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cipitation assay. As shown in Fig. 8C, double replacing both Lys””
and Arg”® with Ala (9798A) completely abrogated the interaction
with Caprin-1. The importance of these two amino acids in the
interaction with Caprin-1 was also confirmed by GST pulldown
assay (Fig. 8D). These results indicate that Lys®” and Arg’® in the
JEV core protein are crucial for the interaction with Caprin-1.
Since G3BP has been reported to be one of the key molecules for
SG formation and interacts with several SG component molecules
including Caprin-1 and USP10 (28, 29), interactions of the core
protein with SG components were examined by immunoprecipi-
tation assay. The wild-type but not mutant 9798A core protein
was associated with G3BP1 and USP10 (Fig. 8E). In addition, the
knockdown of Caprin-1 weakened the interactions of core protein
with G3BP1 or USP10 (Fig. 8F). These findings indicate that JEV
core protein associates with several SG component molecules,
such as G3BP1 and USP10, through the interaction with Caprin-1.
Next, the role of the interaction between JEV core protein and
Caprin-1 in the suppression of SG formation was examined by
immunofluorescence analysis. Although the expression of the
wild-type JEV core protein suppressed the SG formation induced
by sodium arsenite treatment, as shown above, expression of the
9798A mutant did not (Fig. 8G), suggesting that the interaction of
JEV core protein with Caprin-1 through Lys”” and Arg’® plays a
crucial role in the inhibition of SG formation.

Interaction of the JEV core protein with Caprin-1 plays cru-
cial roles not only in viral propagation in vitro but also in the
pathogenesis in mice through the suppression of SG formation.
To further examine the biological significance of the interaction
between the JEV core protein and Caprin-1 in viral replication, we
generated a mutant infectious cDNA clone (pMWJEAT/9798AA)
of JEV encoding a mutant core protein deficient in the binding to
Caprin-1 based on pMW]JEAT. First, the cellular localization of
the core protein in the 9798A mutant JEV-infected cells was ex-
amined by immunofluorescence analysis. The 9798A mutant core
protein, as well as the wild-type core protein, was localized in the
nucleus and the perinuclear region (Fig. 9A). However, the 9798A
mutant core protein was not colocalized with Caprin-1, in con-
trast to the wild-type core protein. The sizes of infectious foci in
Vero cells infected with the 9798A mutant were significantly
smaller than those infected with the wild-type JEV (Fig. 9B). Fur-
thermore, the infectious titers in C6/36 and Vero cells infected
with the 9798A mutant were 6.1- and 12.6-fold lower than those
infected with wild-type JEV at 48 h postinfection, respectively
(Fig. 9C), suggesting that interaction of the JEV core protein with
Caprin-1 plays crucial roles in the propagation of JEV in both
insect and mammalian cells. Cells infected with the 9798 A mutant

JEV Core Protein Inhibits Stress Granule Formation

induced SGs containing both G3BP and Caprin-1, in contrast to
the accumulation of G3BP in the perinuclear region observed in
those infected with the wild-type JEV (Fig. 9D). The numbers of
fociin cells infected with the 9798 A mutant were higher than those
in cells infected with the wild-type JEV (Fig. 9E), indicating that
the interaction of the JEV core protein with Caprin-1 is crucial for
the suppression of SG formation. Finally, we examined the bio-
logical relevance of the interaction of JEV core protein with
Caprin-1 in viral replication in vivo. Infectious particles were re-
covered from the cerebrums of ICR mice inoculated with wild-
type JEV but not from those inoculated with the 9798A mutant
(Fig. 9F). In addition, all 10 mice had died by 12 days postinocu-
lation with the wild-type JEV, while only 1 mouse had died at day
10 postinoculation with the 9798A mutant (Fig. 9G). Collectively,
these results suggest that the interaction of JEV core protein with
Caprin-1 plays crucial roles not only in viral replication in vitro
but also in pathogenesis in mice through the suppression of SG
formation.

DISCUSSION

Viruses are obligatory intracellular parasites, and their life cycles
rely on host cellular functions. Many viruses have evolved to in-
hibit SG formation and thereby evade the host translation shutoff
mechanism and facilitate viral replication (6, 30), while some vi-
ruses co-opt molecules regulating SG formation for viral replica-
tion (11, 31). The vaccinia virus subverts SG components to gen-
erate aggregates containing G3BP, Caprin-1, eIF4G, eIF4E, and
mRNA of the virus, but not of the host, in order to stimulate viral
translation (11). Replication, translation, and assembly of trans-
missible gastroenteritis coronavirus, a member of the Coronaviri-
dae family, are regulated by the interaction of polypyrimidine
tract-binding protein and TIA-1 with viral RNA (31). HIV-1 uti-
lizes Staufen1, which is a principal component of SG, in the viral
RNA selection to form ribonucleoproteins (RNPs) through inter-
action with Gag protein, instead of SG translation silencing (8). In
the case of flaviviruses, TIA-1 and TIAR bind to the 3’ untrans-
lated region (UTR) of the negative-stranded RNA of WNV to
facilitate viral replication (16), and G3BP1, Caprin-1, and USP10
interact with DENV RNA, although the biological significance of
these interactions remains unknown (26). In this study, we have
shown that JEV infection suppresses SG formation by the recruit-
ment of several effector molecules promoting SG assembly, in-
cluding G3BP and USP10, to the perinuclear region through the
interaction of JEV core protein with Caprin-1. Furthermore, a
mutant JEV carrying a core protein incapable of binding to

FIG 8 Lys” and Arg”™ in the JEV core protein are crucial residues for the interaction with Caprin-1. (A) Putative structural model of the core protein homodimer
of JEV deduced from that of DENV obtained from the Protein Data Bank (accession number 1R6R) by using PyMOL software. The two o helices (1 and a4)
are indicated. (B) FLAG-Core mutants in which the hydrophobic amino acid residues in the oI helix (Ma1) or a4 helix (Mo4) were replaced with alanine were
coexpressed with HA-Caprin-1 in 293T cells, immunoprecipitated (IP) with anti-HA antibody, and examined by immunoblotting (IB) with anti-HA or
anti-FLAG antibody. (C) FLAG-Core mutants in which the Met™, Lys™, Lys™, Arg®®, 1e*2, and Asp®® (7893A) or Lys®” and Arg”™® (9798A) in the o4 helix domain
were replaced with alanine were coexpressed with HA-Caprin-1 in 293T cells and examined as described in panel B. (D) The His-tagged JEV core protein (WT
or 9798A) was incubated with GST-fused Caprin-1 for 2 h at 4°C, and the precipitates obtained by GST pulldown assay were subjected to immunoblotting with
anti-His antibody. (E) FLAG-Core (WT or 9798A) was coexpressed with HA-G3BP1 or HA-USP10 in 293T cells, immunoprecipitated with anti-HA antibody,
and immunoblotted with anti-HA and anti-FLAG antibodies. (F) FLAG-JEV Core was coexpressed with HA-G3BP1 or HA-USP10 in 293T cells transfected with
either siCaprin-1 or siNC at 72 h posttransfection, immunoprecipitated with anti-FLAG antibody, and immunoblotted with anti-HA and anti-FLAG antibodjies.
The cell lysates were also subjected to immunoblotting with anti-Caprin-1 and anti-B-actin antibodies to evaluate the knockdown efficiency of Caprin-1. (G) The
cellular localizations of G3BP and FLAG-Core (WT or 9798A) were determined at 24 h posttransfection after treatment with 1.0 mM sodium arsenite for 30 min
at 37°C by immunofluorescence analysis with mouse anti-G3BP MAb and rabbit anti-FLAG PAb, followed by AF488-conjugated anti-mouse IgG and AF594-
conjugated anti-rabbit IgG, respectively. Cell nuclei were stained with DAPI (blue).
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FIG 9 Interaction of JEV core protein with Caprin-1 plays crucial roles not only in viral replication in vitro but also in pathogenesis in mice through the
suppression of SG formation. (A) Huh7/Caprin-1-AcGFP cells were infected with JEV (WT or 9798A mutant) at an MOI of 1.0, and the cellular localizations of
Caprin-1-AcGFP and JEV core protein were determined at 24 h postinfection by immunofluorescence analysis with rabbit anti-core PAb and AF594-conjugated
anti-rabbit IgG. Cell nuclei were stained with DAPI (blue). (B) Focus formation of JEV (WT or 9798A mutant) in Vero cells incubated in methylcellulose overlay
medium at 48 h postinfection. The infectious foci were immunostained as described previously (20). (C) Growth kinetics of JEV (WT or 9798A mutant) in C6/36
and Vero cells infected at an MOI of 0.1. Infectious titers in the culture supernatants harvested at the indicated times were determined by focus-forming assays
in Vero cells. Means of three experiments are indicated. (D) Huh7/Caprin-1-AcGFP cells were infected with either WT or 9798A at an MOI of 0.5, and cellular
localizations of Caprin-1-AcGFP, G3BP (blue), and JEV NS2B (red) were determined at 24 h postinfection by immunofluorescence analysis with mouse
anti-G3BP MADb and rabbit anti-NS2B PAb, followed by AF633-conjugated anti-mouse IgG and AF594-conjugated anti-rabbit IgG, respectively. (E) Numbers
>of G3BP-positive foci in 30 cells prepared as described in panel D were counted. Lines, boxes, and error bars indicate the means, 25th to 75th percentiles, and
95th percentiles, respectively. The significance of differences between the means was determined by Student’s ¢ test. *, P < 0.01. (F) Infectious titers in the
cerebrums of mice at 7 days postintraperitoneal inoculation with 5 X 10* FFU/100 pl of either WT or 9798A virus were determined in Vero cells. The means of
titers in the homogenates of the cerebrums from three mice are indicated. The detection limit is 10* FFU/g of cerebrum. (G) Percentages of surviving mice (n =
10) after intraperitoneal inoculation with 5 X 10* FFU of either WT or 9798A virus. Mock, inoculation with DMEM.

Caprin-1 exhibited reduced replication in vitro and attenuated  fibroblast cells are deficient in the SG formation. In addition,

pathogenicity in mice.

G3BP is one of the key molecules involved in the SG aggrega-
tion process and self-oligomerizes in a phosphorylation-depen-
dent manner to sequester mRNA in SGs (4). Therefore, G3BP
knocked down cells (6) and G3BP knockout mouse embryonic
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G3BP sequestration inhibits SG formation in response to arsenite
treatment (32). Caprin-1, known as RNA granule protein 105 or
p137 (33), also participates in SG formation through phosphory-
lation of elF2a (28) and is ubiquitously expressed in the cyto-
plasm. Caprin-1 regulates the transport and translation of mRINAs
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of proteins involved in the synaptic plasticity in neurons (34) and
cellular proliferation and migration in multiple cell types (28)
through an interaction with G3BP. USP10, another SG-associated
molecule, also interacts with G3BP and forms the G3BP/USP10
complex (29), suggesting that several SG-associated RBPs partic-
ipate in the formation of a protein-protein network. In this study,
the JEV core protein was shown to directly interact with Caprin-1,
to sequester several key molecule complexes involved in SG for-
mation to the perinuclear region in cells infected with JEV, and to
facilitate viral propagation through the suppression of SG forma-
tion.

Flaviviruses replicate at a relatively low rate in comparison with
most of the other positive-stranded RNA viruses, and thus rapid
shutdown of host cellular protein synthesis would be deleterious
for the viral life cycle. In cells infected with JEV, several SG com-
ponents were colocalized with the core protein in the perinuclear
region, while in those infected with WNV or DENV, SG compo-
nents were accumulated in a replication complex composed of
viral RNA and nonstructural proteins. In addition, the phosphor-
ylation of eIF2a induced by arsenite was completely canceled by
the infection with WNV or DENV, whereas the suppression of the
phosphorylation was limited in JEV infection (15). Incorporation
of the nascent viral RNA into the membranous structure induced
by viral nonstructural proteins prevents PKR activation and in-
hibits SG formation in cells infected with WNV (17). In cells in-
fected with hepatitis C virus (HCV), which belongs to the genus
Hepacivirus in the family Flaviviridae, induction of SG formation
was observed in the early stage of infection, in contrast to the
inhibition of the arsenite-induced SG formation in the late stage
(35). Several SG components, such as G3BP1, PABPI, and
ataxin-2, were colocalized with HCV core protein around lipid
droplets (35), and G3BP1 was also associated with the NS5B pro-
tein and the 5’ terminus of the minus-strand viral RNA (36) to
mediate efficient viral replication. Collectively, these data suggest
that flaviviruses have evolved to regulate cellular processes in-
volved in SG formation through various strategies.

PKR is one of the interferon-stimulated genes and plays a cru-
cial role in antiviral defense through phosphorylation of elF2q,
which leads to host translational shutoftf (37, 38). In the early stage
of flavivirus infection, both positive- and negative-stranded RNAs
transcribe at low levels, while genomic RNA predominantly syn-
thesizes in the late stage of infection (39). It was shown that acti-
vation of PKR was suppressed (40) or only induced in the late
stage of WNV infection (41) and impaired by the expression of
HCV NS5A (42—44). Very recently, JEV NS2A was shown to sup-
press PKR activation through inhibition of dimerization of PKR in
the early stage but not in the late stage of infection (45). In this
study, we have shown that JEV core protein interacts with
Caprin-1 and inhibits SG formation downstream of the phos-
phorylation of eIF2a in the late stage of infection, suggesting that
JEV has evolved to escape from host antiviral responses in the
multiple stages of viral replication by using structural and non-
structural proteins.

The flavivirus core protein is a multifunctional protein in-
volved in many aspects of the viral life cycle. In addition to the
formation of viral nucleocapsid through the interaction with viral
RNA (as a structural protein) (46), flavivirus core proteins inter-
act with various host factors, such as B23 (47), Jab1l (48), hnRNP K
(49), and hnRNP A2 (23), and regulate viral replication and/or
modify the host cell environment (as a nonstructural protein).
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Although further investigations are needed to clarify the precise
mechanisms underlying the circumvention of SG formation
through the interaction of JEV core protein with Caprin-1, leading
to efficient propagation in vitro and pathogenicity in mice, these
findings could help not only to provide new insight into strategies
by which viruses escape host stress responses but also to develop
novel antiviral agents for flavivirus infection.

ACKNOWLEDGMENTS

We thank M. Tomiyama for secretarial assistance. We also thank K. Saito
and T. Wakita for technical advice and the infectious clone of JEV, respec-
tively.

This work was supported in part by grants-in-aid from the Ministry of
Health, Labor, and Welfare, the Ministry of Education, Culture, Sports,
Science, and Technology, and the Osaka University Global Center of Ex-
cellence Program. H. Katoh is a research fellow of the Japanese Society for
the Promotion of Science.

REFERENCES

1. Nover L, Scharf KD, Neumann D. 1989. Cytoplasmic heat shock gran-
ules are formed from precursor particles and are associated with a specific
set of mRNAs. Mol. Cell. Biol. 9:1298—1308.

2. Anderson P, Kedersha N. 2002. Stressful initiations. J. Cell Sci. 115:3227—
3234.

3. Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dember LM,
Anderson P. 2004. Stress granule assembly is mediated by prion-like
aggregation of TIA-1. Mol. Biol. Cell 15:5383-5398.

4. Tourriere H, Chebli K, Zekri L, Courselaud B, Blanchard JM, Bertrand
E, Tazi J. 2003. The RasGAP-associated endoribonuclease G3BP assem-
bles stress granules. J. Cell Biol. 160:823—831.

5. Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N, Golan DE,
Anderson P. 2000. Dynamic shuttling of TIA-1 accompanies the recruit-
ment of MRNA to mammalian stress granules. J. Cell Biol. 151:1257-1268.

6. White JP, Cardenas AM, Marissen WE, Lloyd RE. 2007. Inhibition of
cytoplasmic mRNA stress granule formation by a viral proteinase. Cell
Host Microbe 2:295-305.

7. Khaperskyy DA, Hatchette TF, McCormick C. 2012. Influenza A virus
inhibits cytoplasmic stress granule formation. FASEB J. 26:1629-1639.

8. Abrahamyan LG, Chatel-Chaix L, Ajamian L, Milev MP, Monette A,
Clement JF, Song R, Lehmann M, DesGroseillers L, Laughrea M,
Boccaccio G, Mouland AJ. 2010. Novel Staufenl ribonucleoproteins
prevent formation of stress granules but favour encapsidation of HIV-1
genomic RNA. J. Cell Sci. 123:369-383.

9. McInerney GM, Kedersha NL, Kaufman R], Anderson P, Liljestrom P.
2005. Importance of elF2a phosphorylation and stress granule assembly
in alphavirus translation regulation. Mol. Biol. Cell 16:3753-3763.

10. Smith JA, Schmechel SC, Raghavan A, Abelson M, Reilly C, Katze MG,
Kaufman RJ, Bohjanen PR, Schiff LA. 2006. Reovirus induces and ben-
cfits from an integrated cellular stress response. J. Virol. 80:2019-2033.

11. Katsafanas GC, Moss B. 2007. Colocalization of transcription and trans-
lation within cytoplasmic poxvirus factories coordinates viral expression
and subjugates host functions. Cell Host Microbe 2:221-228.

12. Misra UK, Kalita J. 2010. Overview: Japanese encephalitis. Prog. Neuro-
biol. 91:108-120.

13. Sumiyoshi H, Mori C, Fuke I, Morita K, Kuhara S, Kondou J, Kikuchi
Y, Nagamatu H, Igarashi A. 1987. Complete nucleotide sequence of the
Japanese encephalitis virus genome RNA. Virology 161:497-510.

14. Murray CL, Jones CT, Rice CM. 2008. Architects of assembly: roles of
Flaviviridae non-structural proteins in virion morphogenesis. Nat. Rev.
Microbiol. 6:699-708.

15. Emara MM, Brinton MA. 2007. Interaction of TIA-1/TIAR with West
Nile and dengue virus products in infected cells interferes with stress gran-
ule formation and processing body assembly. Proc. Natl. Acad. Sci. U.S. A.
104:9041-9046.

16. Li W, Li Y, Kedersha N, Anderson P, Emara M, Swiderek KM, Moreno
GT, Brinton MA. 2002. Cell proteins TIA-1 and TIAR interact with the 3’
stem-loop of the West Nile virus complementary minus-strand RNA and
facilitate virus replication. J. Virol. 76:11989-12000.

17. Courtney SC, Scherbik SV, Stockman BM, Brinton MA. 2012. West Nile

e |

jviasm.org 501

— 373 —

AINN WMVSO Ad €102 ‘vL Arenigad uo /610 wiseIAl/:dny woly papeojumo(



Katoh et al.

18.

19,

20.

23.

24,

25,

26.

30.

31.

502

virus infections suppress early viral RNA synthesis and avoid inducing the
cell stress granule response. J. Virol. 86:3647-3657.

Kambara H, Tani H, Mori Y, Abe T, Katoh H, Fukuhara T, Taguwa S,
Moriishi K, Matsuura Y. 2011. Involvement of cyclophilin B in the rep-
lication of Japanese encephalitis virus. Virology 412:211-219.

Mori Y, Yamashita T, Tanaka Y, Tsuda Y, Abe T, Moriishi K, Matsuura
Y. 2007. Processing of capsid protein by cathepsin L plays a crucial role in
replication of Japanese encephalitis virus in neural and macrophage cells.
]. Virol. 81:8477—8487.

Mori Y, Okabayashi T, Yamashita T, Zhao Z, Wakita T, Yasui K,
Hasebe F, Tadano M, Konishi E, Moriishi K, Matsuura Y. 2005. Nuclear
localization of Japanese encephalitis virus core protein enhances viral rep-
lication. J. Virol. 79:3448-3458.

. Kambara H, Fukuhara T, Shiokawa M, Ono C, Ohara Y, Kamitani W,

Matsuura Y. 2012. Establishment of a novel permissive cell line for the
propagation of hepatitis C virus by expression of microRNA miR122. J.
Virol. 86:1382-1393.

. Zhao Z, Date T, Li Y, Kato T, Miyamoto M, Yasui K, Wakita T. 2005.

Characterization of the E-138 (Glu/Lys) mutation in Japanese encephalitis
virus by using a stable, full-length, infectious cDNA clone. J. Gen. Virol.
86:2209-2220.

Katoh H, Mori Y, Kambara H, Abe T, Fukuhara T, Morita E, Moriishi
K, Kamitani W, Matsuura Y. 2011. Heterogeneous nuclear ribonucleo-
protein A2 participates in the replication of Japanese encephalitis virus
through an interaction with viral proteins and RNA. J. Virol. 85:10976—
10988.

Hamamoto I, Nishimura Y, Okamoto T, Aizaki H, Liu M, Mori Y, Abe
T, Suzuki T, Lai MM, Miyamura T, Moriishi K, Matsuura Y. 2005.
Human VAP-B is involved in hepatitis C virus replication through inter-
action with NS5A and NS5B. J. Virol. 79:13473-13482.

Jones CT, Ma L, Burgner JW, Groesch TD, Post CB, Kuhn RJ. 2003.
Flavivirus capsid is a dimeric alpha-helical protein. J. Virol. 77:7143-7149.
Ward AM, Bidet K, Yinglin A, Ler SG, Hogue K, Blackstock W,
Gunaratne J, Garcia-Blanco MA. 2011. Quantitative mass spectrometry
of DENV-2 RNA-interacting proteins reveals that the DEAD-box RNA
helicase DDX6 binds the DBI and DB2 3" UTR structures. RNA Biol.
8:1173-1186.

. Ma L, Jones CT, Groesch TD, Kuhn R]J, Post CB. 2004. Solution

structure of dengue virus capsid protein reveals another fold. Proc. Natl.
Acad. Sci. U.S. A. 101:3414-3419.

. Solomon S, Xu Y, Wang B, David MD, Schubert P, Kennedy D,

Schrader JW. 2007. Distinct structural features of Caprin-1 mediate its
interaction with G3BP-1 and its induction of phosphorylation of eukary-
otic translation initiation factor 2a, entry to cytoplasmic stress granules,
and selective interaction with a subset of mRNAs. Mol. Cell. Biol. 27:
2324-2342.

. Soncini C, Berdo I, Draetta G. 2001. Ras-GAP SH3 domain binding

protein (G3BP) isamodulator of USP10, a novel human ubiquitin specific
protease. Oncogene 20:3869-3879.

Montero H, Rojas M, Arias CF, Lopez S. 2008. Rotavirus infection
induces the phosphorylation of elF2a but prevents the formation of stress
granules. J. Virol. 82:1496-1504.

Sola I, Galan C, Mateos-Gomez PA, Palacio L, Zuniga S, Cruz JL,
Almazan F, Enjuanes L. 2011. The polypyrimidine tract-binding protein
affects coronavirus RNA accumulation levels and relocalizes viral RNAs to
novel cytoplasmic domains different from replication-transcription sites.
J. Virol. 85:5136-5149.

jvi.asm.org

34,

35,

36.

38.

39.

40.

41.

43.

44,

45.

46.

47.

48.

49,

. Hinton SD, Myers MP, Roggero VR, Allison LA, Tonks NK. 2010. The

pseudophosphatase MK-STYX interacts with G3BP and decreases stress
granule formation. Biochem. J. 427:349-357.

. Grill B, Wilson GM, Zhang KX, Wang B, Doyonnas R, Quadroni M,

Schrader JW. 2004. Activation/division of lymphocytes results in in-
creased levels of cytoplasmic activation/proliferation-associated pro-
tein-1: prototype of a new family of proteins. J. Immunol. 172:2389-2400.
Shiina N, Shinkura K, Tokunaga M. 2005. A novel RNA-binding protein
in neuronal RNA granules: regulatory machinery for local translation. J.
Neurosci. 25:4420—4434.

Ariumi Y, Kuroki M, Kushima Y, Osugi K, Hijikata M, Maki M, Ikeda
M, Kato N. 2011. Hepatitis C virus hijacks P-body and stress granule
components around lipid droplets. J. Virol. 85:6882-6892.

Yi Z, Pan T, Wu X, Song W, Wang S, Xu Y, Rice CM, Macdonald MR,
Yuan Z. 2011. Hepatitis C virus co-opts Ras-GTPase-activating protein-
binding protein 1 for its genome replication. J. Virol. 85:6996-7004.

. Gale M, Jr, Katze MG. 1998. Molecular mechanisms of interferon resis-

tance mediated by viral-directed inhibition of PKR, the interferon-
induced protein kinase. Pharmacol. Ther. 78:29-46.

Pindel A, Sadler A. 2011. The role of protein kinase R in-the interferon
response. J. Interferon Cytokine Res. 31:59-70.

Chu PW, Westaway EG. 1985. Replication strategy of Kunjin virus: evi-
dence for recycling role of replicative form RNA as template in semicon-
servative and asymmetric replication. Virology 140:68—79.

Elbahesh H, Scherbik SV, Brinton MA. 2011. West Nile virus infection
does not induce PKR activation in rodent cells. Virology 421:51-60.
Samuel MA, Whitby K, Keller BC, Marri A, Barchet W, Williams BR,
Silverman RH, Gale M, Jr, Diamond MS. 2006. PKR and RNase L
contribute to protection against lethal West Nile Virus infection by con-
trolling early viral spread in the periphery and replication in neurons. J.
Virol. 80:7009-7019.

. Gale M, Jr, Blakely CM, Kwieciszewski B, Tan SL, Dossett M, Tang NM,

Korth M]J, Polyak SJ, Gretch DR, Katze MG. 1998. Control of PKR
protein kinase by hepatitis C virus nonstructural 5A protein: molecular
mechanisms of kinase regulation. Mol. Cell. Biol. 18:5208-5218.

Gale M], Jr, Korth MJ, Tang NM, Tan SL, Hopkins DA, Dever TE,
Polyak SJ, Gretch DR, Katze MG. 1997. Evidence that hepatitis C virus
resistance to interferon is mediated through repression of the PKR protein
kinase by the nonstructural 5A protein. Virology 230:217-227.

He Y, Tan SL, Tareen SU, Vijaysri S, Langland JO, Jacobs BL, Katze
MG. 2001. Regulation of mRNA translation and cellular signaling by hep-
atitis C virus nonstructural protein NS5A. J. Virol. 75:5090-5098.

Tu YC, Yu CY, Liang JJ, Lin E, Liao CL, Lin YL. 2012. Blocking
dsRNA-activated protein kinase PKR by Japanese encephalitis virus non-
structural protein 2A. J. Virol. 86:10347-10358.

Khromykh AA, Westaway EG. 1996. RNA binding properties of core
protein of the flavivirus Kunjin. Arch. Virol. 141:685-699.

Tsuda Y, Mori Y, Abe T, Yamashita T, Okamoto T, Ichimura T,
Moriishi K, Matsuura Y. 2006. Nucleolar protein B23 interacts with
Japanese encephalitis virus core protein and participates in viral replica-
tion. Microbiol. Immunol. 50:225-234.

Oh W, Yang MR, Lee EW, Park KM, Pyo S, Yang JS, Lee HW, Song J.
2006. Jabl mediates cytoplasmic localization and degradation of West
Nile virus capsid protein. J. Biol. Chem. 281:30166—30174.

Chang CJ, Luh HW, Wang SH, Lin HJ, Lee SC, Hu ST. 2001. The
heterogeneous nuclear ribonucleoprotein K (hnRNP K) interacts with
dengue virus core protein. DNA Cell Biol. 20:569-577.

Journal of Virology

- 374 -

AINN YYMVSO Aq €102 ‘v1 Aenige uo /610" wse |Al/:dyy wouy pepeojumo(



@PLOS ! PATHOGENS

OPEN a ACCESS Freely available online

Signal Peptidase Complex Subunit 1 Participates in the
Assembly of Hepatitis C Virus through an Interaction
with E2 and NS2
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Abstract

Hepatitis C virus (HCV) nonstructural protein 2 (NS2) is a hydrophobic, transmembrane protein that is required not only for
NS2-NS3 cleavage, but also for infectious virus production. To identify cellular factors that interact with NS2 and are
important for HCV propagation, we screened a human liver cDNA library by split-ubiquitin. membrane yeast two-hybrid
assay using full-length NS2 as a bait, and identified signal peptidase complex subunit 1 (SPCS1), which is a component of
the microsomal signal peptidase complex. Silencing of endogenous SPCS1 resulted in markedly reduced production of
infectious HCV, whereas neither processing of structural proteins, cell entry, RNA replication, nor release of virus from the
cells was impaired. Propagation of Japanese encephalitis virus was not affected by knockdown of SPCS1, suggesting that
SPCS1 does not widely modulate the viral lifecycles of the Flaviviridae family. SPCS1 was found to interact with both NS2
and E2. A complex of NS2, E2, and SPCS1 was formed in cells as demonstrated by co-immunoprecipitation assays.
Knockdown of SPCS1 impaired interaction of NS2 with E2. Our findings suggest that SPCS1 plays a key role in the formation
of the membrane-associated NS2-E2 complex via its interaction with NS2 and E2, which leads to a coordinating interaction
between the structural and non-structural proteins and facilitates the early step of assembly of infectious particles.
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Introduction

Over 170 million people worldwide are chronically-infected with
hepatitis C virus (HCV), and are at risk of developing chronic
hepatitis, cirrhosis, and hepatocellular carcinoma [1]. HCV is an
enveloped virus of the family Flaviviridae, and its genome is an
uncapped 9.6-kb positive-strand RINA consisting of the 5" untrans-
lated region (UTR), an open reading frame encoding viral proteins,
and the 3" UTR [2]. A precursor polyprotein is further processed
into structural proteins (Core, E1, and E2), followed by p7 and
nonstructural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B), by cellular and viral proteases. The structural proteins (Core
to E2) and p7 reside in the N-terminal region, and are processed by
signal peptidase from the polyprotein. NS2, NS3, and NS4A are
prerequisites for proteolytic processing of the NS proteins. NS3 to
NS5B are considered to assemble into a membrane-associated HCV
RNA replicase complex. NS3 also possesses activities of helicase and
nucleotide triphosphatase. NS4 is a cofactor that activates the NS3
protease. NS4B induces vesicular membrane alteration. NS5A is
considered to play an important but undefined role in viral RINA
replication. NS5B is the RNA-dependent RINA polymerase. It is
now accepted that NS proteins, such as NS2, NS3, and NS5A,
contribute to the assembly or release of infectious HCV [3-9].

PLOS Pathogens | www.plospathogens.org

NS2 protein is a transmembrane protein of 21-23 kDa, with
highly hydrophobic N-terminal residues forming transmembrane
helices that insert into the endoplasmic reticulum (ER) membrane
[5,10]. The C-terminal part of NS2 resides in the cytoplasm,
enabling zinc-stimulated NS2/3 autoprotease activity together
with the N-terminal domain of NS3. The crystal structure of the
C-terminal region of NS2 reveals a dimeric cysteine protease
containing two composite active sites [11]. Prior work showed that
NS2 is not essential for RINA replication of subgenomic replicons
[12]; however, the protein is required for virus assembly
independently of protease activity [5,6]. Several adaptive muta-
tions in NS2 that increase virus production have been reported
[13-17]. In addition, there is increasing evidence for genetic and
biochemical interaction of NS2 with other HCV proteins,
including E1, E2, p7, NS3-4A, and NS5A [10,18-25]. Thus,
NS2 is now suggested to act as a scaffold to coordinate interactions
between the structural and NS proteins for viral assembly.
However, the molecular mechanism by which NS2 is involved
in virus assembly remains unclear.

In this study, we identified signal peptidase complex subunit 1
(SPCS1) as a host factor that interacts with NS2 by yeast two-
hybrid screening with a split-ubiquitin system. SPCS1 is a
component of the microsomal signal peptidase complex which is
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Author Summary

Viruses hijack host cells and utilize host-derived proteins
for viral propagation. In the case of hepatitis C virus (HCV),
many host factors have been identified that are required
for genome replication; however, only a little is known
about cellular proteins that interact with HCV proteins and
are important for the viral assembly process. The C-
terminal half of nonstructural protein 2 (NS2), and the N-
terminal third of NS3, form the NS2-3 protease that cleaves
the NS2/3 junction. NS2 also plays a key role in the viral
assembly process independently of the protease activity.
We performed split-ubiquitin yeast two-hybrid screening
and identified signal peptidase complex subunit 1 (SPCS1),
which is a subunit of the microsomal signal peptidase
complex. In this study, we provide evidence that SPCS1
interacts with both NS2 and E2, resulting in E2-SPCS1-NS2
complex formation, and has a critical role in the assembly.
of infectious HCV particles. To our knowledge, SPCST is the
first NS2-interacting cellular factor that is involved in
regulation of the HCV lifecycle.

responsible for the cleavage of signal peptides of many secreted or
membrane-associated proteins. We show that SPCS1 is a novel
host factor that participates in the assembly process of HCV
through an interaction with NS2 and E2.

Results

SPCS1 is a novel host protein that interacts with HCV NS2

protein

To gain a better understanding of the functional role of NS2 in
the HCV lifecycle, we screened a human liver cDNA library by
employing a split-ubiquitin membrane yeast two-hybrid system
with the use of NS2 as a bait. It is known that the split ubiquitin-
based two-hybrid system makes it possible to study protein-protein
interactions between integral membrane proteins at the natural
sites of interactions in cells [26]. From the screening, several
positive clones were identified from the 13 million transformants,
and the nucleotide sequences of the clones were determined. A
BLAST search revealed that one of the positive clones encodes a
full-length coding region of signal peptidase complex subunit 1

(SPCS1). SPCS1 is a component of the microsomal signal:

peptidase complex which consists of five different subunit proteins
in mammalian cells [27]. Although catalytic activity for SPCS1 has
not been indicated to date, a yeast homolog of this subunit is
involved in efficient membrane protein processing as a component
of the signal peptidase complex [28].

To determine the specific interaction of NS2 with SPCS1 in
mammalian cells, FLAG-tagged NS2 (FLAG-NS2; Fig. 1A) was
co-expressed in 293T cells with myc-tagged SPCS1 (SPCS1-myc;
Fig. 1A), followed by co-immunoprecipitation and immunoblot-
ting. SPCS1 was shown to be co-immunoprecipitated with NS2
(Fig. 1B). Co-immunoprecipitation of SPCS1-myc with NS2 was
also observed in the lysate of Huh-7 cells infected with cell culture-
produced HCV (HCVcc) derived from JFH-1 isolate [29] (Fig. 1C).
To determine the region of SPCS1 responsible for the interaction
with NS2, deletion mutants of myc-tagged SPCS1 were construct-
ed (Fig. 1A) and co-expressed with FLAG-tagged NS2. Since the
expression of C-terminal deletion mutants, d3 and d4, was difficult
to detect (Fig. 1D), N-terminal deletions (d1 and d2) as well as
wild-type SPCS1 were subjected to immunoprecipitation analysis.
SPCS1-myc, -d1, and -d2 were co-immunoprecipitated with NS2
(Fig. 1E), suggesting that the SPCS1 region spanning amino acids
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(aa) 43 to 102 is involved in its interaction with NS2. Next, to
identify the NS2 region responsible for its interaction with SPCS1,
deletion mutants for FLAG-NS2 (Fig. 1A) were co-expressed with
SPCS1-myc-d2 in cells, followed by being immunoprecipitated
with anti-myc antibody. SPCS1 was co-immunoprecipitated with
the NS2 deletions, except for a mutant lacking transmembrane
(TM) 2 and TM3 (dTM23) domains (Fig. 1F). These finding
suggests that the TM3 region of NS2 is involved in the interaction
with SPCS1.

To investigate SPCS1-NS2 interaction in situ, the proximity
ligation assay (PLA) [30], which is based on antibodies tagged with
circular DNA probes, was used. Only when the antibodies are in
close proximity, the probes can be ligated together and subse-
quently be amplified with a polymerase. We were able to detect
PLA signal predominantly in the cytoplasm of the cells expressing
FLAG-NS2 and SPCS1-myc-d2 tagged with V5 at N-terminus
(Fig. 1G). By contrast, the PLA signal was not observed in the
context of NS2-Core co-expression. We further analyzed the
SPCSI-NS2 interaction by the monomeric Kusabira-Green
(mKG) system [31], which is based on fusion proteins with
complementary fragments (mKG-N and mKG-C) of the mono-
meric coral fluorescent reporter protein. When the mKG frag-
ments are in close proximity due to the protein-protein interaction,
the mKG fragments form a beta-barrel structure and emit green
fluorescence. Co-expression of SPCSI-mKG-N and NS2-mKG-C
fusion proteins in cells reconstituted green cellular fluorescence as
shown in Fig. 1H. Thus, these results represented structures with
SPCS1 and NS2 in close proximity, and strongly suggest their
physical interaction in cells.

SPCS1 participates in the propagation of infectious HCV

particles

To investigate the role(s) of endogenous SPCS1 in the
propagation of HCV, four small interfering RNAs (siRINAs) for
SPCS1 with different target sequences or scrambled control
siRNA were transfected into Huh7.5.1 cells, followed by infection
with HCVcc. Among the four SPCSI-siRNAs, the highest
knockdown level was observed by siRNA #2. siRNAs #3 and
#4 showed moderate reductions of SPCS1 expression, and only a
marginal effect was obtained from siRINA #1 (Fig. 2A). As
indicated in Fig. 2B, the infectious viral titer in the culture
supernatant was significantly reduced by the knockdown of
SPCSI. It should be noted that the infectious titers correlated
well with the expression levels of endogenous SPCS1. siRINA #2
reduced the HCV titer to ~5% of the control level in Huh7.5.1
cells. To rule out the possibility of off-target effect of SPCSI-
siRNA on HCV propagation, we also used “C911” mismatch
control siRNAs in which bases 9 through 11 of siRNAs are
replaced with their complements but other parts of antisense- and
sense-strand sequences are kept intact. These mismatch designed-
control siRINAs have been shown to reduce the down-regulation of
the targeted mRNA, but maintains the off-target effects of the
original siRNA [32]. The C911 controls against SPCS1-siRNA
#2, #3, and #4 (C911-#2, -#3, and -#4) showed little effect on
knockdown of SPCS1 as well as propagation of HCV (Fig. S1A
and B).

We further determined the loss- and gain-of-function of SPCS1
on HCV propagation in an SPCSI-knockdown cell line. To this
end, Huh-7 cells were transfected with a plasmid encoding a short
hairpin RNA (shRINA) targeted to SPCS1 and were selected with
hygromycin B, resulting in clone KD#31 where little or no
expression of SPCS1 was detectable (Fig. 2C). KD#31 cells and
parental Huh-7 cells were transfected with an RNA polymerase I
(pol)-driven full-genome HCV plasmid [33] in the presence or
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Figure 1. Interaction of HCV NS2 protein with SPCS1 in mammalian cells. (A) Expression constructs of SPCS1-myc and FLAG-NS2 used in this
study. TM regions are represented as gray. Myc-tag regions are depicted by the black circles. Gray circles and bold lines indicated FLAG-tag and
spacer (GGGGS) sequences, respectively. Adaptive mutations are indicated as asterisks. Positions of the aa resides are indicated above the boxes. (B)
293T cells were co-transfected with a FLAG-tagged NS2 expression plasmid in the presence of a SPCS1-myc expression plasmid. Cell lysates of the
transfected cells were immunoprecipitated with anti-myc antibody. The resulting precipitates and whole cell lysates used in immunoprecipitation (IP)
were examined by immunoblotting using anti-FLAG- or anti-myc antibody. An empty plasmid was used as a negative control. (C) HCVcc infected
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Huh-7 cells were transfected with a SPCS1-myc expression plasmid. Cell lysates of the transfected cells were immunoprecipitated with anti-myc
antibody. The resulting precipitates and whole cell lysates used in immunoprecipitation (IP) were examined by immunoblotting using anti-NS2 or
anti-SPCS1 antibody. (D) Expression of SPCS1-myc and its deletion mutants. 293T cells were transfected with indicated plasmids. The cell lysates were
examined by immunoblotting using anti-myc or anti-actin antibody. (E) Cells were co-transfected with indicated plasmids, and then lysates of
transfected cells were immunoprecipitated with anti-myc antibody. The resulting precipitates and whole cell lysates used in IP were examined by
immunoblotting using anti-FLAG- or anti-myc antibody. (F) Lysates of the transfected cells were immunoprecipitated with anti-myc antibody. The
resulting precipitates (right panel) and whole cell lysates used in IP (left panel) were examined by immunoblotting using anti-FLAG or anti-myc
antibody. (G) 293T cells were transfected with indicated plasmids. 2 days posttransfection, cells were fixed and permeabilized with Triton X-100, then
subjected to in situ PLA (Upper) or immunofluorescence staining (Lower) using anti-FLAG and anti-V5 antibodies. (H) Detection of the SPCS1-NS2
interaction in transfected cells using the mKG system. 293T cells were transfected by indicated pair of mKG fusion constructs, Twenty-four hours after

transfection, cell were fixed and stained with DAPI, and observed under a confocal microscope.

doi:10.1371/journal.ppat.1003589.g001

absence of an expression plasmid for shRINA-resistant SPCSI
(SPCS1- sh"). Western blotting confirmed the expression levels of
SPCS1 in cells (Fig. 2D). As expected, viral production in the
culture supernatants of the transfected cells was significantly
impaired in SPCSI1-knockdown cells compared with parental
Huh-7 cells (Fig. 2E white bars). Expression of SPCS1- sh™ in
KD#31 cells recovered virus production in the supernatant to
a level similar to that in the parental cells. Expression of SPCSI-
sh™ in parental Huh-7 cells did not significantly enhance virus
production. Taken together, these results demonstrate that SPCS1
has an important role in HCV propagation, and that the
endogenous expression level of SPCS1 is sufficient for the efficient
propagation of HCV.

A typical feature of the Flaviviridae family is that their precursor
polyprotein is processed into individual mature proteins mediated
by host ER-resident peptidase(s) and viral-encoded protease(s).
We therefore next examined the role of SPCS1 in the propagation

of Japanese encephalitis virus (JEV), another member of the
Flaviviridae family. SPCS1 siRNAs or control siRNA were
transfected into Huh7.5.1 cells followed by infection with JEV or
HCVce. Although knockdown of SPCS1 severely impaired HCV
production (Fig. 3A), the propagation of JEV was not affected
under the SPCS1-knockdown condition (Fig. 3B). Expression of
the viral proteins. as well as knockdown of SPCS1 were confirmed
(Fig. 3C). This suggests that SPCS1 is not a broadly active
modulator of the flavivirus lifecycle, but rather is involved
specifically in the production of certain virus(es) such as HCV.

Knackdown of SPCS1 exhibits no influence on the
processing of HCV proteins and the secretion of host-cell
proteins

Since SPCS1 is a component of the signal peptidase complex,
which plays a role in proteolytic processing of membrane proteins
at the ER, it may be that SPCS1 is involved in processing HCV
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Figure 2. Effect of SPCS1 knockdown on the production of HCV, (A) Huh7.5.1 cells were transfected with four different siRNAs targeted for
SPCS1 or control siRNA at a final concentration of 15 nM, and infected with HCVcc at a multiplicity of infection (MOI) of 0.05 at 24 h post-transfection.
Expression levels of endogenous SPCS1 and actin in the cells were examined by immunoblotting using anti-SPCS1 and anti-actin antibodies at 3 days
post-infection. (B) Infectious titers of HCVcc in the supernatant of cells infected as above were determined at 3 days postinfection. (C) Huh-7 cells
were transfected with pSilencer-SPCS1, and hygromycin B-resistant cells were selected. The SPCS1-knockdown cell line established (KD#31) and
parental Huh-7 cells were subjected to immunoblotting to confirm SPCS1 knockdown. (D) KD#31 cells or parental Huh-7 cells were transfected with
RNA pol I-driven full-length HCV plasmid in the presence or absence of shRNA-resistant SPCS1 expression plasmid. Expression levels of SPCS1 and
actin in the cells at 5 days post-transfection were examined by immunoblotting using anti-SPCS1 and anti-actin antibodies. (E) Infectious titers of
HCVcce in the supernatants of transfected SPCS1-knockdown cells or parental Huh-7 cells at 5 days post-transfection were determined.
doi:10.1371/journal.ppat.1003589.g002
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Figure 3. Effect of SPCS1 knockdown on the propagation of JEV. Huh7.5.1 cells were transfected with SPCS1 siRNA or control
siRNA at a final concentration of 10 nM, and infected with JEV or HCVcc at an MOI of 0.05 at 24 h post-transfection. (A) Infectious
titers of HCVcc in the supernatant at 3 days post-infection were determined. (B) Infectious titers of JEV in the supernatant at indicated time points
were determined. (C) Expression levels of endogenous SPCS1 and actin as well as viral proteins in the cells were determined by immunoblotting
using anti-SPCS1, anti-actin, anti-HCV core, and anti-JEV antibodies 3 days post-infection.

doi:10.1371/journal.ppat.1003589.g003

proteins via interacting with ER membranes. To address this,
the effect of SPCSI1 knockdown on the processing of HCV
precursor polyproteins in cells transiently expressing the viral
Clore-NS2 region was analyzed. Western blotting indicated that
properly processed core and NS2 were observed in KD#31 cells
as well as Huh-7 cells (Fig. 4A). No band corresponding to the
unprocessed precursor polyprotein was detected in either cell line
(data not shown). We also examined the effect of SPCS1
knockdown on the cleavage of the NS2/3 junction mediated by
NS2/3 protease. Processed NS2 was detected in both cell lines
with and without SPCS1 knockdown, which were transfected with
wild-type or protease-deficient NS2-3 expression plasmids (Fig. 4B
& C).

Signal peptidase plays a key role in the initial step of the protein
secretion pathway by removing the signal peptide and releasing
the substrate protein from the ER membrane. It is now accepted
that the secretion pathways of very-low density lipoprotein or
apolipoprotein E (apoE) are involved in the formation of infectious
HCV particles and their release from cells [34,35]. ApoE is
synthesized as a pre-apoE. After cleavage of its signal peptide in
the ER, the protein is trafficked to the Golgi and trans-Golgi
network before being transported to the plasma membrane and
secreted. As shown in Fig. 4D, the secreted levels of apoE from
Huh-7 cells with knocked-down of SPCS1 were comparable to
those from control cells. In addition, the level of albumin, an
abundant secreted protein from hepatocytes, in the culture
supernatants of the cells was not influenced by SPCS1 knockdown
(Fig. 4E). These data suggest that the knockdown of SPCS1 has no
influence on the processing of viral and host secretory proteins by
signal peptidase and HCV NS2/3 protease.

SPCS1 is involved in the assembly process of HCV
particles but not in viral entry into cells and RNA
replication

To further address the molecular mechanism(s) of the HCV
lifecycle mediated by SPCS1, we examined the effect of SPCS1
knockdown on viral entry and genome replication using single-
round infectious trans-complemented HCV particles (HCGVitcp)
[33], of which the packaged genome is a subgenomic replicon
containing a luciferase reporter gene. This assay system allows us
to evaluate viral entry and replication without the influence of
reinfection. Despite efficient knockdown of SPCS1 (Fig. 5A),
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luciferase activity expressed from HCVtcp in SPCS1-knockdown
cells was comparable to that in control or non-siRINA-transfected
cells (Fig. 5B), suggesting that SPCS1 is not involved in viral
entry into cells and subgenomic RNA replication. As a positive
control, knockdown of claudin-1, a cell surface protein required
for HCV entry, reduced the luciferase activity. We also examined
the effect of SPCS1 knockdown on full-genome replication using
HCVcc-infected cells. Despite efficient knockdown of SPCSI,
expression of HCV proteins was comparable to that in control
cells (Fig. 5C). By contrast, knockdown of PI4 Kinase (PI4K),
which is required for replication of HCV genome, led to decrease
in expression of HCV proteins. As cells that had already been
infected with HCV were used, knockdown of claudin-1 had no
effect on HCV protein levels. These data suggest that SPCSI is not
involved in viral entry into cells and the viral genome replication.
We also observed properly processed Core, E2, NS2 and NS5B in
SPCS1-knockdown cells in consistent with the result as shown in
Fig. 4A, indicating no effect of SPCS1 on HGCV polyprotein
processing.

Next, to investigate whether SPCS1 is involved in the assembly
or release of infectious particles, SPCGSI-shRNA plasmid along
with a pol I-driven full-genome HCV plasmid [33] were
transfected into CD81-negative Huh7-25 cells, which can produce
infectious HCV upon introduction of the viral genome, but are not
permissive to HCV infection [36]. It is therefore possible to
examine viral assembly and the release process without viral
reinfection. The infectivity within the transfected cells as well as
supernatants was determined 5 days post-transfection. Interest-
ingly, both intra- and extracellular viral titers were markedly
reduced by SPCS1 knockdown (Fig. 5C).

Taken together, in the HCV lifecycle, SPCS1 is most likely
involved in the assembly of infectious particles rather than cell
entry, RINA replication, or release from cells.

Role of SPCS1 in complex formation between NS2 and E2

It has been shown that HOV NS2 interacts with the viral
structural and NS proteins in virus-producing cells [18-21], and
that some of the interactions, especially the NS2-E2 interaction,
are important for the assembly of infectious HCV particles.
However, the functional role of NS2 in the HCV assembly process
has not been fully elucidated. To test whether SPCS1 is involved
in the interaction between NS2 and E2, cells were co-transfected
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