without the participa-
tion of high PI4P levels. Collectively, these data suggest 
that the mutations 3A-V45A and 3A-H57Y render virus 
replication largely independent of host factor PI4KIIIβ as 
well as PI4P lipids.

Discussion

The emergence of drug-resistant viruses is a com-
mon response to drugs targeting viral proteins due to the 
genetic plasticity of RNA viruses. To circumvent this 
problem, there is a great interest in the development of 
antiviral drugs that target host factors, since these factors 
are unlikely to mutate in response to therapy. However, 
this “host-oriented” approach is also based on the as-
sumption that viruses are not capable of mutating in such 
a way that they can overcome drug-induced inhibition of 
a critical host factor. Here, we present a unique example 
of how viruses by acquiring a single point mutation can 
bypass a critical host factor and replicate efficiently when 
this factor is inhibited or depleted by siRNA-treatment.

While the development of viral drug-resistance poses 
serious problems in a clinical context, it is a useful tool 

in studies on the mechanism of action of antiviral com-
pounds. The CVB3 mutants studied here, 3A-V45A 
and 3A-H57Y, exhibited resistance to enviroxime and 
GW5074 as well as the PI4KIIIβ inhibitor PIK93, which 
suggested that these compounds also target PI4KIIIβ. 
Consistent with this idea, both enviroxime and GW5074 
inhibited PI4KIIIβ directly in an in vitro kinase activity 
assay. Furthermore, both compounds caused a decrease 
in localization of the PI4P sensor FAPP1-PH-GFP at 
the Golgi complex, reflecting a reduction in PI4P levels. 
Since PI4KIIIβ was the major determinant of the Golgi-
localization of the PI4P sensor in our cells, this result 
indicated that enviroxime and GW5074 also inhibited 
PI4KIIIβ activity in intact cells. Furthermore, CVB3 
replication in the presence of enviroxime was restored 
nearly to levels in untreated cells by the expression of a 
PI4KIIIβ mutant. This PI4KIIIβ mutant carries a muta-
tion in its ATP-binding pocket, Y853M, that does not 
harm the catalytic activity of the kinase. The rescue of 
the effects of enviroxime on CVB3 replication by this 
PI4KIIIβ mutant has three implications. First, the com-
pound only inhibits the enzymatic activity of PI4KIIIβ 
required for CVB3 replication and not a non-enzymatic 
function. Second, PI4KIIIβ and not a yet unidentified 
target of enviroxime is responsible for the inhibition of 
CVB3 replication. Third, enviroxime, similar to PIK93, 
binds in the ATP-binding pocket of PI4KIIIβ.

Our observation that GW5074 inhibits PI4KIIIβ ac-
tivity in vitro is in line with the results of a recent study, 
which was published while our work was in progress 
[32]. Here, we also show that GW5074 targets PI4KIIIβ 
in intact cells by use of a PI4P-sensor. Besides PI4KIIIβ, 
GW5074 inhibits a variety of additional kinases other 
than its best-known target c-Raf, such as the kinases 
Pim-1, Pim-2, Pim-3, HIPK2, RIP2, GAK, and MST2 
[40], and therefore represents a typical example of a 
promiscuous kinase inhibitor. Importantly, previous stud-
ies had already excluded a role of these other GW5074-
targeted kinases in enterovirus replication [29]. The 
effects of GW5074 on CVB3 replication could not be 
countered by PI4KIIIβ-Y583M, which indicates that 
binding of this compound to PI4KIIIβ does not involve 
Y583 in the ATP-binding pocket. The inhibition of kinas-
es by GW5074 can occur in a competitive manner with 
GW5074 acting as an ATP/GTP analog [41, 42], or alter-
natively in a non-competitive manner, as exemplified by 
the prevention of hexamer formation of glutamate dehy-
drogenase [43, 44]. The mechanism by which GW5074 
inhibits PI4KIIIβ remains to be elucidated in future stud-
ies. 

After demonstrating that enviroxime and GW5074 in-
hibit PI4KIIIβ activity in vitro and in intact cells, we next 
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investigated how the 3A mutations provide compound re-
sistance. One possible explanation for the drug-resistant 
phenotype is that the 3A-V45A and 3A-H57Y mutations 
rescued the activity of PI4KIIIβ in compound-treated 
cells. However, we excluded this possibility by showing 
that in cells expressing either wt or mutant 3A, the com-
pounds still induced a strong reduction in the localiza-
tion of FAPP1-PH-GFP on 3A-containing membranes. 
Thereafter, we considered the scenario that the mutations 
rendered viral RNA replication independent of PI4KIIIβ. 
Indeed, replication of the mutant viruses was no longer 
sensitive to knock-down of PI4KIIIβ. Additionally, we 
observed efficient replication upon knock-down of the 
isoforms PI4KIIα, PI4KIIβ, and PI4KIIIα, indicating that 
the mutants did not rely on any isoform of PI4K. This 
finding raised the question of whether the mutant viruses 
still needed PI4P for replication. An immunofluorescence 
assay in compound-treated infected cells with an anti-
body against PI4P revealed that the mutant viruses were 
indeed able to replicate in cells lacking detectable PI4P 
levels. However, we cannot exclude the possibility that 
there is still a tiny, undetectable amount of PI4P present 
in these cells on which the mutant virus might depend.

The purpose of PI4P lipids in enterovirus replication 
is currently unknown. Under physiological conditions, 
PI4P lipids were for a long time merely perceived as pre-
cursors for the production of PIP2 and IP3 in the classical 
inositol cycle important for intracellular Ca2+ signaling 
[24]. However, PIP2 levels at the membranes support-
ing replication were unaltered and even decreased along 
the course of CVB3 infection [20]. Recently, PI4P lipids 
were demonstrated to have additional important func-
tions in the early secretory pathway through their ability 
to serve as docking sites for various proteins [24, 26]. 
Consistent with this ability of PI4P, the RNA-dependent 
RNA polymerase 3Dpol of CVB3 was shown to bind 
preferentially to PI4P lipids over other cellular lipids in 
vitro [20]. This finding suggests that the purpose of PI4P 
in enterovirus replication might be to recruit 3Dpol to the 
sites of viral RNA replication and/or to stimulate the ac-
tivity of 3Dpol, yet evidence that this occurs in enterovi-
rus-infected cells is lacking. 

Another speculative scenario for the role of PI4P lip-
ids during enterovirus infection is that they recruit other 
cellular factors important for replication. PI4P lipids 
are bound by proteins that contain a pleckstrin homol-
ogy (PH) domain. Several Golgi-proteins that contain a 
PI4P-binding PH domain are involved in lipid transport, 
such as FAPP1, oxysterol-binding protein (OSBP) and 
ceramide transport protein (CERT) [33, 36, 45]. The 
primary function of these proteins is to bind ceramide, 
cholesterol, and/or oxysterols (i.e., oxygenated deriva-

tives of cholesterol) to mediate non-vesicular transport 
of these lipids to other compartments in the cell. There-
fore, recruitment of these lipid-binding proteins to the 
enterovirus replication sites might lead to accumulation 
of other specific lipids other than PI4P required for viral 
RNA replication and/or membrane reorganization. 

Recently, our view of the roles of lipids in viral infec-
tion has been greatly expanded by the recognition that 
positive-strand RNA viruses actively alter cellular lipid 
signaling, synthesis, and metabolism for formation and 
function of their replication sites. Similar to enterovi-
ruses, the flavivirus Hepatitis C virus (HCV) requires 
PI4P lipids for replication, which are generated via the 
recruitment of PI4KIIIα [46-53]. West Nile virus attracts 
the cholesterol-synthesizing enzyme 3-HMGA-CoA re-
ductase to replication sites [54, 55], while dengue virus 
recruits fatty acid synthase and stimulates its activity [56, 
57]. The recruitment of lipid biosynthesis machinery can 
lead to membrane expansion and alteration of the fluidity 
and curvature of the membrane by for instance accumu-
lation of cholesterol or desaturation of lipid fatty acid 
tails. The consequences of lipid synthesis and modifica-
tion may be important for the membrane reorganization 
that positive-strand RNA viruses induce to create their 
own membranous environment with a highly specialized 
lipid composition suited for viral RNA replication [58]. 
Given the accumulating evidence that pre-existing cel-
lular membranes have to be expanded and/or modified 
to accommodate the replication complexes of positive-
strand RNA viruses, and that modulation of cellular 
lipid metabolism appears to be a universal feature of this 
group of viruses, it is remarkable that we have identified 
a mutant virus that can efficiently replicate in the absence 
of an essential lipid. To our knowledge, this is the first 
example of a positive-strand RNA virus that can repli-
cate in the absence of high levels of a crucial lipid in the 
environment of their replication sites, on which the wt 
virus ultimately depends. Currently, we are investigating 
whether the absence of PI4P affects the three-dimension-
al architecture of the enterovirus membranous replication 
sites.

Since the role of PI4P lipids in enterovirus replication 
remains elusive, it is difficult to explain how our CVB3 
mutants can replicate in the absence of high levels of 
PI4P lipids, albeit somewhat less efficiently than when 
PI4P lipids are present. Replication of the wt virus is 
completely abolished when PI4KIIIβ is inhibited by en-
viroxime and is also strongly impaired upon depletion of 
this host factor by siRNA-treatment. Since replication of 
the mutant virus was largely unaffected upon inhibition 
or depletion of PI4KIIIβ, the mutant virus may be able to 
use an alternative pathway without PI4KIIIβ and PI4P to 
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establish replication. Although the single point mutations 
allow CVB3 to replicate in cells lacking PI4KIIIβ and 
PI4P lipids, we speculate that the PI4KIIIβ-dependent 
pathway offers an evolutionary advantage over the alter-
native pathway. All CVB3 strains isolated to date contain 
V45 and H57 in their 3A sequence, suggesting a selective 
pressure on the usage of PI4KIIIβ and PI4P lipids. More-
over, we found that replication of all tested enteroviruses, 
including various serotypes belonging to different human 
enterovirus and rhinovirus species, is strongly inhibited 
by enviroxime [12], which further illustrates the func-
tional importance of PI4KIIIβ and PI4P lipids in their 
replication cycle. In future studies, it will be of interest 
to dissect the alternative pathway used by the 3A mutant 
viruses. Intriguingly, the CVB3 resistance mutations 3A-
V45A and 3A-H57Y are located in the cytosolic domain, 
whereas mutation 3A-A70T that rendered PV resistant to 
enviroxime, GW5074, and PIK93 is located in the hydro-
phobic, membrane-anchored domain. How these muta-
tions enable the virus to replicate in the absence of active 
PI4KIIIβ remains to be established.

The CVB3 3A mutants are the first example of picor-
naviruses able to replicate without the participation of a 
crucial host factor. Previously, PV mutants were gener-
ated that were resistant to Brefeldin A [59], a well-known 
inhibitor of enterovirus replication that perturbs secretory 
pathway transport by targeting GBF1. These PV mutants 
contained the mutations V80I in 2C and A27V in 3A. 
PV carrying the single mutations exhibited intermediate 
resistance to BFA, while the double-mutant was fully 
resistant. Despite the insensitivity to Brefeldin A, how-
ever, the PV double-mutant could not replicate in cells 
depleted of the crucial factor GBF1 by siRNA-treatment 
[60]. 

Virus replication largely independent of a host factor 
has been described before for another positive-strand 
RNA virus. An HCV mutant resistant against Alispori-
vir and cyclosporine A was previously isolated that 
contained a point mutation in NS5A. Alisporivir and 
cyclosporine A exert their antiviral activity by binding 
to cyclophilins, which are critical host factors for HCV. 
Cyclophilins affect the folding of proteins through their 
peptidyl-prolyl cis-trans isomerase activity, which cata-
lyzes the cis-trans isomerisation of the prolyl peptide 
bond preceding proline residues. Due to the resistance 
mutation, HCV NS5A adopted a conformation that was 
no longer dependent on the cis-trans isomerisation activ-
ity of the cyclophilins for its function [61]. These exam-
ples of mutant HCV and CVB3 demonstrate that viruses 
can acquire resistance even to compounds that target 
crucial host factors. Furthermore, they disclose the abil-
ity of viruses to use an alternative pathway to replicate 

efficiently in a suboptimal environment under selective 
pressure imposed by antiviral compounds, suggesting 
that a combination of compounds targeting different host 
factors may be required for successful host-oriented anti-
viral therapy.

Materials and Methods

Cells and reagents
Buffalo green monkey (BGM) kidney cells and HeLa (R19) 

cells were grown at 37 °C, 5% CO2 in minimal essential medium 
(MEM) (Gibco) supplemented with 10% fetal bovine serum, peni-
cillin, and streptomycin. Enviroxime was synthesized as described 
previously [9]. Guanidine hydrochloride and GW5074 were pur-
chased from Sigma Aldrich. PIK93 was provided by Dr K Shokat 
(University of California San Francisco, San Francisco, California, 
USA). All compounds were dissolved in DMSO. GW5074 was 
used at a concentration of 30 µM, enviroxime at 0.5 µg/ml (1.4 
μM), and PIK93 at 1 µM.

Antibodies
As primary antibodies we used rabbit polyclonal anti-PI4-

KinaseIIIβ (Upstate), mouse monoclonal anti-GBF1 (BD Biosci-
ences), rabbit polyclonal anti-Arf1 (kind gift from dr. F. Wieland, 
Biochemie-Zentrum Heidelberg, Germany), mouse monoclonal 
anti-c-Myc (Sigma Aldrich), mouse monoclonal anti-dsRNA (J2, 
English & Scientific Consulting), mouse anti-PI4P IgM (Echelon 
Biosciences), mouse monoclonal anti-HA (Covance), mouse 
monoclonal anti-β-actin (Sigma), and rabbit polyclonal anti-CVB3 
3A described previously [23]. The secondary antibodies for immu-
nofluorescence included Alexa Fluor 488- or 594-conjugated goat-
anti-rabbit IgG, Alexa Fluor 488- or 594-conjugated goat-anti-
mouse IgG, or Alexa Fluor 594-conjugated goat-anti-mouse IgM 
(Molecular Probes). The secondary antibodies for Western Blot 
analysis included IRDye anti-mouse or anti-rabbit antibodies (Li-
Cor Biosciences).

Viruses
CVB3 and CVB3-Rluc, which contains the Renilla luciferase 

gene upstream of the capsid coding region, were obtained by trans-
fection of RNA transcripts derived from the full length infectious 
clones p53CB3/T7 and pRLuc-53CB3/T7 in BGM cells as de-
scribed before [21, 62]. CVB3(-Rluc) carrying the V45A or H57Y 
mutation in the 3A protein were obtained in a similar manner us-
ing plasmids p53CB3/T7-3A-V45A or -H57Y described elsewhere 
[12] or pRluc-53CB3/T7-3A-V45A or -H57Y. Virus titers were 
determined by endpoint titration according to the method of Reed 
and Muench and expressed as 50% cell culture infective doses 
(CCID50) [63].

Plasmids
The plasmid p3A-myc and the p53CB3/T7 3A mutant full 

length infectious clones have been described previously [12, 21]. 
To construct the plasmids p3A-V45A-myc and p3A-H57Y-myc, 
the 3A gene containing the V45A or H57Y mutation was ampli-
fied using the mutant full-length clones as a template. The forward 
primer introduced a SalI restriction site and an ATG codon (5′-
GGG GGG TCG ACC ATG GGA CCA CCA GTA TAC AGA-3′), 
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and the reverse primer introduced a BamHI site (5′-GGG GGG 
GGA TCC TTG AAA ACC CGC AAA GAG-3′). The PCR prod-
uct was cloned into p3A-myc using restriction enzymes SalI and 
BamHI. To construct pRLuc-53CB3/T7 containing the mutations 
3A-V45A or 3A-H57Y for the production of mutant CVB3-Rluc, 
p53CB3/T7 containing the mutations was digested with XbaI and 
BstEII. The insert encoding the region of 3A with the mutations 
was ligated into pRLuc-53CB3/T7. The presence of the mutations 
in all constructs and produced virus was confirmed by sequence 
analysis. The plasmids encoding FAPP1-PH-GFP, PI4KIIIβ-HA, 
PI4KIIIβ-Y583M-HA, and kinase-dead PI4KIIIβ-D656A were 
kindly provided by Dr T Balla (NICHD, National Institutes of 
Health, Bethesda, Maryland, USA) [33, 64]. The plasmid encoding 
PI4KIIβ-myc to verify the knock-down efficiency by siRNA-treat-
ment was generously provided by Dr J Albanesi (UT Southwestern 
Medical Center, Dallas, Texas, USA) [65].

Kinase library screen
The Screen-Well Kinase Inhibitor Library containing 80 kinase 

inhibitors was purchased from Biomol. One hour prior to infec-
tion, the compounds were added to HeLa cells – seeded in 96-well 
plates – to a final concentration of 10 µM. DMSO was used as a 
negative control. Subsequently, cells were infected with CVB3-
Rluc virus at low MOI. After lysing the cells at 8 h post-infection 
(p.i.), the intracellular Renilla luciferase activity was determined 
with the Renilla Luciferase Assay System (Promega) according to 
the manufacturer’s instructions.

Virus infections
Subconfluent layers of cells in 24-well plates were infected 

with CVB3(-Rluc) at an MOI of 0.1-1. After 30 min virus adsorp-
tion, cells were washed and fresh (compound-containing) medium 
was added to the cells. At 8 h p.i., cells were subjected to three cy-
cles of freeze-thawing after which virus titers were determined by 
endpoint titration. Alternatively, cells were lysed to determine the 
intracellular Renilla luciferase activity with the Renilla Luciferase 
Assay System (Promega).

RNA transfection
The full length infectious clones of wt CVB3 p53CB3/T7 and 

the 3A mutants (V45A, and H57Y) were linearized with SalI, 
purified and transcribed in vitro by T7 RNA polymerase. The 
RNA was transfected into BGM cells in a 24-well plate using the 
DEAE-dextran method as described previously [66]. After trans-
fection, cells were treated with compounds when indicated, and 
incubated at 37 °C. At 8 h post-transfection, the cells were lysed 
by three rounds of freeze-thawing, after which the samples were 
subjected to titration analysis.

Immunofluorescence assay
HeLa cells were grown to subconfluency on coverslips in 24-

well plates. When indicated, cells were transfected with 300 ng 
DNA per construct using FuGENE (Roche) according to the man-
ufacturer’s protocol. After 16 h, cells were treated with compounds 
for on1 h at 37 °C. Subsequently cells were fixed with 4% para-
formaldehyde and permeabilized with PBS containing 0.1% Triton 
X-100. In case of the PI4P antibody, 0.2% saponin was used to 
stain only intracellular PI4P. Subsequently, cells were stained with 
primary and fluorescently-labeled secondary antibodies. Nuclei 

were stained with Hoechst. Cells were analyzed with a wide-field 
Leica BMR microscope at 400× magnification. Hoechst, GFP/
Alexa Fluor 488, or Alexa Fluor 594 were excited through band-
pass filters of 360/20 nm, 470/20 nm, or 540/20 nm, respectively. 
Longpass filters of 425 nm (Hoechst), 515 nm (GFP/Alexa Fluor 
488), or 590 nm (Alexa Fluor 594) were used for the fluorescence 
emission. Fluorescent images of typical examples of observations 
that we consistently obtained in three or more experiments are 
presented in the figures. Quantification was performed per condi-
tion on 10 cells from different experiments using ImageJ software. 
For the quantification of the amount of Golgi-localized FAPP1-
PH-GFP and PI4KIIIβ, the fluorescence intensity of the Golgi-area 
was divided by that of the area of the whole cell. The resulting 
percentage was set to 100% in untreated cells. For the quantifica-
tion of FAPP1-PH-GFP localized to 3A-containing membranes, 
we determined the fluorescence intensities of FAPP1-PH-GFP and 
3A(-H57Y)-myc in the myc-stained areas and expressed this as a 
ratio. To quantify the PI4P levels in infected and compound-treated 
cells, we determined the ratio between the fluorescence intensities 
of PI4P and 3A in the whole cell.

PI4K in vitro activity assay
A radioactive filter plate assay was used to measure the in vitro 

activity of the compounds on PI4KIIIα and PI4KIIIβ. Fivefold se-
rial dilutions of compounds were added to the wells. Recombinant 
PI4KIIIβ (SignalChem) and the substrate phosphatidylinositol 
(PI): phosphatidylserine (PS) (2 mM PI:8 mM PS) in 0.3% Triton 
X-100 were diluted in 20 mM Tris pH 7.5, 5 mM MgCl2, 5 mM 
EGTA, 2 mM DTT, 0.04% Triton X-100 to a final concentration of 
400 ng/ml and 75 µM, respectively. For PI4KIIIα (Millipore), the 
enzyme and the substrate were diluted in 20 mM MOPS pH 7.0, 
50 mM NaCl, 2 mM MgCl2, 1 mM DTT, 0.04% Triton X-100 to 
a final concentration of 300 ng/ml and 15 µM, respectively. The 
reaction was started by addition of 1-5 µM ATP and 0.25 µCi [33P]- 
γ-ATP, and the mixture was incubated at 30 °C for 75-90 min. Af-
ter termination of the reaction with phosphoric acid, the samples 
were transferred to filter plates and incorporated radioactivity was 
measured by TopCount NXTTM Microplate Scintillation (Perki-
nElmer). Data were converted to percent inhibition with respect to 
positive (wortmannin) and negative (DMSO) controls.

Replication rescue assay
BGM cells were seeded in 96-well plates and transfected with 

pEGFP (negative control), pPI4KIIIβ-HA, pPI4KIIIβ-Y583M-
HA, or kinase-dead PI4KIIIβ-D656A (negative control) on the 
next day. Two days post-transfection, the cells were infected with 
CVB3-Rluc at an MOI of 0.1 for 30 min. After virus removal, 
fresh (compound-containing) medium was added to the cells. At 
8 h p.i., cells were lysed and the intracellular Renilla luciferase 
activity was determined with the Renilla Luciferase Assay System 
(Promega). Similar expression levels of the proteins were con-
firmed in parallel in an immunofluorescence assay using an anti-
body directed against HA.

siRNA-treatment
HeLa cells were reversely transfected with 1 pmol of siRNA 

per well of a 96-well plate using RNAiMAX (Invitrogen) accord-
ing to the manufacturer’s protocol. Scrambled siRNA was obtained 
from QIAGEN, while the siRNAs targeting PI4KIIα, PI4KIIIα 
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or PI4KIIIβ were purchased from Ambion. At 48 h after siRNA-
treatment, cells were infected with either wt CVB3, CVB3 3A-
V45A, or CVB3 3A-H57Y at an MOI of 0.1. At 8 h p.i., cells were 
freeze-thawed three times to determine total virus titers by end-
point titration. To verify efficient knock-down of the targets by the 
siRNA treatment, cells of 6 wells were harvested and pooled using 
TEN buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.1 M 
NaCl). Following cell lysis, proteins were analyzed by SDS-PAGE 
(10% polyacrylamide). The proteins were blotted on nitrocellulose 
membranes (Bio-Rad) and stained with primary and secondary 
antibodies. Imaging was done with the Odyssey System. To verify 
the knock-down efficiency of PI4KIIβ, cells were transfected 24 h 
after siRNA-treatment with a plasmid encoding PI4KIIβ-myc. At 
48 h after siRNA-treatment, cells were fixed and stained with an 
anti-myc antibody.

Cell viability assay
One day after seeding cells in a 96-well plate, the compounds 

were added to the cells and incubated for 8 h. Alternatively, cells 
were transfected with siRNAs and incubated for 48 h. Subse-
quently, the medium was replaced with CellTiter 96 AQueous One 
Solution Reagent (Promega) and optical densities were measured 
at 490 nm. The obtained densities were corrected for background 
absorbance from wells that lacked cells. The resulting percentage 
was set to 100% for DMSO-treated cells or for cells that were not 
transfected with siRNAs.
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