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Abstract: We previously showed that the growth ability of the Japanese encephalitis virus (JEV)
genotype V (GV) strain Muar is clearly lower than that of the genotype I (GI) JEV strain Mie/41/2002
in murine neuroblastoma cells. Here, we sought to identify the region in GV JEV that is involved in
its low growth potential in cultured cells. An intertypic virus containing the NS1-3 region of Muar in
the Mie/41/2002 backbone (NS1-3Muar) exhibited a markedly diminished growth ability in murine
neuroblastoma cells. Moreover, the growth rate of a Muar NS2A-bearing intertypic virus (NS2AMuar)
was also similar to that of Muar in these cells, indicating that NS2A of Muar is one of the regions
responsible for the Muar-specific growth ability in murine neuroblastoma cells. Sequencing analysis
of murine neuroblastoma Neuro-2a cell-adapted NS1-3M4" virus clones revealed that His-to-Tyr
mutation at position 166 of NS2A (NS2A'%°) could rescue the low replication ability of NS1-3Muar
in Neuro-2a cells. Notably, a virus harboring a Tyr-to-His substitution at NS2A1%6 (NS2AY166H)
showed a decreased growth ability relative to that of the parental virus Mie/41/2002, whereas an
NS2AMUr hased mutant virus, NS2AMuar-H166Y ghowed a higher growth ability than NS2AMUar in
Neuro-2a cells. Thus, these results indicate that the NS2A1%® amino acid in JEV is critical for the
growth and tissue tropism of JEV in vitro.

Keywords: Japanese encephalitis virus; genotype V; NS2A; reverse genetics

1. Introduction

Japanese encephalitis virus (JEV) is a mosquito-borne arbovirus that causes the serious neurological
disorder Japanese encephalitis (JE). JE represents a major public health problem in Asia, with an
estimated 68,000 cases of JE per year resulting in 15,000 fatalities, mostly in children [1-3]. JEV belongs to
the genus Flavivirus in the family Flaviviridae and is amplified in a bird—- and pig-mosquito transmission
cycle [4]. The mosquitoes transmit JEV to dead-end host humans.

JEV harbors a single-stranded, positive-sense RNA genome that encodes three structural proteins
(C, prM, and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, N54B, and NS5)
from a single open reading frame, and the genome also contains noncoding regions (NCRs) at its 5’'-
and 3’-terminal ends. Based on genomic RNA homology, JEV strains are classified into five genotypes:
GI, GII, GIII, GIV, and GV [5,6]. GI and GIII strains have been the most widely distributed strains in
JE-endemic areas since the 1990s [7,8]; GII strains constitute the third most common group and have
been detected in Indonesia, Singapore, South Korea, Malaysia, and Australia [9]; GIV strains have
been isolated only in Indonesia [9]; and GV strains also represent an extremely rare group—the first
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GV JEV strain (Muar) was isolated from a patient with encephalitis in Malaysia in 1952, but then no
other GV JEV isolates were identified for >50 years [6]. However, in 2009, an infectious GV JEV strain
(XZ0934) was isolated from a Culex mosquito pool in China [10], and a GV JEV strain was also detected
in Korea in 2010 [11]. In Korea, GI, GIII, and GV JEV strains have been endemic in recent years, but GV
is currently the main genotypic strain circulating in Korea [12,13]. Furthermore, GV JEV was isolated
from a JE patient in 2015 [14].

JE vaccines currently available are derived from GIII strains. These JE vaccines were previously
reported to potentially exhibit less ability to induce neutralizing antibodies against GV JEV than those
against other JEV genotypes [15,16]. Conversely, IgGs raised against GV JEV XZ0934 were reported to
show a poor neutralizing ability against GIII JEV [17]. These findings raise the possibility that GV JEV
is distinct from other JEV genotypes in terms of antigenicity, and the current GlII-derived JE vaccines
might thus provide inadequate levels of protection against GV JEV. The low identity in amino acid
sequences between GV and GIII JEV could be one reason for the poor efficacy of the GIII-derived
vaccines against GV JEV [16]. Therefore, attention must be paid to the dynamics of the circulating JEV
strains in JE-endemic areas.

The characteristics of GV JEV remain poorly understood because only a few GV JEV strains have
been isolated to date and only limited studies have been performed on these strains. We previously
showed that the neuroinvasiveness of GV JEV Muar in mice was substantially higher than that of
GI JEV Mie/41/2002 [16]. Moreover, it was shown that a recombinant GV JEV of the XZ0934 strain
exhibited higher neuroinvasiveness in mice than recombinant GIII JEV, and that the structural protein
region (C-prM-E) of GV JEV plays a critical role in the increased pathogenicity of GV JEV [17]. We also
reported that the E and prM proteins of GV JEV are responsible for the highly virulent characteristics
of GV JEV in a mouse model [18].

The Muar strain also presents unique features in in vitro growth. The growth ability of Muar
in mouse neuroblastoma cells was found to be clearly lower than that of Mie/41/2002 [16,18].
Our findings also showed that the 5-NCR-C-prM-E region of Muar, which is responsible for the
high neuroinvasiveness of the strain, does not influence the growth characteristics of Muar in murine
neuroblastoma cells [18]. Thus, our previous data indicate that the growth properties of JEV in mouse
neuronal cells do not necessarily reflect pathogenicity in mice. However, the growth characteristics
of Muar in vitro is of great interest in understanding the tissue tropism of JEV. To gain insight into
the nature of Muar in in vitro growth, we sought to identify the region in GV JEV responsible for its
low growth ability in cultured cells, particularly in murine neuroblastoma cells. Thus, we generated
recombinant intertypic chimeric and missense mutant JEV strains in the backbone of the GI JEV strain
Mie/41/2002 using a reverse-genetics system that we previously established, and then analyzed the
mechanism for the growth properties of these JEV strains in vitro.

2. Materials and Methods

2.1. Cell Culture

African green monkey kidney Vero cells (strain 9013) and mouse neuroblastoma Neuro-2a cells
were cultured at 37 °C in 5% CO, in Eagle’s minimal essential medium (MEM) (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich) and
100 U/mL penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Mouse neuroblastoma
N18 cells were cultured at 37 °C in 5% CO, in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
supplemented with 10% FBS and 100 U/mL penicillin-streptomycin.

2.2. Viruses

The GI JEV strain Mie/41/2002 (GenBank accession no. AB241119), which was isolated from
pig serum in Japan in 2002 [19,20], and the GV JEV strain Muar (GenBank accession no. HM59272),
which was isolated from a patient with encephalitis in Malaysia in 1952, were used [16]. The working
virus stocks were prepared through amplification in Vero cells.
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2.3. Recombinant Viruses

Four JEV molecular clones of GI-GV intertypic and missense mutant viruses (rJEV-5SNCMEMuar
-M41 (BNCMEMuar)  (JEV-NS1-3Muar_V41  (NS1-3Muar) - JEV-NS4A-5MUar_M41  (NS4A-5Muary,
and rJEV-NS5-3NMuar-M41 (NS5-3NMuar)y described previously were used [18]. We constructed
the following mutant viruses: rJEV-NSIMWr-M41 (NSIMuar) (JEV-NS2AMuar-M41 (NS2AMuar),
rJEV-NS2B-3Muar_\41 (NS2B-3Muar) JEV-NS2A Y166H_M41 (NS2AY166H) and rJEV-NS2 AMuar-H166Y_\ 141
(NS2AMuar-H166Yy i1y the Mie/41/2002 backbone, as described previously [16,20]. Briefly, the distinct
genomic regions of the infectious cDNA clone rJEV(Mie/41/2002)/pMW119 were replaced with the
corresponding regions of the Muar genome (Figure 1). The cDNA fragments of Muar were amplified
through one-step RT-PCR performed using a PrimeScript II High-Fidelity RT-PCR kit (Takara Bio,
Shiga, Japan). The primers are listed in Supplementary Table S1. Each of the amplified fragments
was inserted into the corresponding region by using conventional molecular cloning methods and the
In-Fusion Cloning system (Takara Bio). The single missense mutations, NS2AY166H and NS2 AMuar-H166Y
were introduced into the strains rJEV(Mie/41/2002)/pMW119 and rJEV-NS2 AMuar-HI66Y_N41/5MW119,
respectively, by means of inverse-PCR-based site-directed mutagenesis [21]. The nucleotide sequences
of the viral genome region of the recombinant clones were determined after amplification of the
plasmids in Escherichia coli STBL2 (Thermo Fisher Scientific). The recombinant viruses were recovered
by transfecting Vero cells with in vitro-transcribed recombinant viral RNA, as previously described [21].
An aliquot of the culture supernatant of the Vero cells transfected was passaged once in Vero cells,
and the culture fluid was used as the recombinant virus solution (v1). The nucleotide sequences of the
recombinant viruses were also determined; no additional nucleotide mutations were detected.

2.4. Plaque-Formation Assay and Analysis of Growth Kinetics

Infectious viral titers for each sample were determined using a plaque-formation assay; for the
assay, Vero cells (~3 x 10°/well) were plated in 12-well plates and inoculated with each of the viruses
for 1 h at 35-37 °C. Next, an MEM-based overlay medium containing 1% methyl cellulose and 2% FBS
was added to the wells, and the cells were incubated for 5 days at 35-37 °C, after which the cells were
fixed using a 10% formalin-PBS solution and stained with methylene blue, as described previously [21].

The growth of the JEV strains was analyzed as described previously [20]. Briefly, cells were
cultured in 6-well culture plates and infected with each JEV strain in MEM supplemented with 2% FBS
(2F/MEM) at a multiplicity of infection (MOI) of 0.1 plaque-forming units (PFU)/cell. Small aliquots of
the media were collected at one-day intervals, and the infectious viral titers were determined using the
plaque-formation assay in Vero cells, as described above.

2.5. Adaptation of Virus to Mouse Neuroblastoma Cells

NS1-3Muar (v1) was inoculated into Neuro-2a cells (in 6-well plates) at an MOI of 0.1 PFUjcell,
and the cells were incubated for 3 days at 35-37 °C. The culture supernatant (pl) was recovered
and a small aliquot (200 puL) was used for the next inoculation into Neuro-2a cells in 6-well plates,
which were then incubated for 3 days at 35-37 °C. The passaging was repeated ten times (p1 to p10).

2.6. Plague Cloning (Limiting-Dilution Method)

NS1-3Muar p10 solution was diluted to 5 PFU/mL with 2F/MEM; the diluted virus solution
(50 uL = 0.25 PFU) was added to Vero cells cultured in 12-well plates, and the cells were incubated
at 35-37 °C for 6-7 days. Culture supernatants were recovered and used in the plaque-formation
assay to assess the plaque sizes of the viruses and to measure the infectious titer in the solutions,
as described above.

2.7. Statistical Analysis

Viral titers for each sample determined by plaque-forming assay as described above were
statistically compared by using BellCurve for Excel (Social Survey Research Information, Tokyo, Japan).



Viruses 2020, 12, 709 4 of 14

Data were presented as mean + standard deviation of the three independent experiments. Significance
was analyzed using the two-way ANOVA test.

3. Results

3.1. Growth of GI-GV Intertypic Mutants 5SNCMEM#a", NS1-3Muar, NS4A-5Muar  and NS5-3NMHr i Mouse
Neuroblastoma Cells

To identify the genomic region in Muar responsible for its low growth ability in cultured cells, the
growth kinetics of four Mie/41/2002 background intertypic mutant viruses incorporated with the partial
Muar gene, SNCMEMuar NGg1-3Muar NGqA-5Muar 51 d NS5-3NMuar (Figure 1), were investigated in
Vero cells and in two murine neuroblastoma cell lines (N18 and Neuro-2a) (Figure 2). To construct
NS4A-5Muar and NS5-3NMuar mutants, the NS5 region was split into methyltransferase (NS4A-5Muar)
and RNA-dependent RNA polymerase (NS5-3NMUa) domains. The plaques formed by NS1-3Muar,
NS4A-5Muar and NS5-3NMuar ywere slightly smaller than those formed by the parental virus Mie/41/2002,
but were of a similar size as the plaques formed by Muar (Figure 2A). The growth kinetics of SNCMEMuar
and NS5-3NMuar jn Vero, N18, and Neuro-2a cells were similar to those of Mie/41/2002, and these were
slightly higher than those measured for Muar, NS1-3M4ar, and NS4A-5M4r (Figure 2B-D). Although the
growth properties of NS1-3M4a” and NS4A-5M12r in these cells were similar to those of Muar, NS1-3Muar
exhibited the lowest growth ability in the murine neuroblastoma cells (Figure 2C,D). The results
suggested that the regions NS1-3 and NS4A-5 are related to the low growth capacity of Muar in
cultured cells.
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Figure 1. Schematic representation of the genomic structure of mutant Japanese encephalitis viruses
(JEVs) used in this study. Regions derived from Mie/41/2002 and Muar strains are shown in blue and
orange, respectively; numbers: nucleotide positions in the Mie/41/2002 genome.
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3.2. Growth of GI-GV Intertypic Mutants NSTM#r, NS2 AMuar gnd NS2B-3Mua” i Mouse Neuroblastoma Cells

We next focused on the NS1-3 region of Muar, which more potently affected the growth of
Mie/41/2002 in N18 and Neuro-2a cells than the NS4A-5 region (Figure 2C,D). For the analysis, we
generated three novel intertypic mutants, NS1Muar, NS2AMuar and NS2B-3Muar (Figure 1). The plaques
generated by NS2AMUYaT were smaller than the plaques of Mie/41/2002, NS1MUar and NS2B-3Muar put
were similar in size to those of NS1-3Muar (Figure 3A). Furthermore, the growth kinetics of NS2AMuar
were also similar to those of Muar and NS1-3M4" in N'18 and Neuro-2a cells (Figure 3C,D). By contrast,
Mie/41/2002 and NS1Mvar showed similar growth rates in Vero, N18, and Neuro-2a cells, and the
growth rates of NS2B-3Muar were also similar to those of Mie/41/2002 in the murine neuroblastoma
cells (Figure 3B-D). The results suggested that the substitutions of the NS51-3 and NS2A regions of
Mie/41/2002 with the respective regions from Muar decreased the growth ability of Mie/41/2002 in

cultured cells.
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Figure 2. (A) Plaque phenotypes of Mie/41/2002, Muar, and four intertypic strains, rJEV-5SNCMEMuar
-M41 (BNCMEMvuar) - yJEV-NS1-3Muar_p41 (NS1-3Muary - rfJEV-NS4A-5Muar_M4]  (NS4A-5Muary,
and r]EV—N85—3NMuar—M41 (N85-3NM“‘“), in Vero cells. (B-D) Growth curves measured for Mie/41/2002,
Muar, SNCMEMuar Ng1-3Muar NgqA-5Muar o d NS5-3NMuUar jny Vero (B), N18 (C), and Neuro-2a (D)
cells. Cells were plated into 6-well culture plates and infected with the JEV strains at a multiplicity of
infection (MOI) of 0.1 PFU/cell. Values: mean + standard deviation from three independent experiments.



Viruses 2020, 12, 709 6 of 14

A

oy}

Mie/41/2002  NS1-3Muar 1x10° }
> \ > ~ . —=
—g' 1x108 f fzﬂ’-*""‘“
-) /4
o 1x107 /
.
§ 1x10° p — Mie/41/2002
- L e Muar
ug) 1x105 NS 1 3Muar
S 1x104 | NS 1Muar
& NS2AMuar
£ 1x10% s NS2B-3Muar
1x102
0 1 2 3
Day post infection
— Mie/41/2002 m— Mie/41/2002
s Muar s Muar
1Xx 107 e NS1-3Muar T 1Xx 107 [ NS1-3Muar =
NS 1 Muar NS Muar
j N NSZAMuar -} s L NSZAMuar
£ 1108 NS2B-3Muar g 1x10° NS2B-3Muar
™y e I
o 1x105 = 1x10° t -1
g 2
@ 1x10% | @ 1x104 | < 1
3 2 Z
5 3 o I
8 1x10% - T —1 7 g ey 3
g ¥ T E - I
1x 102 1x 102
0 1 2 3 0 1 2 3
Day postinfection Day post infection

Figure 3. (A) Plaque phenotypes of Mie/41/2002 and four intertypic strains, NS1-3Muar JEV-NS1Muar_\41
(NS1Muary - TEV-NS2AMuar_vi41 (NS2AMYan) - and rJEV-NS2B-3Muar_\41 (NS2B-3Muar) in Vero cells.
(B-D) Growth curves measured for Mie/41/2002, Muar, NS1-3Muar Ng1Muar NGy AMuar 3y q NSpB-3Muar
in Vero (B), N18 (C), and Neuro-2a (D) cells. Cells were plated into 6-well culture plates and infected
with the JEV strains at an MOI of 0.1 PFU/cell. Values: mean =+ standard deviation from three
independent experiments.

3.3. Adaptation of NS1-3M"r to Mouse Neuroblastoma Neuro-2a Cells

To search for the site critical for the reduction of growth potency in murine neuroblastoma
cells, we generated a mutant NS1-3M"" adapted to Neuro-2a cells by continuously passaging
NS1-3M4r jn Neuro-2a cells ten times (p10) (Figure 4A). The growth rate of this virus, NS1-3Muar p10,
was clearly higher than that of the original virus, NS1-3Muar v1 which indicated that NS§1-3Muar p10
acquired a higher replication ability in Neuro-2a cells (Figure 4B). The complete nucleotide sequence
of the NS1-3M"r 10 genome was determined, revealing that there were two differences in the
nucleotide sequence, one was located in the prM region and the other was located in NS2A region,
between NS1-3M1ar v1 and NS1-3M4r p10 (Figure 4C). The two nucleotide mutations identified in
NS1-3Muar 510 were also accompanied by amino acid substitutions, Asn-to-Lys at position 60 of prM
(prM®?) and His-to-Tyr at position 166 of NS2A (NS2A!%6), which suggested that these amino acid
alterations could be associated with acquiring the increased growth ability of NS1-3M"% p10 in Neuro-2a
cells. Intriguingly, the infectious titers of the viruses passaged in Neuro-2a cells increased clearly
between the once-passaged virus (p1) and the 5-times-passaged virus (p5), which implied that the virus
adapted to Neuro-2a cells in the early stage of repeated passaging (Figure 4D). Thus, we determined
the nucleotide sequences of the positions corresponding to prM® and NS2A1% in NS1-3Muar p3, p5,
p7, and p9 (Figure 4E); this revealed that the Asn-to-Lys substitution at the nucleotide level in prM®°



Viruses 2020, 12, 709 7 of 14

of NS1-3Muar gccurred between p5 and p7, whereas the His-to-Tyr substitution in NS2A 1% occurred
before p3. The amino acid residue at prM60 was Asn in Mie/41/2002, Muar, and NS1-3Muar 1 put
Lys in NS1-3M"r p10 (Figure 4F and Supplementary Figure S1), whereas the NS2A1%° residue was
His in Muar and NS1-3M4r v1 but Tyr in NS1-3M4ar p10 and Mie/41/2002 (Supplementary Figure S2).
These results suggest that the His-to-Tyr mutation in NS1-3M"" p10 is mainly associated with the
adaptation of the virus to Neuro-2a cells.
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Figure 4. (A) Plaque phenotypes of Mie/41/2002, original NS1-3Muar yirys vl (NSl—3Muar vl),
and Neuro-2a-adapted NS1-3Muar yirys p10 (NS1-3Muar p10) in Vero cells. (B) Growth curves measured
for NS1-3Muar y1 and NS1-3M¥r p10 in Neuro-2a cells. Cells were plated into 6-well culture plates
and infected with the JEV strains at an MOI of 0.1 PFU/cell. Values: mean =+ standard deviation from
three independent experiments. (C) Sequencing electrograms of nucleotides at amino acid positions 60
of prM (left peaks) and 166 of NS2A (right peaks) in NS1-3M"" v1 (lower peaks) and NS1-3Muar p10
(upper peaks). (D) Infectious titers of NS1-3M"r viruses passaged in Neuro-2a cells. The infectious titer
of each virus (p1 to p9) was determined using Vero cells. (E) Sequencing electrograms of nucleotides
at amino acid positions 60 of prM (left peaks) and 166 of NS2A (right peaks) in NS1-3Muar p3, p5,
p7, and p9. (F) Amino acid residues at positions 60 of prM and 166 of NS2A in Mie/41/2002, Muar,
and NS1-3M"r v1 and p10.
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3.4. Characterization of Neuro-2a-Adapted NS1-3M“ p10 Clones

The results of plaque assays performed using Vero cells suggested that NS1-3M4a" p10 includes
at least two distinct types of viruses: native-sized-plaque and pin-sized-plaque viruses (Figures 4A
and 5A). Small plaques were observed with NS1-3M¥a p7 and p10 viruses but not p3 and p5
viruses (Supplementary Figure S3). To clarify the nucleotide sequence of the native-sized-plaque and
pin-sized-plaque variants, single-clone viruses were obtained from the NS1-3Muar
a limiting-dilution method. Five pin-sized-plaque and native-sized-plaque clones were obtained,
and the nucleotide sequences of the prM and NS2A regions of the clones were determined (Table 1).
All five clones that formed native-sized plaques and 4/5 clones that formed pin-sized plaques featured
an amino acid change at NS2A% (His-to-Tyr), whereas 4/5 clones that formed pin-sized plaques
and only 1-2/5 clones that formed native-sized plaques featured a change at prM®° (Asn-to-Lys).
We also found an additional amino acid substitution (GIn to Arg) at position of 7 of prM (prM’) in
all five native-sized-plaque clones, but this alteration was not detected in NS1-3M4a" p10 and the
pin-sized-plaque clones. To further examine the characteristics of these clones, we selected two clones:
pin-sized-plaque clone #17 and native-sized-plaque clone #7 (Table 1 and Figure 5A). NS1-3M"r p10
and pin-sized-plaque clone #17 grew slightly slower than NS1-3M4" v1 and native-sized-plaque
clone #7 in Vero cells (Figure 5B). By contrast, NS1-3MUr p10 and both selected clones, #7 and #17,
showed a clearly increased replication ability in Neuro-2a cells as compared with that of NS1-3Muar
v1 (Figure 5C). The results indicate that the His-to-Tyr substitution at NS2A166 in NS1-3Muar plOis
critical for the efficient growth of NS1-3M4" in Neuro-2a cells and also suggest that the Tyr residue
at NS2A %6 in Mie/41/2002 plays a key role in acquiring the high replication ability of this strain in
murine neuroblastoma cells.

p10 solution using

NS1 _3Muar NS1 _3Muar NS1 _3Muar NS1 _3Muar
vi p10 #7 p10 #17
, == NS1-3Mear yq
1x10° 1x10° ¢ NS1-3Muar p10
NS1-3Muar p10 #7 .
~ 1x108 | > = 5 1X10° o NS1-3Werp1o#17 =
£ T h £ »
2 1x107 | 4 D 1x107 | s
o o
& 1x108 | S 1x10° | 4
i) 5 L Q2 1x10° F -
= 110 — NS1-3Muar 1 5
= l NS1-3%arp1o € . Lo |
1xi0 : NS1-3Muar p10 #7 X 7
E 4 _2Muar o
P NS1-3 p10 #17 1% 10°

0 1 2 3 0 1 2 3
Day post infection Day post infection

Figure 5. (A) Plaque phenotypes of NS1-3Muar v1, NS1-3Muar 510, and NS1-3M"r p10 clones #7
(NS1-3Muar pl0#7) and #17 (NS1-3Muar pl0#17) in Vero cells. (B,C) Growth curves measured for
NS1-3Muar v, NS1-3Muar 510, NS1-3MU@r p10#7, and NS1-3M1@r p10#17 in Vero (B) and Neuro-2a
(C) cells. Cells were plated into 6-well culture plates and infected with the JEV strains at an MOI of
0.1 PFU/cell. Values: mean =+ standard deviation from three independent experiments.
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Table 1. Amino acid residues that differ among amino acid sequences of NS1-3M4ar strains.

* Complete nucleotide sequences of these clones/viruses were determined in this study.

3.5. Growth of Site-Directed Mutants NS2AY10H gnd NS2 AMuar-H166Y iy Moyse Neuroblastoma Cells

Amino Acid at Position

Category or Strain Clone No. prM’ prM® NS2A166

Pin-sized-plaque clones 1 GIn Lys Tyr
2 GIn Lys Tyr

4 GIn Lys Tyr

17* Gln Lys Tyr

18 Gln Asn His

Native-sized-plaque clones 6 Arg Asn/Lys mix Tyr
7* Arg Asn Tyr

9 GIn/Arg mix ~ Lys/Asn mix Tyr

12 Arg Asn Tyr

22 Arg Asn Tyr

NS1-3Muar y1 = - GIn Asn His
NS1-3Muar p10 * - Gln Lys Tyr
Muar - Gln Asn His
Mie/41/2002 - GIn Asn Tyr

9of 14

To investigate whether the Tyr residue at NS2A ' in GI Mie/41/2002 is crucial for the high growth
potency of this strain in mouse neuroblastoma cells, we generated a recombinant Mie/41/2002 strain
harboring a Tyr-to-His substitution at NS2A 10, NS2AY19H (Figures 1 and 6A). NS2AY16H grew
slightly slower than Mie/41/2002 in Vero cells (Figure 6B), and the growth of the mutant was also
strikingly slower than that of Mie/41/2002 in Neuro-2a cells (Figure 6C). Moreover, we produced an
additional site-directed mutant, JEV NS2AMuar-H166Y 514 investigated how this mutation influences
the growth of NS2AMU in vitro (Figure 6D-F). NS2AMuar-H166Y showed higher growth ability than
NS2AMuar in Neuro-2a cells, although the two viruses exhibited nearly equal growth kinetics in Vero
cells. These results suggest that NS2A1% affects the growth of JEV in murine neuroblastoma cells.

Figure 6. (A) Plaque phenotypes of Mie/41/2002 and site-directed mutant rJEV-NS2AY!60H. V41
(NS2AY166H) (B C) Growth curves measured for Mie/41/2002 and NS2AY160H in Vero (B) and Neuro-2a
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(C) cells. Cells were plated into 6-well culture plates and infected with the JEV strains at an MOI of
0.1 PFU/cell. Values: mean =+ standard deviation from three independent experiments. Significance was
analyzed using the two-way ANOVA test. (D) Plaque phenotypes of NS2AMUr and its site-directed
mutant rJEV-NS2AMuar-H166Y_\47 (NS2 AMuar-H166Y) (E and F) Growth curves measured for NS2AMuar
and NS2AMuar-H166Y ipy Vero (E) and Neuro-2a (F) cells. Cells were plated into 6-well culture plates and
infected with the JEV strains at an MOI of 0.1 PFU/cell. Values: mean + standard deviation from three
independent experiments. Significance was analyzed using the two-way ANOVA test.

4. Discussion

The GV strain Muar shows lower growth potential in murine neuronal cells than G Mie/41/2002 [16].
This study was conducted to identify the genomic region that is related to this difference in in vitro
growth property between the strains. It was shown that NS2A of Muar was one of the regions
responsible for the Muar-specific lower growth ability in murine neuroblastoma cells. Furthermore,
sequencing analysis of revertant viruses derived from NS1-3M4ar revealed that His-to-Tyr substitution at
position 166 of NS2AMUar rescued the low replication ability of the NS1-3MUar mutant. Thus, the results
indicate that the NS2A% amino acid in JEV influences the growth and tissue tropism of JEV in vitro.
Although previous study indicates that amino acid sequences in the E protein are involved in the
adaptation of JEV in Neuro-2a cells [22], no differences in E region amino acid sequences were
found between NS1-3 Muar v1 and the NS1-3M42" p10. An Asn-to-Lys mutation at prM® was found
in NS1-3M4y 10, which may be associated with the appearance of the pin-sized plaque variants.
In Neuro-2a cells, the growth rate of NS1-3M4r p10 #17 clone, with Lys at prM®, was similar to that
of NS1-3Mur 510 #7 clone, with Asn at prM® (Figure 5C). Therefore, it appears that the mutation
at prM® is not primarily involved in the increased growth ability of NS1-3MUa p10 in Neuro-2a
cells. However, pin-sized viruses were a major component of the p10 (Figure 4), implying that the
prM® mutation in NS1-3M42" may confer an advantage in propagating NS1-3M"" in Neuro-2a cells
over continuous passages. Flavivirus NS2A is a highly hydrophobic transmembrane protein that
localizes in the endoplasmic reticulum (ER) membrane and interacts with virus genomic RNA and
other structural and nonstructural viral proteins [23-27]. NS2A has several functions throughout the
virus life cycle and pathogenesis: viral RNA synthesis [23,25,28], virion assembly and secretion [25-31],
escape from host immunity [32-36], and pathogenicity in vitro and in vivo [37-39]. On the other hand,
the cellular factor tripartite motif-containing protein 25 (TRIM52) interacts with and degrades JEV
NS2A, which results in the inhibition of JEV replication [40]. Furthermore, the nucleotide sequence of
the JEV NS2A-coding region is also involved in the expression of the NS1” protein [41,42]. In dengue
virus NS2A, the N-terminal 68 amino acids are located in the ER lumen, the core region (amino acids 69
to 209) integrally spans the ER membrane, and the C-terminal tail (amino acids 210 to 218) is located in
the cytosol [43]. The results of previous studies and our result of SOSUI (classification and secondary
structure prediction system for membrane proteins) analysis indicate that JEV NS2A contains eight
predicted transmembrane segments (pTMS1-8) (Supplementary Figure S2) [43,44].

The growth of the NS1-3M4" mutant, which exhibited poor replication ability in murine
neuroblastoma cells, was rescued when an additional mutation was introduced in the NS2A region
(NS2AH16Y) The results suggest that NS2A is one of the sites responsible for the replication
efficiency of the virus in mouse neuroblastoma cells. The NS2AY166H gybstitution in Mie/41/2002 also
drastically decreased its growth ability in Neuro-2a cells (~1 X 103-fold) (Figure 6C), but the degree of
change in growth rate between NS2AMvar and NS2AMuar-HI66Y v a5 Jow (~1 x 101-fold) (Figure 6F).
These results imply that factors other than NS2A % including other sites in Muar NS1-3 and cellular
factors are associated with the decreased growth potential of Muar.

A single amino acid substitution, Phe-to-Leu substitution at position 113 in NS2A (NS2AM3) of
GIII JEV affects viral growth in Neuro-2a cells [44]. The amino acid residue at NS2A 13 in Mie/41/2002
and Muar is Phe, and the residue at NS2A113 also appears to be conserved in GI, GIII, and GV
JEVs (Supplementary Figure S2); thus, NS2A!'® does not likely contribute to the disparity in growth



Viruses 2020, 12, 709 11 of 14

ability demonstrated in Mie/41/2002 and Muar. However, NS2A of JEV may play a key role in the
efficient replication of JEV in murine neuronal cells [44]. The NS1-to-NS3 region of Muar is not
associated with the high-virulence phenotype of Muar, which indicates that the growth property
of NS2A-associated mutants in mouse neuroblastoma cells is unrelated to the virulence of Muar
in mice [18]. The Phe-to-Leu or Leu-to-Phe substitutions at NS2A!3 in GIII JEV strains does not
affect their pathogenicity in mice, which supports the notion that virus propagation in vitro does not
directly reflect virus replication and pathogenicity in vivo. The pathology caused by JEV infection is
complex, and numerous factors—replication of the virus and invasion of the immune cells, cytokines,
and chemokines in the brain—are involved in the pathogenicity of JEV.

Havivirus NS2A has been comprehensively analyzed genetically and biochemically [24,26-28,39,43,45].
Zheng et al. conducted systematic alanine-scanning mutagenesis of Zika virus NS2A and classified
the phenotypes of the mutants into five groups [27]. An Arg-to-Ala mutation in Zika virus NS2A
(NS2AR1714) 'in which the mutation site is near JEV NS2A 1%, belongs to a group of mutants defective for
virion assembly, and this suggests that NS2A %6 in JEV may also be associated with the virion assembly
of JEV. Alanine-scanning mutagenesis was also performed in dengue virus NS2A, and a Leu-to-Phe
mutation in NS2A (NS2AL81F) was identified to act as a compensatory mutation in several NS2A
mutants bearing alanine substitutions [28,39]. JEV NS2A166 is Jocated in pTMS?7 (amino acids 164 to 183)
(Supplementary Figure S2), and dengue virus NS2A!8! is also located in pTMS7, which corresponds to
pTMS? of JEV NS2A. The findings for dengue virus NS2A and the results in this study suggest that
pTMS?7 interacts intramolecularly with other pTMSs of NS2A and regulates the function of NS2A in
virus replication [28,39].

Dengue virus NS2A pTMS7 (amino acids 165 to 186) traverses the ER membrane, whereas Zika
virus NS2A pTMS6 (amino acids 152 to 185) interacts peripherally with the ER membrane [27,43].
A recent study showed that dengue virus NS2A cannot trans-complement a virion assembly-defective
NS2A mutant of Zika virus [45]. These findings suggest that different flavivirus NS2A molecules
feature distinct membrane topologies and that each pTMS functions in a virus-type-specific manner.
Thus, the findings in dengue virus and Zika virus NS2A might not be readily applicable to other
flavivirus NS2A molecules. Clarification of the topology of JEV NS2A in the ER membrane is necessary
for understanding the role of pTMS7 of JEV NS2A.

The differences in in vitro growth kinetics between the GI strain Mie/41/2002 and the GV strain
Muar, NS1-3Muar o NS2AMuar yere more notable in mouse neuroblastoma cells than in Vero cells.
These results imply that JEV NS2A is involved in the tropism of JEV. The ability to bind to the
ER membrane of the cells used in this study might differ between Mie/41/2002 and Muar or Muar
NS2A-bearing recombinant JEV strains. Little is currently known regarding the cellular factors that
interact with NS2A, and identification of the host-cell molecules that interact with flavivirus NS2A
will facilitate elucidation of the role of NS2A in cell tropism. Several lines of evidence indicate that
flavivirus NS2A plays a role in inhibiting host interferon (IFN) responses [32-36], and JEV NS2A also
blocks the host antiviral response of IFN-induced double-stranded RNA-activated protein kinase
during JEV infection [35], which suggests that the NS2A!% amino acid might affect the ability of
JEV NS2A to interfere with the host immune response. However, Vero cells are IFN-deficient and
Neuro-2a cells infected with JEV do not secrete IFNf31 [46], indicating that type I IFN-dependent
signaling is blocked in both Vero cells and Neuro-2a, and that signaling pathways downstream of
type I IFN may not be associated with the difference between the Muar and Mie/41/2002 strains.
Activating transcription factor 3 (ATF3), which is induced by the infection of JEV, inhibits cellular
antiviral signaling in Neuro-2a cells [46], suggesting that the ATF3 induction level might differ between
Muar- and Mie/41/2002-infected Neuro-2a cells. In contrast to the growth data obtained in Vero and
Neuro-2a cells, our preliminary data indicated that NS1-3M4r v1 grew faster than NS1-3M4ar p10 in
human lung cancer A549 cells, which retain intact signaling pathways related to the innate immune
response (unpublished data). Further analysis of several cell types will be necessary to clarify whether
the growth properties of Muar are specific to mouse neuronal cells. In this study, we examined viral
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growth by measuring the amount of infectious virus secreted into the culture medium. Analyses of the
viral RNA and infectious particles in the JEV-infected cells will also be required to understand the
different effects of NS2A on the growth of Muar and Mie/41/2002.

In addition, although both the NS1-3 and NS4A-5 regions are related to the low growth capacity
of Muar in vitro (Figure 2), we only focused on the former region in this study. Analysis of the NS4A-5
region is also needed for a comprehensive understanding the growth nature and tissue tropism of JEV.

Supplementary Materials: Available online at http://www.mdpi.com/1999-4915/12/7/709/s1. Table S1: Primers
used for the construction of the recombinant JEVs, Figure S1: Comparison of amino acid sequences of JEV prM.
GI: genotype L; GIII: genotype III; GV: genotype V, Figure S2: Comparison of amino acid sequences of JEV NS2A,

Figure S3: Plaque morphology of NS1-3MU@" viruses passaged in Neuro-2a cells.

Author Contributions: Conceptualization, S.T. (Shigeru Tajima); Investigation, S.T. (Shigeru Tajima), S.T.
(Satoshi Taniguchi), E.N., TM., and T.I.; Writing—original draft preparation, S.T.(Shigeru Tajima); Writing—review
and editing, S.T. (Shigeru Tajima), T.M., and M.S.; Supervision, C.-K.L., M.S.; Project administration, S.T.
(Shigeru Tajima), C.-K.L., and M.S.; Funding acquisition, S.T.(Shigeru Tajima) and C.-K.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the Research Program on Emerging and Re-emerging Infectious Diseases
of the Japan Agency for Medical Research and Development (AMED) under Grant Numbers JP19fk0108035,
JP19fk0108067 and JP20fk0108123.

Acknowledgments: We thank Ken-ichi Shibasaki and Naoko Katsuta (National Institute of Infectious Diseases)
for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Tsai, T.F. New initiatives for the control of Japanese encephalitis by vaccination: Minutes of a who/cvi
meeting, Bangkok, Thailand, 13-15 October 1998. Vaccine 2000, 18, 1-25. [CrossRef]

2. Erlanger, T.E.; Weiss, S.; Keiser, J.; Utzinger, J.; Wiedenmayer, K. Past, present, and future of Japanese
encephalitis. Emerg Infect. Dis. 2009, 15, 1-7. [CrossRef] [PubMed]

3. Campbell, G.L.; Hills, S.L.; Fischer, M.; Jacobson, J.A.; Hoke, C.H.; Hombach, ].M.; Marfin, A.A.; Solomon, T.;
Tsai, T.F,; Tsu, V.D,; et al. Estimated global incidence of Japanese encephalitis: A systematic review. Bull. World
Health Organ. 2011, 89, 766-774. [CrossRef]

4. Pierson, T.C.; Diamond, M.S. Flaviviruses. In Fields Virology, 6th ed.; Knipe, D.M., Howley, PM., Eds.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; pp. 747-794.

5. Uchil, PD.; Satchidanandam, V. Phylogenetic analysis of Japanese encephalitis virus: Envelope gene based
analysis reveals a fifth genotype, geographic clustering, and multiple introductions of the virus into the
Indian subcontinent. Am. J. Trop. Med. Hyg. 2001, 65, 242-251. [CrossRef]

6. Solomon, T.; Ni, H.; Beasley, D.W.; Ekkelenkamp, M.; Cardosa, M.J.; Barrett, A.D. Origin and evolution of
Japanese encephalitis virus in Southeast Asia. J. Virol. 2003, 77, 3091-3098. [CrossRef]

7. Gao, X,; Liu, H.; Wang, H.; Fu, S.; Guo, Z.; Liang, G. Southernmost Asia is the source of Japanese encephalitis
virus (genotype 1) diversity from which the viruses disperse and evolve throughout Asia. PLoS Negl. Trop. Dis.
2013, 7, €2459. [CrossRef]

8. Schuh, AJ.; Ward, M.].; Leigh Brown, A.].; Barrett, A.D. Dynamics of the emergence and establishment of
a newly dominant genotype of Japanese encephalitis virus throughout Asia. J. Virol. 2014, 88, 4522—4532.
[CrossRef]

9. Kuwata, R.; Torii, S.; Shimoda, H.; Supriyono, S.; Phichitraslip, T.; Prasertsincharoen, N.; Takemae, H.;
Bautista, R.; Ebora, V.; Abella, J.A.C.; et al. Distribution of Japanese encephalitis virus, Japan and Southeast
asia, 2016-2018. Emerg. Infect. Dis. 2020, 26, 125-128. [CrossRef]

10. Li, M.H,; Fu, S.H.; Chen, WX; Wang, H.Y; Guo, Y.H.; Liu, Q.Y; Li, Y.X.; Luo, HM.; Da, W.; Duo Ji, D.Z,; et al.
Genotype V Japanese encephalitis virus is emerging. PLoS Negl. Trop. Dis. 2011, 5, e1231. [CrossRef]

11. Takhampunya, R.; Kim, H.C.; Tippayachai, B.; Kengluecha, A.; Klein, T.A.; Lee, W.]J.; Grieco, ].; Evans, B.P.
Emergence of Japanese encephalitis virus genotype V in the Republic of Korea. Virol. ]. 2011, 8, 449.
[CrossRef] [PubMed]


http://www.mdpi.com/1999-4915/12/7/709/s1
http://dx.doi.org/10.1016/S0264-410X(00)00037-2
http://dx.doi.org/10.3201/eid1501.080311
http://www.ncbi.nlm.nih.gov/pubmed/19116041
http://dx.doi.org/10.2471/BLT.10.085233
http://dx.doi.org/10.4269/ajtmh.2001.65.242
http://dx.doi.org/10.1128/JVI.77.5.3091-3098.2003
http://dx.doi.org/10.1371/journal.pntd.0002459
http://dx.doi.org/10.1128/JVI.02686-13
http://dx.doi.org/10.3201/eid2601.190235
http://dx.doi.org/10.1371/journal.pntd.0001231
http://dx.doi.org/10.1186/1743-422X-8-449
http://www.ncbi.nlm.nih.gov/pubmed/21943222

Viruses 2020, 12, 709 13 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kim, H,; Cha, G.W.; Jeong, Y.E.; Lee, W.G.; Chang, K.S.; Roh, ].Y,; Yang, S.C.; Park, M.Y,; Park, C.; Shin, E.H.
Detection of Japanese encephalitis virus genotype V in culex orientalis and culex pipiens (diptera: Culicidae)
in Korea. PLoS ONE 2015, 10, e0116547. [CrossRef] [PubMed]

Bae, W.; Kim, J.H.; Kim, J.; Lee, J.; Hwang, E.S. Changes of epidemiological characteristics of Japanese
encephalitis viral infection and birds as a potential viral transmitter in Korea. J. Korean Med. Sci. 2018, 33, e70.
[CrossRef] [PubMed]

Woo, J.H,; Jeong, Y.E; Jo, ].E.; Shim, S.M.; Ryou, J.; Kim, K.C.; Lee, W.J.; Lee, ].Y. Genetic characterization of
Japanese encephalitis virus genotype 5 isolated from patient, South Korea, 2015. Emerg. Infect. Dis. 2020, 26,
1002-1006. [CrossRef]

Cao, L,; Fu, S.; Gao, X,; Li, M.; Cui, S; Li, X,; Cao, Y.; Lei, W,; Lu, Z.; He, Y,; et al. Low protective efficacy
of the current Japanese encephalitis vaccine against the emerging genotype 5 Japanese encephalitis virus.
PLoS Negl. Trop. Dis. 2016, 10, €0004686. [CrossRef]

Tajima, S.; Yagasaki, K.; Kotaki, A.; Tomikawa, T.; Nakayama, E.; Moi, M.L.; Lim, C.K; Saijo, M.; Kurane, I;
Takasaki, T. In vitro growth, pathogenicity and serological characteristics of the Japanese encephalitis virus
genotype V muar strain. J. Gen. Virol. 2015, 96, 2661-2669. [CrossRef] [PubMed]

De Wispelaere, M.; Frenkiel, M.P.; Despres, P. A Japanese encephalitis virus genotype 5 molecular clone is
highly neuropathogenic in a mouse model: Implication of the structural proteins region in virulence. J. Virol.
2015, 89, 5862-5875. [CrossRef] [PubMed]

Tajima, S.; Shibasaki, K.I.; Taniguchi, S.; Nakayama, E.; Maeki, T.; Lim, C.K,; Saijo, M. E and prM proteins
of genotype V Japanese encephalitis virus are required for its increased virulence in mice. Heliyon 2019,
5, €02882. [CrossRef]

Nerome, R.; Tajima, S.; Takasaki, T.; Yoshida, T.; Kotaki, A.; Lim, C.K,; Ito, M.; Sugiyama, A.; Yamauchi, A.;
Yano, T.; et al. Molecular epidemiological analyses of Japanese encephalitis virus isolates from swine in
Japan from 2002 to 2004. J. Gen. Virol. 2007, 88, 2762-2768. [CrossRef]

Tajima, S.; Nerome, R.; Nukui, Y.; Kato, F; Takasaki, T.; Kurane, I. A single mutation in the Japanese encephalitis
virus E protein (S123R) increases its growth rate in mouse neuroblastoma cells and its pathogenicity in mice.
Virology 2010, 396, 298-304. [CrossRef]

Tajima, S.; Nukui, Y; Ito, M.; Takasaki, T.; Kurane, I. Nineteen nucleotides in the variable region of 3’
non-translated region are dispensable for the replication of dengue type 1 virus in vitro. Virus Res. 2006, 116,
38-44. [CrossRef]

Chiou, S.S.; Liu, H.; Chuang, C.K; Lin, C.C.; Chen, W.J. Fitness of Japanese encephalitis virus to neuro-2a
cells is determined by interactions of the viral envelope protein with highly sulfated glycosaminoglycans on
the cell surface. J. Med. Virol. 2005, 76, 583-592. [CrossRef]

Mackenzie, ].M.; Khromykh, A.A.; Jones, M.K.; Westaway, E.G. Subcellular localization and some biochemical
properties of the flavivirus kunjin nonstructural proteins ns2a and ns4a. Virology 1998, 245, 203-215. [CrossRef]
Vossmann, S.; Wieseler, J.; Kerber, R.; Kummerer, B.M. A basic cluster in the N terminus of yellow fever virus
NS2A contributes to infectious particle production. J. Virol. 2015, 89, 4951-4965. [CrossRef]

Xie, X.; Zou, J.; Puttikhunt, C.; Yuan, Z.; Shi, P.Y. Two distinct sets of NS2A molecules are responsible for
dengue virus rna synthesis and virion assembly. J. Virol. 2015, 89, 1298-1313. [CrossRef] [PubMed]

Xie, X.; Zou, ].; Zhang, X.; Zhou, Y.; Routh, A.L.; Kang, C.; Popov, V.L.; Chen, X.; Wang, Q.Y.; Dong, H.; et al.
Dengue NS2A protein orchestrates virus assembly. Cell Host Microbe 2019, 26, 606—-622. [CrossRef] [PubMed]
Zhang, X.; Xie, X.; Zou, J.; Xia, H.; Shan, C.; Chen, X; Shi, P.Y. Genetic and biochemical characterizations of
Zika virus NS2A protein. Emerg. Microbes Infect. 2019, 8, 585-602. [CrossRef] [PubMed]

Wu, R.H,; Tsai, M.H.; Chao, D.Y.; Yueh, A. Scanning mutagenesis studies reveal a potential intramolecular
interaction within the C-terminal half of dengue virus NS2A involved in viral RNA replication and virus
assembly and secretion. J. Virol. 2015, 89, 4281-4295. [CrossRef]

Kummerer, B.M.; Rice, C.M. Mutations in the yellow fever virus nonstructural protein NS2A selectively
block production of infectious particles. J. Virol. 2002, 76, 4773-4784. [CrossRef]

Liu, W.].; Chen, H.B.; Khromykh, A.A. Molecular and functional analyses of Kunjin virus infectious cDNA
clones demonstrate the essential roles for NS2A in virus assembly and for a nonconservative residue in NS3
in RNA replication. J. Virol. 2003, 77, 7804-7813. [CrossRef]

Leung, ].Y,; Pijlman, G.P; Kondratieva, N.; Hyde, ]J.; Mackenzie, ].M.; Khromykh, A.A. Role of nonstructural
protein NS2A in flavivirus assembly. J. Virol. 2008, 82, 4731-4741. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0116547
http://www.ncbi.nlm.nih.gov/pubmed/25658839
http://dx.doi.org/10.3346/jkms.2018.33.e70
http://www.ncbi.nlm.nih.gov/pubmed/29441740
http://dx.doi.org/10.3201/eid2605.190977
http://dx.doi.org/10.1371/journal.pntd.0004686
http://dx.doi.org/10.1099/vir.0.000213
http://www.ncbi.nlm.nih.gov/pubmed/26048886
http://dx.doi.org/10.1128/JVI.00358-15
http://www.ncbi.nlm.nih.gov/pubmed/25787283
http://dx.doi.org/10.1016/j.heliyon.2019.e02882
http://dx.doi.org/10.1099/vir.0.82941-0
http://dx.doi.org/10.1016/j.virol.2009.10.035
http://dx.doi.org/10.1016/j.virusres.2005.08.015
http://dx.doi.org/10.1002/jmv.20406
http://dx.doi.org/10.1006/viro.1998.9156
http://dx.doi.org/10.1128/JVI.03351-14
http://dx.doi.org/10.1128/JVI.02882-14
http://www.ncbi.nlm.nih.gov/pubmed/25392211
http://dx.doi.org/10.1016/j.chom.2019.09.015
http://www.ncbi.nlm.nih.gov/pubmed/31631053
http://dx.doi.org/10.1080/22221751.2019.1598291
http://www.ncbi.nlm.nih.gov/pubmed/30958095
http://dx.doi.org/10.1128/JVI.03011-14
http://dx.doi.org/10.1128/JVI.76.10.4773-4784.2002
http://dx.doi.org/10.1128/JVI.77.14.7804-7813.2003
http://dx.doi.org/10.1128/JVI.00002-08

Viruses 2020, 12, 709 14 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Munoz-Jordan, J.L.; Sanchez-Burgos, G.G.; Laurent-Rolle, M.; Garcia-Sastre, A. Inhibition of interferon
signaling by dengue virus. Proc. Natl. Acad. Sci. USA 2003, 100, 14333-14338. [CrossRef] [PubMed]

Liu, WJ.; Chen, H.B.; Wang, X.J.; Huang, H.; Khromykh, A.A. Analysis of adaptive mutations in Kunjin
virus replicon RNA reveals a novel role for the flavivirus nonstructural protein NS2A in inhibition of beta
interferon promoter-driven transcription. J. Virol. 2004, 78, 12225-12235. [CrossRef] [PubMed]

Liu, W.J.; Wang, X.J.; Clark, D.C.; Lobigs, M.; Hall, R.A.; Khromykh, A.A. A single amino acid substitution in
the West Nile virus nonstructural protein NS2A disables its ability to inhibit alpha/beta interferon induction
and attenuates virus virulence in mice. J. Virol. 2006, 80, 2396-2404. [CrossRef] [PubMed]

Tu, Y.C; Yu, C.Y;; Liang, ].J.; Lin, E.; Liao, C.L.; Lin, Y.L. Blocking double-stranded RN A-activated protein
kinase PKR by Japanese encephalitis virus nonstructural protein 2A. J. Virol. 2012, 86, 10347-10358. [CrossRef]
Xia, H.; Luo, H.; Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Medeiros, D.B.A.; Zou, J.; Xie, X.; Giraldo, M.I;
Vasconcelos, PEC.; et al. An evolutionary NS1 mutation enhances Zika virus evasion of host interferon
induction. Nat. Commun. 2018, 9, 414. [CrossRef]

Melian, E.B.; Edmonds, ].H.; Nagasaki, TK.; Hinzman, E.; Floden, N.; Khromykh, A.A. West Nile virus
NS2A protein facilitates virus-induced apoptosis independently of interferon response. J. Gen. Virol. 2013,
94, 308-313. [CrossRef]

Yoon, K.J.; Song, G.; Qian, X.; Pan, J.; Xu, D.; Rho, H.S.; Kim, N.S.; Habela, C.; Zheng, L.; Jacob, F; et al.
Zika-virus-encoded NS2A disrupts mammalian cortical neurogenesis by degrading adherens junction
proteins. Cell Stem Cell 2017, 21, 349-358. [CrossRef]

Wu, R H.; Tsai, M.H.; Tsai, K.N,; Tian, ].N.; Wu, ].S.; Wu, S.Y.; Chern, ].H.; Chen, C.H.; Yueh, A. Mutagenesis
of dengue virus protein NS2A revealed a novel domain responsible for virus-induced cytopathic effect and
interactions between NS2A and NS2B transmembrane segments. J. Virol. 2017, 91, e01836-16. [CrossRef]
[PubMed]

Fan, W.; Wu, M; Qian, S.; Zhou, Y.; Chen, H.; Li, X,; Qian, P. TRIM52 inhibits Japanese encephalitis virus
replication by degrading the viral NS2A. Sci. Rep. 2016, 6, 33698. [CrossRef] [PubMed]

Firth, A.E; Atkins, J.E. A conserved predicted pseudoknot in the NS2A-encoding sequence of West Nile and
Japanese encephalitis flaviviruses suggests NS1’ may derive from ribosomal frameshifting. Virol. . 2009,
6, 14. [CrossRef] [PubMed]

Wang, ].; Li, X.; Gu, J.; Fan, Y.; Zhao, P; Cao, R.; Chen, P. The A66G back mutation in NS2A of JEV SA14-14-2
strain contributes to production of NS1” protein and the secreted NS1’ can be used for diagnostic biomarker
for virulent virus infection. Infect. Genet. Evol. 2015, 36, 116-125. [CrossRef] [PubMed]

Xie, X.; Gayen, S.; Kang, C.; Yuan, Z.; Shi, P.Y. Membrane topology and function of dengue virus NS2A
protein. J. Virol. 2013, 87, 4609-4622. [CrossRef]

Takamatsu, Y.; Morita, K.; Hayasaka, D. A single amino acid substitution in the NS2A protein of Japanese
encephalitis virus affects virus propagation in vitro but not in vivo. J. Virol. 2015, 89, 6126-6130. [CrossRef]
[PubMed]

Zhang, X.; Xie, X.; Xia, H.; Zou, J.; Huang, L.; Popov, V.L.; Chen, X.; Shi, PY. Zika virus NS2A-mediated
virion assembly. MBio 2019, 10, €02375-19. [CrossRef]

Sood, V.; Sharma, K.B.; Gupta, V.; Saha, D.; Dhapola, P.; Sharma, M.; Sen, U.; Kitajima, S.; Chowdhury, S.;
Kalia, M,; et al. ATF3 negatively regulates cellular antiviral signaling and autophagy in the absence of type I
interferons. Sci. Rep. 2017, 7, 8789. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.2335168100
http://www.ncbi.nlm.nih.gov/pubmed/14612562
http://dx.doi.org/10.1128/JVI.78.22.12225-12235.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507609
http://dx.doi.org/10.1128/JVI.80.5.2396-2404.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474146
http://dx.doi.org/10.1128/JVI.00525-12
http://dx.doi.org/10.1038/s41467-017-02816-2
http://dx.doi.org/10.1099/vir.0.047076-0
http://dx.doi.org/10.1016/j.stem.2017.07.014
http://dx.doi.org/10.1128/JVI.01836-16
http://www.ncbi.nlm.nih.gov/pubmed/28381578
http://dx.doi.org/10.1038/srep33698
http://www.ncbi.nlm.nih.gov/pubmed/27667714
http://dx.doi.org/10.1186/1743-422X-6-14
http://www.ncbi.nlm.nih.gov/pubmed/19196463
http://dx.doi.org/10.1016/j.meegid.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26384477
http://dx.doi.org/10.1128/JVI.02424-12
http://dx.doi.org/10.1128/JVI.00370-15
http://www.ncbi.nlm.nih.gov/pubmed/25787282
http://dx.doi.org/10.1128/mBio.02375-19
http://dx.doi.org/10.1038/s41598-017-08584-9
http://www.ncbi.nlm.nih.gov/pubmed/28821775
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Viruses 
	Recombinant Viruses 
	Plaque-Formation Assay and Analysis of Growth Kinetics 
	Adaptation of Virus to Mouse Neuroblastoma Cells 
	Plaque Cloning (Limiting-Dilution Method) 
	Statistical Analysis 

	Results 
	Growth of GI-GV Intertypic Mutants 5NCMEMuar, NS1-3Muar, NS4A-5Muar, and NS5-3NMuar in Mouse Neuroblastoma Cells 
	Growth of GI-GV Intertypic Mutants NS1Muar, NS2AMuar, and NS2B-3Muar in Mouse Neuroblastoma Cells 
	Adaptation of NS1-3Muar to Mouse Neuroblastoma Neuro-2a Cells 
	Characterization of Neuro-2a-Adapted NS1-3Muar p10 Clones 
	Growth of Site-Directed Mutants NS2AY166H and NS2AMuar-H166Y in Mouse Neuroblastoma Cells 

	Discussion 
	References

