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Abstract 

 

Phosphatidylinositol-4 kinase III β (PI4KB) and oxysterol-binding protein (OSBP) 

family I provide a conserved host pathway required for enterovirus replication. Here, 

we analyze the role and essentiality of this pathway in enterovirus replication. 

Phosphatidylinositol 4-phosphate (PI4P) production and cholesterol accumulation in the 

replication organelle (RO) are severely suppressed in cells infected with a poliovirus 

(PV) mutant isolated from a PI4KB-knockout cell line (RD[ΔPI4KB]). Major 

determinants of the mutant for infectivity in RD(ΔPI4KB) cells map to the 

A5270U(3A-R54W) and U3881C(2B-F17) mutations. The 3A mutation is required for 

PI4KB-independent development of RO. The 2B mutation rather sensitizes PV to 

PI4KB/OSBP inhibitors by itself, but confers substantially complete resistance to the 

inhibitors with the 3A mutation, suggesting that the PI4KB/OSBP pathway is not 

necessarily essential for enterovirus replication in vitro. This work supports a two-step 

resistance model of enterovirus, and offers insights into a potential evolutionary 

pathway of enterovirus towards independence from the PI4KB/OSBP pathway. 
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Introduction 

 

Poliovirus (PV) is a small non-enveloped virus with a positive-sense single-stranded 

RNA genome of about 7500 nt belonging to the genus Enterovirus, in the family 

Picornaviridae. PV causes poliomyelitis by destroying motor neurons 
1,2

. In the global 

PV eradication program initiated in 1988, antivirals against PV were anticipated to have 

important roles to play in both the endgame and the post-eradication era. However, no 

antivirals are currently available for PV infection. 

Among the many host factors identified for PV replication, 

Phosphatidylinositol-4 kinase III β (PI4KB) and oxysterol-binding protein (OSBP) have 

been considered as the potential targets of antiviral for enterovirus based on the 

effectiveness of the identified inhibitors and on the conserved role in enterovirus 

replication 
3-13

. The importance of PI4KB in enterovirus replication was originally 

recognized by Hsu et al. 
14

, with a potent PI4KB inhibitor PIK93 
15

. PI4KB is one of the 

four mammalian PI4 kinases (PI4K2A, PI4K2B, PI4KA, and PI4KB) 
16

. PI4KB 

produces PI4P mainly at the Golgi, and is involved in membrane trafficking from the 

Golgi. Oxysterol-binding protein (OSBP) family I was then identified as the target of a 

minor group of enviroxime-like compounds 
11,12,17

. OSBP transfers cholesterol between 

endoplasmic reticulum and trans Golgi in a phosphatidylinositol 4-phosphate 

(PI4P)-dependent manner, and contributes to the homeostasis of cholesterol and lipid 

18-21
. Functional links between PI4KB and OSBP family I in PV replication were 

originally suggested by a conserved resistance mutation in 3A protein to PI4KB/OSBP 

inhibitors 
8,22

. PI4KB activated by the viral proteins (2C, 2BC, 3AB, 3CD, and 3D) 
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provides PI4P for recruitment of OSBP, then OSBP accumulates cholesterol at the 

replication organelle (RO) to facilitate the cleavage of 3AB and the formation of viral 

replication complex for the synthesis of viral plus-strand RNA 
4,12,22-28

. The 

PI4KB/OSBP pathway is conserved in the replication of Aichivirus, which belongs to 

another genus in the family Picornaviridae (genus Kobuvirus) 
29

. A similar pathway is 

conserved in the replication of encephalomyocarditis virus (EMCV) (genus Cardiovirus 

in the family Picornaviridae) or hepatitis C virus (family Flaviviridae), where PI4KA 

and in part PI4KB act for the recruitment of OSBP 
30-36

. 

Despite the conservation of the PI4KA,B/OSBP pathway requirement in the 

replication of a broad range of picornaviruses, replication of viruses in the genus 

Aphthovirus does not depend on the PI4KA,B/OSBP pathway 
12,37,38

. This raised a 

question about the essentiality of the PI4KB/OSBP pathway in enterovirus replication. 

Here, we investigate the role and essentiality of the PI4KB/OSBP pathway in 

enterovirus replication. We isolated a PV mutant that showed substantially complete 

resistance to PI4KB/OSBP inhibitors, and characterized the mechanism of resistance. In 

addition, we provide a model of PV evolution towards independence from the 

PI4KB/OSBP pathway. 
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Results and Discussion 

 

Generation of PI4KB-knockout cell line. To characterize viral replication independent 

of the PI4KB/OSBP pathway, we generated a PI4KB-knockout cell line (RD[ΔPI4KB]) 

highly resistant to PV infection using a CRISPR/Cas9 system (Figure 1). PI4KB alleles 

of RD(ΔPI4KB) cells showed 1-nt insertion or 26-nt deletion and caused termination 

after aa 351 or 348 of PI4KB (Figure 1A). Expression of full-length PI4KB was not 

detected in RD(ΔPI4KB) cells, in contrast to parental RD(WT) cells that showed two 

bands of PI4KB corresponding to a 4,260-Da modification 
13

 (Figure 1B). To analyze 

potential off-target effects of the CRISPR/Cas9 system, we performed trans rescue of 

PV replication with ectopic expression of PI4KB (Figure 1C). Expression of 

PI4KB(WT), but not of a kinase-dead PI4KB(D656A) mutant, rescued PV1pv infection 

in RD(ΔPI4KB) cells, and its effects was suppressed by MDL-860, an allosteric PI4KB 

inhibitor 
13

. Moreover, trans rescue with the PI4KB(C646S) mutant, which is resistant 

to covalent modification/inactivation by MDL-860 
13

, showed no suppression of PV1pv 

infection by MDL-860, suggesting that PI4KB provided in trans supports PV 

replication in RD(ΔPI4KB) cells. PV1pv infection was suppressed more than 

10,000-fold in RD(ΔPI4KB) cells compared to RD(WT) cells, corresponding to 

treatment with >40 μM of the PI4KB inhibitor T-00127-HEV1 
25

. In contrast, the 

susceptibility of RD(ΔPI4KB) to infection by Sendai virus (family Paramyxoviridae), 

which is resistant to PI4KB inhibitor 
6
, was similar to that of RD(WT) cells (Figure 1D). 

These results suggested that PV replication in RD(ΔPI4KB) cells was suppressed by 

specific depletion of active PI4KB, but not by other potential off-target effects of the 
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CRISPR/Cas9 system. 

 

Isolation of PV mutant from RD(ΔPI4KB) cells. To clarify the essentiality of the 

PI4KB/OSBP pathway in PV replication, we attempted to isolate PV mutant from 

RD(ΔPI4KB) cells (Table 1). Infectivity of parental PV1(Sabin) in RD(ΔPI4KB) cells 

was reduced more than 100,000-fold compared to RD(WT) cells. After nine rounds of 

passage of PV1(Sabin) in RD(ΔPI4KB) cells, we isolated a PV mutant (PV[ΔPI4KB 

resistant], clone 1) that could efficiently replicate in RD(ΔPI4KB) cells as efficiently as 

EMCV. 

PV(ΔPI4KB resistant) contained one mutation in the non-coding region, three 

synonymous mutation, and six non-synonymous mutations (Figure 2A). We focused on 

the analysis of non-synonymous mutations, because observed synonymous mutations 

are not apparently associated with cis elements in PV genome. To clarify the 

evolutionary link between mutations, we analyzed genomic sequences and the infectivity 

of PV (pooled population) obtained after each passage in RD(ΔPI4KB) cells and an 

additional virus isolate (clone 2) obtained after nine passages (Supplementary 

Figure1). We observed sequential fixation of 3A-R54W, 2B-F17L, 2C-M187V and 

2B-Q20H mutations. The 2C-M187V mutation appeared as early as the second passage, 

but required an additional two passages to become fixed in the population. Infectivity of 

the viral population in RD(ΔPI4KB) cells correlated with fixation of the four mutations. 

Genomic sequencing of additional PV isolate after nine passages (clone 2), confirmed 

fixation of these four non-synonymous mutations, suggesting that the 2A-F80L and 

3A-E53D mutations of PV(ΔPI4KB resistant) play minor roles in the infectivity.  



  8 

To determine the mutations required for infectivity in RD(ΔPI4KB) cells, a 

series of PV mutants was analyzed (Figure 2B and Supplementary Figure 2). PV1pv 

mutant (PV1pv[ΔPI4KB resistant]), which has all the observed non-synonymous 

mutations of PV(ΔPI4KB resistant), showed drastically delayed replication kinetics in 

RD(WT) cells compared to PV1pv(WT) (delay of about 6 h before plateauing) 

(Supplementary Figure 1). The major determinant of the delayed replication kinetics 

was the 2C-M187V mutation. PV1pv mutants without the 2C mutation still showed a 

delay in replication of about 2 h, which was similar to that of PV1pv(139[+25aa]), which 

has reduced viral protein synthesis (17% of WT)
39

. Basal infectivity was slightly 

enhanced by the 2A mutation (210% of WT), but decreased by the 2B, 2C, and 3A 

mutations (64%, 63%, and 73% of WT, respectively). 

We analyzed the effect of each mutation on the infectivity in RD(ΔPI4KB) 

cells. Reversion of the 2A and 2C mutations did not affect infectivity, while reversion in 

the 2B and 3A regions (2B-F17L and 3A-R54W mutations) significantly decreased 

infectivity (Figure 2B), suggesting that these two mutations act as the major 

determinants of infectivity (mutants 1, 2, 3, 4, and 5). The aa 54 of the 3A protein has 

been reported for other enterovirus mutants resistant to PI4KB/OSBP inhibitors 
40

 
7
 
41

. 

The 3A mutations increased infectivity in RD(ΔPI4KB) cells 290- to 2,400-fold (mutant 

9), with a major influence of the 3A-R54W mutation (mutants 4 and 5). The mutations 

in 2A, 2B, and 2C did not enhance infectivity by themselves (mutants 6,7, and 8). The 

2B-Q20H, 2C-M187V, and 3A-E53D mutations showed minor but significant 

contributions with the 3A-R54W mutation to infectivity (about 2-fold increase at 7 h 

p.i.), although the effect of the 2A mutation was not significant in the presence of the 
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2B and 3A mutations (mutants 10, 11, and 12). This suggests that 2C-M187V and 

2B-Q20H mutations have major role in some other step(s) in infection than replication 

to enhance the infectivity in RD(ΔPI4KB) cells (Supplementary Figure 1). 

Introduction of 2B-F17L and 3A-R54W mutations could confer a similar level of 

infectivity to that of PV1pv[ΔPI4KB resistant] (mutant 13). PV1pv(139[+25aa]) did not 

show any infectivity similar to PV1pv(WT), suggesting that delayed replication kinetics 

are not the determinant for infectivity in RD(ΔPI4KB) cells. Among the mutants 

examined, the highest infectivity was observed for a PV1pv mutant that had all the 

mutations of PV1pv[ΔPI4KB resistant] except the 2C mutation (mutant PV1pv[ΔPI4KB 

resistant [-2C]]). All these results suggested that the 3A-R54W mutation acts as the major 

primary determinant, which is the essential prerequisite for infectivity in RD(ΔPI4KB) 

cells, and that the 2B-F17L mutation is the major synthetic determinant, and enhances the 

infectivity conferred by the 3A mutation. 

 

Roles of mutations in PI4KB-independent replication. The target of PI4KB/OSBP 

inhibitors is in the formation of viral replication complex on RO 
4
. We therefore 

analyzed the effects of mutations in PV(ΔPI4KB resistant) on the development of RO in 

RD(ΔPI4KB) cells (Figure 3). As a marker of the RO, on which the active viral 

replication complex is formed 
42

, we used 2B protein that co-localizes with viral nascent 

RNA and PI4KB on the surface area of the RO (Supplementary Figure 3). Because 

PV1pv(WT) could not replicate in RD(ΔPI4KB) cells, we analyzed RO development in a 

replication-incompetent system by ectopic expression of a viral polyprotein precursor 

N-terminally fused with EGFP (EGFP-2BC3ABCD). RO development by 
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EGFP-2BC3ABCD(WT) was severely suppressed in RD(ΔPI4KB) cells resulting in the 

development of small RO. Introduction of 3A mutations (E53D and R54W) to 

EGFP-2BC3ABCD, but not of the 2B mutations, restored the population of 

RD(ΔPI4KB) cells with a normal-sized RO. Addition of the 2B mutations to the 3A 

mutant did not further increase the population of cells with normal-sized RO. We also 

analyzed the effects of the G5318A(3A-A70T) mutation, which confers a partial 

resistance to PI4KB/OSBP inhibitors 
22,25

, on RO development. Interestingly, the 

3A-A70T mutation did not restore the size of the RO in RD(ΔPI4KB) cells in contrast 

to the 3A mutations (Supplementary Figure 4). The 3A mutations (E53D and R54W) 

conferred higher infectivity than the 3A-A70T mutation (Supplementary Figure 5), 

suggesting a correlation between RO development and infectivity in RD(ΔPI4KB) cells. 

The synthetic effects of 2B mutations on the infectivity were similarly observed with 

these 3A mutations (Supplementary Figure 5). These results suggested that the 3A 

mutations of PV(ΔPI4KB resistant), but not the 2B mutations, are essential for the 

development of RO in PI4KB-independent replication, and that the synthetic effect of 

the 2B mutations is independent of the 3A mutations. 

Next, we analyzed the effects of 3A mutations on the processing of 3AB, 

which is enhanced in enteroviruses that are partially resistant to PI4KB inhibitor 
25,26

. 

The 3A mutations (E53D and R54W) enhanced processing of 3AB as well as the 

3A-A70T mutation in infected cells (Supplementary Figure 6A). The 2B mutations 

caused apparent suppression of the 3AB processing at 9 h p.i. compared to that of WT, 

but similar suppression to that of WT at 7 h p.i., suggesting that the effect was 

attributable to the delayed replication kinetics conferred by 2B mutations. Introduction 
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of 3A mutations to the 2B mutant restored the processing of 3AB. We also attempted to 

analyze 3AB processing in a replication-incompetent system (processing of 

EGFP-2BC3ABCD). The 2B, 2BC, 3D, and 3CD were clearly detected as observed in 

the infected cells, but the 3A was barely detectable and the 3AB was not detected 

(Supplementary Figure 6B). This suggested that the 3A mutations of PV(ΔPI4KB 

resistant), but not the 2B mutations, contribute to the enhanced processing of 3AB. 

We analyzed the effect of 2B mutations on the replication level of PV in a 

single cell (Figure 4). PV1pv(WT)-infected RD(WT) cells showed about 1,000 and 

1,200 RLU of luciferase signals per cell at 7 and 16 h p.i., respectively. PV1pv mutants 

showed similar replication levels to those of PV1pv(WT) in RD(WT) cells. 

RD(ΔPI4KB) cells infected with the 3A mutant showed about 400 and 500 RLU per 

infected cell at 7 and 16 h p.i., respectively. The 2B mutations enhanced replication 

levels about 2-fold (700 and 900 RLU per infected cell at 7 and 16 h p.i., respectively). 

Addition of the 2A mutation (PV1pv(ΔPI4KB resistant [-2C]) mutant) increased levels 

by about 2 fold at 16 h p.i. (1,700 RLU per infected cell), but not at 7 h p.i. (800 RLU 

per infected cell). This suggests that enhancement of early-stage replication by 2B 

mutation is essential for PI4KB-independent replication. 

 

The 2B mutations suppressed activation of PI4KB. To further characterize the role of 

PV(ΔPI4KB resistant) mutations, we analyzed levels of PI4P and cholesterol in 

RD(WT) and RD(ΔPI4KB) cells infected with PV1pv(ΔPI4KB resistant [-2C]) (Figure 

5 and Supplementary Figure 7). In contrast to PV1pv(WT) infection, PV1pv(ΔPI4KB 

resistant [-2C]) infection caused a minimum enhancement of PI4P level (about 1.1-fold 
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enhancement at 7 h p.i.), dot-like localization of PI4P in the cells, and reduced 

accumulation of cholesterol in the RO in favor of the plasma membrane. In 

PV1pv(ΔPI4KB resistant [-2C])-infected RD(ΔPI4KB) cells (about 0.5-1.0% of total 

population at 7 h p.i.), PI4P levels decreased somewhat (about a 0.84-fold change at 7 h 

p.i.), and no accumulation of PI4P/cholesterol in the RO was observed (Supplementary 

Figure 8). To identify determinants for the suppressed PI4KB activation in RD(WT) 

cells, we quantified PI4P levels infected with PV1pv mutants (Figure 6A). 

PV1pv(139[+25aa]) infection, which was used as a control with delayed replication 

kinetics, rather enhanced the PI4P levels. The 2B-F17L mutation reduced PI4P levels to 

about 60% of that in PV1pv(WT)-infected cells, indicating that the mutation acts as a 

major determinant for the suppression of PI4P production. PV1pv(ΔPI4KB resistant 

[-2C]) suppressed PI4P levels more severely (about 30% of PV1pv(WT)-infected cells, 

and 20% of PV1pv(139[+25aa])-infected cells), suggesting the existence of other 

determinants. We further analyzed the PI4P levels of infected cells with other PV1pv 

mutants, and identified the 2B-Q20H mutation as another major determinant (Figure 

6B). Removal of either 2B-F17L or 2B-Q20H mutation (mutants 3 and 2, respectively) 

restored PI4P levels, and introduction of these mutations (mutant 7) caused the highest 

suppression of PI4P levels. The 2C and 3A mutations could not further enhance 

suppression of PI4P levels caused by the 2B mutations. These results suggest that 

PV1pv(ΔPI4KB resistant [-2C]) could replicate without overproduction of PI4P, and 

sequential adaptation of PV to an altered lipid environment with less PI4P and 

cholesterol with the 2B mutations. 
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Complete resistance of PV mutant to PI4KB/OSBP inhibitors. We analyzed 

sensitivity of PV(ΔPI4KB resistant) to PI4KB/OSBP inhibitors (Figure 7). We used 

T-00127-HEV1 as a specific PI4KB inhibitor, and T-00127-HEV2 as an OSBP 

inhibitor targeting sterol transfer. T-00127-HEV2 inhibited sterol-transfer activity of 

OSBP as well as other OSBP inhibitors (25-HC and itraconazole), but had a lower 

effect on PI4P transfer, suggesting that T-00127-HEV2 acts as a 25-HC-like sterol 

competitor on OSBP (Supplementary Figure 9) 
12,18,43

. PV1pv mutants with the 2B and 

3A mutations showed substantial resistance to PI4KB/OSBP inhibitors even at a high 

concentration (40 μM), in contrast to a PV1pv mutant with the 3A-A70T mutation 

(PV1pv[enviroxime resistant]), which is only partially resistant to PI4KB/OSBP 

inhibitors 
25

(Figure 7A). This further supports the notion that PI4KB and OSBP are part 

of the inseparable functional axis in enterovirus replication 
12,24

, and indicates that the 

PI4KB/OSBP pathway is not necessarily essential for the replication of enterovirus in 

vitro. OSBP could use PI4P from PI4Ks (particularly PI4K2A) other than PI4KB 
43

. 

Observed resistance to OSBP inhibitor suggested that alternative activation of other 

PI4Ks are not essential for the resistance. 

Infection of PV1pv(ΔPI4KB resistant [-2C]) in RD(WT) cells could be 

suppressed to about 20% at high concentrations of PI4KB inhibitor, suggesting that 

about 80% of PV1pv(ΔPI4KB resistant [-2C]) replication still depends on the 

PI4KB/OSBP pathway in RD(WT) cells. The 3A mutations conferred higher resistance 

to PI4KB inhibitor than the 3A-A70T mutation at high concentrations, but not at low 

concentrations. Interestingly, the 2B mutation rather sensitized PV to PI4KB/OSBP 

inhibitors, but conferred resistance to OSBP inhibitor at high concentration. These 
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results suggested a two-step resistance model of PV to PI4KB/OSBP inhibitors in which 

the 3A mutation acts as the primary resistance mutation by enhancing the processing of 

3AB and the development of RO. The 3A mutation thus acts as a compensatory mutation 

to the 2B mutation that rather sensitizing PV to PI4KB/OSBP inhibitors by suppressive 

effects on PI4P production. The 2B mutation raises the replication level, possibly by 

enhancing the formation of viral replication complex on the RO (synthetic resistance) in 

the altered lipid environment by PI4KB/OSBP inhibitors. Thus, the 2B mutation could in 

turn act as a resistance mutation at high concentrations of PI4KB/OSBP inhibitors. 

We attempted to determine the target viral proteins of the 3A and 2B mutations 

by trans complementation assay with virus proteins (Supplementary Figure 10). 

Overexpression of 3A/3AB could confer partial resistance to PI4KB inhibitor, as 

reported previously 
25

, but could not confer any resistance at high concentrations of 

inhibitor. We did not see any trans rescue effects with 2B/2BC proteins. These results 

suggest that modulation of the processing/overexpression of viral proteins is not the 

target of the mutations for the substantially complete resistance to PI4KB inhibitor. 

Next, we analyzed the effects of PI4KB/OSBP inhibitors on 

PI4KB/OSBP-independent replication of PV (Figure 7B). OSBP inhibitor drastically 

enhanced the infection of PV1pv(ΔPI4KB resistant [-2C]) in RD(ΔPI4KB) cells (>600% 

infection at 40 μM), in contrast to PI4KB inhibitor that showed substantially no 

suppression (>80% and >30% infection at 10 and 40 μM, respectively). To characterize 

the mechanisms underlying the observed adaptation to OSBP inhibitor, we analyzed the 

effects of other OSBP inhibitors (25-HC and itraconazole) on the replication of PV1pv 

with the 2B mutations (Supplementary Figure 11). We found that the 2B mutations 
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sensitized PV to itraconzole, but did not confer resistance to itraconazole at high 

concentrations, in contrast to T-00127-HEV2 and 25-HC (Supplementary Figure 11A). 

The 2B-F17L mutation acted as the major determinant for these phenotypes. 

T-00127-HEV2 and 25-HC, but not itraconazole, enhanced the replication of 

PV1pv(ΔPI4KB resistant [-2C]) in RD(ΔPI4KB) cells (Supplementary Figure 11B). 

This suggested that the 2B mutation confers adaptation to the altered lipid environment 

formed by the 25-HC-like activity (low inhibitory effect on the PI4P-transfer activity of 

OSBP) or sterol-like chemical properties of OSBP inhibitors. Collectively, these results 

indicate that PV(ΔPI4KB resistant) could replicate independently of the PI4KB/OSBP 

pathway supported by the 3A and 2B mutations.  

 

Role of PI4KB/OSBP pathway in innate immune response. To define potential 

biological roles of PI4KB/OSBP-independent PV replication, we analyzed the effect of 

type I interferon (IFN) response, which is a target of 2B and controls the tissue tropism 

of PV in vivo 
44,45

. Pre-treatment of RD(WT) cells with IFN alpha suppressed 

PV1pv(WT) infection (25% of mock treatment) (Figure 8). Interestingly, 

PV1pv(ΔPI4KB resistant) infection was severely suppressed by the treatment in 

RD(WT) cells and RD(ΔPI4KB) cells (2.0% and 4.1% of mock treatment, respectively). 

Analysis of PV1pv mutants suggested the 2B-F17L mutation as the major determinant 

for sensitivity to IFN alpha; deletion of the mutation restored resistance (mutant 3), and 

addition of the mutation conferred sensitization to IFN alpha treatment. The 2C and 3A 

mutations conferred slight sensitization (mutants 8, 9, and 13). In contrast, the 2A 

mutation had no effect, and the 2B-Q20H mutation instead conferred weak resistance. 
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These results suggested that the PI4KB/OSBP pathway plays an important role in 

counteracting type I IFN response during PV replication. Mutations in 2B could 

suppress innate immune response in PV infection 
45

. We found that replication of 

PV1pv(ΔPI4KB resistant [-2C]) is hypersensitive to IFN alpha treatment, and that the 

2B-F17L mutation acts as the major determinant for this sensitivity. Viktorova et al. 

recently showed the importance of choline/phosphatidylcholine in multiple cycles of PV 

infection to antagonize antiviral effects of type I IFN 
46

, suggesting a relationship 

between lipid composition of the RO and sensitivity to IFN. Our results suggest an 

evolutionary link between the PI4KB/OSBP pathway and innate immune response in 

enterovirus replication. 

 In summary, we characterized a PV mutant that shows substantially complete 

resistance to PI4KB/OSBP inhibitors, and found that the mutant acquired the resistance 

by a two-step mechanism involving unique epistatic interaction of the 3A and 2B 

mutations. This work offers novel insights into a potential evolutionary pathway of 

enterovirus towards independence from the PI4KB/OSBP pathway and may contribute 

to our fundamental understanding of the role of host factors and of strategies to 

overcome the viral resistance conferred by host-targeting antivirals.  
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Methods  

 

Cells. RD cells (human rhabdomyosarcoma cell line) and HEK293 cells (human 

embryonic kidney cells) were cultured as monolayers in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal calf serum (FCS). A PI4KB-knockout 

RD cell line was generated using a Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR)/Cas9 GeCKO v2.0 system (a gift from Feng Zhang, Addgene, 

1000000048)
47

. RD cells were transfected with a lentiCRISPRv2 plasmid encoding a 

targeting sequence for PI4KB gene (5’-ATAAGCTCCCTGCCCGAGTC-3’) in the 

single-guide-RNA-coding region using a lipofectamine 3000 reagent (Invitrogen). A 

PI4KB-knockout cell line (RD[ΔPI4KB]) was obtained by subcloning of the transfected 

cells after selection with PV1(Sabin) infection. 

 

Viruses. PV1(Sabin) is derived from a stock in NIID. Encephalomyocarditis virus 

(EMCV) was a kind gift from Kazuya Shirato (Department of Virology III, National 

Institute of Infectious Diseases, Japan). Luciferase-encoding Sendai virus (SeV-luc) was 

a kind gift from Atsushi Kato (Division of Quality Assurance, National Institute of 

Infectious Diseases, Japan). Wild-type type 1 PV pseudovirus (PV1pv[WT]), which 

encapsidated luciferase-encoding PV replicon with the capsid protein of Mahoney strain, 

was used for evaluating infectivity. The G5318A(3A-A70T) mutation (enviroxime 

resistant) and newly identified mutations were introduced to PV1pv. A PV1pv mutant 

(139[+25aa]), which has a short open reading frame before the initiation codon causing 

reduced protein synthesis (17% of WT) and shows delayed replication kinetics 
39

, was 

used as a control in this study. 
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Plasmids. Expression vectors for N-terminally FLAG-tagged PI4KB mutants 

(GenBank: NM_001198773, UniProt: Q9UBF8-2) were constructed with pTK-Gluc 

vector (NEW ENGLAND BioLabs) 
13

. Expression vectors for N-terminally 

EGFP-tagged PV 2BC3ABCD polyprotein were constructed with pHEK293 Ultra 

Expression Vector I (Takara Bio). 

 

Compounds. A specific PI4KB inhibitor, T-00127-HEV1, was supplied by Pharmeks 

(P2001S-271690, purity >99%, determined by liquid chromatography-mass 

spectrometry [LC-MS]) 
8
. An OSBP inhibitor, T-00127-HEV2 

11
, was kindly provided 

from Hirotatsu Kojima (Drug Discovery Initiative, The University of Tokyo) (purity 

>99%, determined by LC-MS). The 23-(dipyrrometheneboron 

difluoride)-24-norcholesterol (BODIPY-cholesterol) was purchased from Avanti Polar 

Lipids (810255P). 

 

Isolation of PV mutant from RD(ΔPI4KB) cells. RD(ΔPI4KB) cells (5 10
3
 cells) 

were infected with PV1(Sabin) at a multiplicity of infection (MOI) of 50. Cells were 

incubated at 37C until all cells exhibited cytopathic effect for 7 days. Collected cell 

lysates were diluted 100-fold with 10%FCS/DMEM, then used for the next passage. 

Passage was repeated nine times. A PV mutant clone was isolated by limiting dilution. 

Protein-coding regions of viral genomes were analyzed as previously described 
48

. 

 

Measurement of anti-PV activities of PI4KB/OSBP inhibitors. RD(WT) cells or 
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RD(ΔPI4KB) cells (7 10
3
 cells per well in 20 L medium) in 384-well plates (catalog 

no. 781080; Greiner Bio-One) were inoculated with 10 L of PV1pv (800 infectious 

units [IU]) and 10 L of compound solution. Cells were incubated at 37C for 7 or 16 h. 

Luciferase activity in the infected cells was measured with the Steady-Glo luciferase 

assay system (Promega) using a 2030 ARVO X luminometer (PerkinElmer). 

 

Development of RO in replication-incompetent system. RD(WT) cells or 

RD(ΔPI4KB) cells (6 ×10
5
 cells/well) were plated into a 96-well glass bottom 

SensoPlate (Greiner Bio-One, 655896). Cells were transfected with 200 ng of 

EGFP-2BC3ABCD expression vectors. At 24 h post-transfection, cells were fixed and 

stained for 2B as a marker of the RO with rabbit anti-2B antibody and goat anti-rabbit 

IgG antibody conjugated with Alexa Fluor 568 (Thermo Fischer Scientific, A11036). 

Images were collected at 20× magnification using a BZ-9000 fluorescence microscopy 

(Keyence). The number of cells with the RO in a wide perinuclear area observed in 

PV-infected cells (normal-sized RO) or with the RO in a small area observed in 

RD(ΔPI4KB) cells (small RO) were counted using CellProfiler software 
49

. Cells with 

the normal-sized RO (median typical diameter, 23 pixels) or with the small RO (median 

typical diameter, 12 pixels) were detected in a typical diameter range of 16 to 40 pixels 

or 10 to 15 pixels, respectively. 

 

Flow cytometry. HEK293 cells (8.0 10
5
 cells) infected with PV1pv at an MOI of 1 in 

the absence or presence of T-00127-HEV1 (10 M). Cells were collected at 7 h p.i. in 

0.8 mL of 10%FCS-DMEM, then fixed with 3% paraformaldehyde for 10 min at room 
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temperature, and permeabilized with 20 M digitonin in HBS for 5 min. Cells were 

incubated with anti-2B and PI4P antibodies for 30 min at 37C. Cells were washed 2 

times by 0.5% BSA in HBS, then incubated with secondary antibodies conjugated with 

Alexa Fluor 647 (for detection of anti-2B antibody) and Alexa Fluor 488 (for detection 

of anti-PI4P antibody) dyes for 20 min at 37C. Cells were suspended in 250 L of 

HBS. About 5.0 10
4
 cells were measured per sample with a BD FACSCanto

TM
 II Flow 

Cytometer (BD Biosciences). Data were analyzed using FlowJo software (FLOWJO, 

LLC). Relative intensity of PI4P signals was determined as below: 

                                    
                                      

                                  
  

 

Net amount of produced PI4P was determined as below: 

                                                                  

 

Anti-PV activity of IFN. Human IFN alpha A was purchased from PBL Biomedical 

Laboratories (11100-1). RD(WT) cells or RD(ΔPI4KB) cells were pre-treated with 

human IFN alpha (final concentration, 1,000 U/mL) for 24 h. IFN response of 

pre-treated cells was confirmed by up-regulation of OAS1 and STAT1 mRNAs using an 

IFN Response Watcher qPCR kit (3720, Takara Bio). IFN-treated cells were infected 

with 800 IU of PV1pv. Cells were incubated at 37C for 16 h, then the luciferase activity 

in cells was measured. 

 

Statistical analysis. Results of experiments are shown as means with standard 



  21 

deviations. Values of P<0.05 by one-tailed t test were considered to indicate a 

significant difference, and were indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 

0.001). 
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Table 1.  Virus titers in RD(WT) and RD(ΔPI4KB) cells 

    

 
CCID50 (in 100 μL)  

 

Virus RD(WT)  RD(ΔPI4KB) 

Number of copies 

of viral genome 

(in 100 μL) 

Number of 

copies of viral 

genome / CCID50 

in RD(WT) cells 

PV1(Sabin) 108.5(0.5)  102.8(0.0) 4.0(0.29) × 1010 110(8.1) 

PV1(ΔPI4KB resistant) 107.7(0.2)  107.7(0.2) 6.2(0.47) × 1010 1,200(93) 

EMCV 107.7(0.0)  107.5(0.3)  n.d. n.d. 

Standard deviation is shown in parentheses. n.d.; not determined. n = 2. 
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Figure 1. Generation of PI4KB-knockout cell line highly resistant to PV infection. 

(A) Nt sequences of PI4KB alleles in RD(WT) and RD(ΔPI4KB) cells around the target 

site of CIRSPR/Cas9-mediated gene edition (colored by blue). Nt number of mRNA of 

PI4KB transcript variant 2 (GenBank:NM_001198773) and encoded aa are shown.  

(B) Western blot analysis of PI4KB in RD(WT) and RD(ΔPI4KB) cells. 

(C) Rescue of PV1pv(WT) infection by ectopic expression of PI4KB in RD(ΔPI4KB) 

cells. PV1pv(WT) infection in RD(ΔPI4KB) cells expressing N-FLAG-PI4KB(WT, 

C646S, or D656A) in the presence of MDL-860. PV1pv infection in RD(ΔPI4KB) cells 

expressing N-FLAG-PI4KB(WT) in the absence of MDL-860 was taken as 100%. 

(D) Infectivity of PV1pv and Sendaivirus in RD(ΔPI4KB). RD(WT) and RD(ΔPI4KB) 

cells were infected with PV1pv or SeV-luc at indicated MOI, then luciferase activity was 

measured at 7 or 24 h p.i., respectively. PV1pv(WT) infection at an MOI of 27 or SeVluc 

infection at an MOI of 2.9 in RD(WT) cells are taken as 100%. Relative infectivity in 

RD(ΔPI4KB) cells is shown. n = 3. 
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Figure 2. Isolation of PV mutant from RD(ΔPI4KB) cells. 

(A) Schematic view of PV1(ΔPI4KB resistant) genome. 

(B) Infectivity of PV1pv mutants in RD(ΔPI4KB) cells. Filled diamonds represent nt 

mutation derived from PV1(ΔPI4KB resistant), and open diamonds represent nt of WT. 

Relative and normalized infectivity of PV1pv mutants in RD(ΔPI4KB) cells are shown. 

In relative infectivity in RD(ΔPI4KB) cells, PV1pv infection at 7 or 16 h p.i. in RD(WT) 

cells are taken as 100%. In normalized infectivity in RD(ΔPI4KB) cells, relative 

infectivity of PV1pv(WT) is taken as 1. Standard deviation is shown in parentheses. n.s., 

not significant. n = 3. 
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Figure 3. Effect of the 3A and 2B mutations on the RO development.   
N-terminally EGFP-fused PV polyprotein (EGFP-2BC3ABCD) with indicated 

mutations were overexpressed in RD(WT) and RD(ΔPI4KB) cells. Localization of 2B 

was analyzed as a marker of RO. Populations of cells with normal-sized or small RO 

are shown. n.s., not significant (vs. EGFP-2BC3ABCD[WT]). 
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Figure 4. Effect of 2B mutations on PV replication. 

Luciferase signals in a single PV1pv-infected cell at 7 or 16 h p.i. Filled diamonds of 

PV1pv represent nt mutation derived from PV1(ΔPI4KB resistant), and open diamonds 

represent nt of WT. Relative light units (RLU) per infected cells are shown. n = 3. n.d.; 

not detectable. 
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Figure 5. Quantification of PI4P and cholesterol in infected RD(WT) cells. 

Left panels: Localization of 2B, cholesterol, PI4P in RD(WT) cells infected with 

PV1pv(WT) at 7 h p.i. or with PV1pv(ΔPI4KB resistant [-2C]) at 7 or 16 h p.i. at an MOI 

of 2.5 in the absence or presence of T-00127-HEV1 (10 μM). Cyan, filipin III (staining 

of unesterified cholesterol); green, PI4P; magenta, 2B. 

Right panels: Flow cytometry analysis of RD(WT) cells infected with PV1pv(WT) or 

PV1pv(ΔPI4KB resistant [-2C]) at an MOI of 1.0 in the absence or presence of 

T-00127-HEV1 (10 μM) at indicated time with anti-2B and anti-PI4P antibodies. Ratios 

of geometric means of PI4P signals in the PV1pv-infected cells to non-infected cells are 

determined with standard deviation (in parenthesis) in the right graphs. n = 3. n.d.; not 

detectable. 

 

 

 



  35 

Figure 6. Quantification of PI4P in infected RD(WT) cells. 

(A) Flow cytometry analysis of RD(WT) cells infected with PV1pvs at an MOI of 0.5 at 

7 h p.i. with anti-2B and anti-PI4P antibodies. Ratios of geometric means of PI4P 

signals in PV1pv-infected cells to non-infected cells are determined with standard 

deviation (in parenthesis). 

(B) Effect of the mutations of PV1(ΔPI4KB resistant) on the relative PI4P level of 

infected cells. n.s., not significant. n = 3. 
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Figure 7. Cross resistance of PV1pv(ΔPI4KB resistant) to PI4KB/OSBP inhibitors. 
Inhibitory effects of PI4KB/OSBP inhibitors on the infection of PV1pv mutants in (A) 

RD(WT) cells or in (B) RD(ΔPI4KB) cells. PV1pv infection in the absence of 

compounds is taken as 100%. Filled diamonds of PV1pv represent nt mutation derived 

from PV1(ΔPI4KB resistant), and open diamonds represent nt of WT. n = 3. 
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Figure 8. Effect of type I IFN on PV1pv(ΔPI4KB resistant) infection. 
RD(WT) cells or in RD(ΔPI4KB) cells were pre-treated with human interferon alpha 

(1,000 U/mL) for 24 h, then infected with PV1pv. PV1pv infection in the absence of 

interferon is taken as 100%. Filled diamonds of PV1pv represent nt mutation derived 

from PV1(ΔPI4KB resistant), and open diamonds represent nt of WT. n.d.; not 

detectable. n.s., not significant. n = 3. 

 

 
 


