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Preface

The interferon-induced oligoadenylate synthetase (OAS) family is one of the most important
immune response proteins to the viral infection. The OAS protein binds dsRNA and is activated to
produce 2°, 5’-oligoadenylates, which lead to the activation of latent form of RNase L, resulting in
degradation of cellular and viral RNA and inhibition of viral replication. The two features, which
make the OAS enzymes unique, are the formation of 2°, 5’-linked oliogonucleotides (2, 6) and the
activation of the enzyme by dsRNA (7, 10). In mice, the Oas gene family locates on chromosome
(Chr) 5. The mouse Oas gene locus undergoes a recent series of duplication event, leading to the
presence of eight paralogs of Oasl genes (Oasla through Oaslh) that forms Oas gene cluster with
the Oas2, Oas3 and two OasL (OasLl and OasL2) genes. Previous studies demonstrated that the
mouse Oaslb gene conferred resistance to the flavivirus infection on mice; however, the antiviral
activity of other mouse Oas! gene family is still unknown.

By comparing mouse Oas/ gene with human OAS! gene, the question arises as why the mouse
possesses 8 paralogs of Oas/ gene unlike the human and other mammals. To elucidate these
questions, the author aimed in this study to make the characteristics of mouse Oasl paralogs clear
with respect to the enzymatic activity and antiviral activity to flavivirus infection. Therefore, as
concluded in Chapter I, the author has evaluated the mouse Oasl paralogs regarding the enzymatic
activity. The mouse Oas! genes were cloned from C57BL/6J (B6) as well as the Oasib derived
from feral mouse strain, MSM. The obtained results demonstrated that only OAS1la and OASlg
showed enzymatic activity.

West Nile virus (WNV) and tick-born encephalitis virus (TBEV) belong to genus Flavivirus,
family of Flavivirdea and both viruses are arthropod born virus and both of them cause severe
neurological diseases with extensive worldwide morbidity and mortality. In both viruses, the human
is dead end host (39, 38, 3). The incidence of TBEV is increasing in many endemic areas in the

European countries, Russia and Far-Eastern Asia including Japan, about 10,000 cases of the disease



are reported every year. In chapter II, the author has evaluated the antiviral activity against the two
neurotropic flaviviruses, WNV and TBEV. Although MSM-derived Oas1b showed antiviral activity
to both viruses, all B6-derived OAS paralogs did not show antiviral activity. These results suggest
that OAS1la and OASIg play a role in potentiating viral RNA-induced interferon response in the
cell, whereas the Oas1b works as a specific anti-flavivirus factor unless it is mutated. However, the

role of other paralogs is unknown and should wait for further investigation.

The contents of this research are published in the following article.

Elkhateeb, E., Tag-El-Din-Hassan, H.T., Sasaki, N., Torigoe, D., Morimatsu, M., and Agui, T. 2016.

The role of mouse 2°, 5’-oligoadenylate synthetase 1 paralogs. Infect. Genet. Evol. 45: 393401



Chapter I

Expression, Cloning, and Enzymatic Activities of Oas1 Paralogs



1. Introduction

The antiviral activity of interferon (IFN)-induced proteins such as double-stranded RNA
(dsRNA)-activated protein kinase (PKR), 2°, 5’-oligoadenylate synthetase (OAS), and MX protein
GTPase play a critical role in host immune response (32, 2). The OAS proteins are highly induced
by type 1 IFN and to lesser extent by type 2 IFN. The two features, which make the OAS enzymes
unique, are the formation of 2°, 5’-linked oliogonucleotides (2, 6) and the activation of the enzyme
by dsRNA (7, 10). When the OAS protein is activated upon interaction with viral dsRNA, it
polymerizes ATP into 2, SA, which in turn binds and activates the latent RNase L. The activated
RNase L degrades both cellular and viral RNA, leading to the inhibition of cellular and viral protein
synthesis as shown in (Figure. 1). The OAS/RNase L pathway enables the host cell to restrict viral
propagation (33, 18). Furthermore, the OAS/RNase L pathway activates pattern recognition
receptors such as RIG-I and MDAS, leading to increase in the production of IFN type 1 (19).
Previous study demonstrated that the action of IFN a/B was impaired in RNase L’ mice (43). In
addition to its antiviral role, the OAS/RNase L pathway is also involved in some biological
functions such as cell differentiation, division, and apoptosis (43, 1). Moreover, this pathway plays
a role in heat shock, diabetes type 1, and prostate cancer (16).

OASs are ancient protein families with multiple antiviral activities (12). The range of their
intracellular concentration is widely increased depending on the functional specificity of a cell, the
phase of the cell cycle. Intracellular concentration of oligoadenylates also changes in the case of
viral infection. The normal 2, SA intracellular concentration is below 1 nM. It can increase several

times and reach 10 nM in the case of OAS induction by IFN (36).
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Figure 1. Oas/RNase L pathway. Oas/RNase L pathway is well known antiviral machinery in innate state. 1, Oas
genes are induced by type 1 IFN. 2, Oas proteins bind virus-derived dsRNA and are activated. 3, Activated Oas
synthesizes 2, 5A. 4, 2, 5A activates latent RNase L. 5, Activated RNase L causes viral RNA degradation.

In humans, the OAS gene family consists of four classes of genes, OAS1 (p40/p46, short form),
OAS2 (p69/p71, middle form), OAS3 (p100, long form), and OASL (p59, or OAS-like) located on
chromosome (Chr) 12 (11, 27, 31). However, in mice, the OAS gene family locates on Chr 5 and
consists of eight genes of Oas! (Oasla through Oaslih), Oas2, Oas3, and two OasL genes (OasL1
and OasL2) (3, 13, 20) as shown in (Figure. 2). Mouse Oas2 and Oas3 have a genomic structure
similar to that of human Oas?2 and Oas3, while the mouse Oas/ is equivalent to the human Oas/,
although it is composed of eight genes (Oasla to Oaslh). It has been shown that mouse Oaslb
provides resistance to flavivirus infection (26, 19); however, mouse Oaslb is enzymatically inactive

and independent of RNase L (5). The mechanism of antiviral activity of Oasl1b is still unclear.
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Figure 2. OAS family in human and mouse

By comparing mouse Oas! gene with human OASI gene, the question arises as why the mouse
possesses 8 paralogs of Oas/ gene unlike the human and other mammals and what the roles of these
paralogs are. To elucidate these questions, the author aimed in Chapter I to make the characteristics
of mouse Oasl paralogs clear with respect to the expression in various tissues and the enzymatic

activity.



2. Materials and Methods

2.1 Animals

Male and female C57BL/6J mice at 1, 5, and 8 weeks of age were sacrificed by cervical
dislocation and spleen, liver, lung, kidney, testes, ovary, and skin were dissected. Five-week-old
male and female mice were also received intra-peritoneal (i.p.) administration of 250 pl phosphate-
buffered saline (PBS) containing 400 pg poly I:C (Sigma, St. Louis, MO, USA). Mice were
sacrificed by cervical dislocation at 12 hr after the poly I:C administration, then, spleen, liver, lung,
kidney, testes, ovary, and skin were dissected. To induce the mouse Oas/ gene family in the brain,
three B6 male mice at 5 weeks old were intra-cranially injected as follows; no injection (sham
control), 20 ul PBS (control), and 40 pg poly I:C in 20 pl PBS. Mice were sacrificed by excessive
dose of isoflurane at 24 hr after injection, and then, whole brains were dissected. The animal use
protocol was approved by the President of Hokkaido University after reviewing by the Institutional

Animal Care and Use Committee of Hokkaido University.
2.2. RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs were extracted from dissected organs using TRIzol” reagent (Invitrogen, Carlsbad,
CA, USA), and kept at -80 °C until used. Complementary DNAs (cDNAs) were generated with
oligo(dT) primer using ReverTra Ace® (TOYOBO, Osaka, Japan) according to the manufacturer’s
protocol. The synthesized cDNAs were used for the PCR to amplify mouse Oas/ gene paralogs,
Oasla, Oaslb, Oaslic, Oasld, Oasle, Oaslf, Oaslg, and Oaslh, using specific primers (Table 1).
The PCR conditions were as follows; initial denaturation at 95°C for 5 min, 35 cycles of
denaturation at 95 °C for 30 sec, annealing at 60 °C for 30 sec, and extension at 72 °C for 1.5 min
followed by the final extension at 72 °C for 3 min. PCR products were electrophoresed in 1%

agarose gels and visualized by ethidium bromide staining.



Table 1. List of Oas1 family primers.

OAS gene  Primers ORF Tm  Amino acid

Oasla F/ CTTAGCATGGAGCACGGACTCAGG 1134 60 367
R/ ATCAGAAGCACGGAGTCTGATGCC

Oaslb F/ TAAAAGCTGGACCTAGGATGGAGC 1139 60 376
R/ CATAACAGGCCTACGCTGCAGTC

Oaslc F/ TCAGGATGGAGAATGGTCTCTGCA 1094 58 362
R/ TCA CTG GAA GGC ACATTC TTG TCT CTC

Oasld F/ ATGGCGAGGGAACTCTTCAGAACC 1089 60 361
RITCACAGGAAGACACATTCTTGT

Oasle F/ ATGGCGAGGGAACTCTTCATAACC 1077 58 356
R/TTATTG TTT CTC TGG CGA CAC TTC

Oaslf F/ ATGGTGAAGGATCTTAGCAGCACC 1108 60 366
R/ TCA TAG AAG GAC ACA GTC CTG

Oaslg F/ ATGGAGCACGGACTCAGGAGCAT 1114 60 366
R/ TCA CAG CAG GAT ACA TGT CCA GTTC

Oaslh F/ ATGGCGAAAAACCTTAGCAGCACT 1115 50 369
R/ TCA CAG GAA GAC AAATCCTTITTTT

f- actin F/ CATCGTGGGCCGCTCTAGGC 980 64.2

R/ GCTTGCTGATCCACATCTGC




2.3. Cloning and Flag-Tag conjunction

The PCR products of the mouse Oas! gene paralogs were extracted from agarose gel by the Fast
Gene Gel/PCR Extraction Kit (Nippon Genetics Co., Ltd, Tokyo, Japan), and the extracted products
were cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) in the transformed E. coli,
DHbaq, and then extracted by the FastGene Plasmid Mini Kit (Nippon Genetics Co., Ltd). Three
different clones form each gene were sequenced to confirm no errors. The sequence coding for the
FLAG-TAG (FL) peptide DYKDDDDK was added to the reverse primers for mouse Oasla, Oaslib,
and OasIc and to forward primers for Oasld, Oasle, Oaslf, Oaslg, and Oaslh (Table 1), and PCR
was performed. The PCR conditions were as follows; initial denaturation at 95°C for 5 min, 10
cycles of denaturation at 95 °C for 30 sec, annealing at 60 °C for 30 sec, and extension at 72 °C for
1.5 min followed by final extension at 72 °C for 3 min and digestion by different restriction
enzymes. The PCR products were cloned into pGEM-T Easy vectors (Promega). Three different
clones from each gene were sequenced to confirm no errors, and inserted genes were cut with
EcoRI restriction enzyme and inserted into the mammalian expression vector, pIRES-EGFP vector
(Clontech Laboratories, Inc., Shiga, Japan) to generate pB6.0asla-FL-EGFP, pB6.0as1b-FL-EGFP,
pB6.0aslc-FL-EGFP, pB6.0asld-FL-EGFP, pB6.0asle-FL-EGFP, pB6.0aslf-FL-EGFP,
pB6.0aslg-FL-EGFP, pB6.0Oas1h-FL-EGFP, as well as pMSM.Oaslb-FL-EGFP. Large-scaled
culture was performed in the transformed E. coli, DH5a, and then plasmids were purified by
CsCl,-ethidium bromide gradient purification method.

Cloning of mouse Oasl paralogs in pIRES-GFP vector was confirmed by PCR with specific
primers for Oas! paralog genes and vector shown in Table 1. The PCR conditions were as follows;
initial denaturation at 95 °C for 5 min, 10 cycles of denaturation at 95 °C for 30 sec, annealing at 60
°C for 30 sec, and extension at 72 °C for 1.5 min followed by final extension at 72 °C for 3 min.
PCR products were electrophoresed in 1% agarose gels and visualized by ethidium bromide

staining.



2.4. Assay of the OAS enzymatic activity

The measurement of enzymatic activity was performed as previously described (30). In brief,
HEK293FT cells were grown in Dulbecco’s modified minimum essential medium (DMEM)
(Gibco/Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin/Glutamine (Gibco/Invitrogen) at 37 °C, and passaged every two days. The
cells were cultured in DMEM at the cell density of 1 x 10°cells in a 60-mm dish for 24 hr and
transfected with 5 pg of each plasmid, pB6.0asla-FL-EGFP, pB6.0as1b-FL-EGFP, pB6.0Oaslc-
FL-EGFP, pB6.0asld-FL-EGFP, pB6.0Oasle-FL-EGFP, pB6.0Oaslf-FL-EGFP, pB6.0Oaslg-FL-
EGFP, pB6.0as1h-FL-EGFP as well as pMSM.Oas1b-FL-EGFP. After 72 hr, each cell fraction
was homogenized in 500 pl of ice-cold 300 mM NaCl, 20 mM Tris-HCI (pH 7.5), 10%
glycerol, 0.2% Triton X-100, 5 mM B-mercaptoethanol, and 1 x protease inhibitors (2
mg/ml aprotinin, 1 mg/ml pepstatin A, and 2 mg/ml leupeptin). Western blot analysis
was performed using a monoclonal anti-FLAG M2 antibody (Sigma-Aldrich, St. Louis,
MO, USA) using ECL Advance Western Blotting Detection Kit (GE Healthcare UK Limited,
Little Chalfont, UK) according to the manufacturer’s instructions. The bands were
detected with a Luminescence Image Analyzer LAS 3000 (Fujifilm, Tokyo, Japan). An
aliquot of the 2.5 pl of whole cell lysates was incubated in the reaction buffer [20 mM
Tris-HC1 (pH 7.4), 20 mM magnesium acetate, 2.5 mM dithiothreitol, 5 mM ATP, 50
pg/ml poly I:C, and 5 uCi of [a-32P] ATP (3,000 Ci/mmol)] in a final volume of 10 ul for
18 hr at 30 °C. The synthesized 2, 5A products were separated on a 20% polyacrylamide-urea

(7M) gel, and visualized by the autoradiography with a BAS-2500 Bio-Imaging Analyzer (Fujifilm).
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3. Results

3.1. Expression profile of the mouse Oas! gene family

Figure 3 shows the expression profile of the mouse Oas/ gene paralogs in different tissues from
B6 mice of three different ages, new born (A) (1 week old), (B) young (5 weeks old), and adult (C)
(8 weeks old) and 5-week-old mice stimulated with poly I:C. The expression of Oasla, Oasib, and
Oaslg was much increased by the stimulation of poly I:C in all tissues, suggesting that these
paralogs were expressed mainly in a virus- or IFN-stimulated manner. On the other hand, the
expression of other paralogs was restricted to the specific tissues and relatively independent of the
poly I:C stimulation. Thus, the Oaslc, Oasld, and Oasle, were expressed in ovary, and the OasIf
was expressed in skin in the steady state conditions. These results suggest that the Oasla, Oaslib,
and Oaslg genes play a general role in various tissues in the stimulation of virus or IFN, whereas
others work as somewhat specific factors in the respective tissues. In the brain, only Oasla, Oaslb,

and Oaslg were expressed in the mice stimulated with poly I:C (Figure 3 (E)).

11
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Figure 3. Gene expression pattern of the mouse Oasl paralogs in mice. Male and female mice at 1, 5, and 8 weeks old
were sacrificed, RNAs were extracted from various tissues, and RT-PCR was performed. (A) 1 week old (B) 5 weeks
old, (C) 8 weeks old. (D) Male and female mice at 5 weeks old were sacrificed at 12 hr after intra-peritoneal injection of
poly I:C, RNAs were extracted from various tissues, and RT-PCR was performed. Tissues from 1-week-old mice were
combined from 3 to 4 mice. Tissues from other ages were individually collected from 2 mice and data are representative
of the two mice. (E) Two male mice were received intra-cranial injection of poly I:C, sacrificed at 12 hr after injection,

RNA was extracted from the whole brain, and RT-PCR was performed. Data are representative of two mice.

3.2. The enzymatic activity

The enzymatic activity of the B6-derived Oasl paralogs was evaluated in the HEK293FT cell
after transfection. The result showed that Oasla and Oaslg were only active to convert ATP into di-
and tri-2, 5A, whereas Oaslb, Oaslc, Oasld, Oasle, Oaslf, Oaslh, and MSM-derived Oaslb as
well as the empty vector were inactive (Figure 4 (A)). Western blot analysis confirmed that the
difference in the enzymatic activity was not due to the difference in the expression level of the

transfected paralog proteins at the enzymatic assay (Figure 4 (B)).
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9. Oaslg 10. Oaslh

Figure 4. The enzymatic activity of the Oasl family. (A) Homogenates of HEK293FT cells (1x10°) transfected with
pIRES-EGFP (control), pB6.0asla-FL-EGFP, pB6.0as1b-FL-EGFP, pB6.0aslc-FL-EGFP, pB6.0as1d-FL-EGFP,
pB6.0asle-FL-EGFP, pB6.0as1f-FL-EGFP, pB6.0as1g-FL-EGFP, pB6.0aslh-FL-EGFP as well as pMSM.Oas1b-
FL-EGFP were subjected to the OAS enzymatic assay. The Oasla and Oaslg showed enzymatic activity, whereas
Oaslb, Oaslc, Oasld, Oasle, Oaslf, Oaslh and MSM-derived Oaslb had no enzymatic activity. (B) Samples in A
were subjected to Western blot analysis using anti-FLAG antibody to assure retaining of the proteins of transfected

genes. All paralog proteins were retained in the cell with the similar extent.
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4. Discussion

The OAS induced by IFN is widely distributed not only in mammalian cells but also in marine
sponge (30, 15). The OAS plays a critical role in innate immunity. At the viral infection, dSRNA
activates the OAS to convert ATP into 2, SA and leads to the activation of the latent RNase L. The
activated RNase L degrades both cellular and viral RNAs at the position after UU and UA di-
nucleotides, which leads to the inhibition of the viral replication and apoptosis of the cell. The
product of RNA cleavage contributes to further activation of IFN. In this study, the author found
that each paralog of mouse Oas/ gene family had a distinct RNA expression pattern; the Oasla,
Oaslb, and Oaslg are expressed ubiquitously in all organs and their expression is augmented upon
stimulation by poly I:C. On the other hand, the Oasf was expressed in skin only, and the OaslIc,
Oasld, and Oasle were expressed in ovary only. Furthermore, these expressions of the Oasl
paralog genes were relatively independent of the poly I:C stimulation. These results are partially
consistent with the previous study (13). The difference may be attributed in part to the detection
method, RT-PCR vs Northern blotting. Expression profile of mouse Oas/ paralog genes except for
Oasla, Oaslb, and Oaslg in this study suggests that these genes have tissue-specific and different
functions. For example, it has been reported that Oasid plays a role in ovulation and knocking out
this gene reduces the fertility (39). However, the functions of other Oas/ gene paralogs are still
unclear.

To identify the role of Oasl family, the author evaluated the enzymatic and antiviral activities of
each paralog. First, the evaluation of the enzymatic activity of Oasl paralogs including MSM-
derived Oaslb was performed. The results indicated that both Oasla and Oaslg had enzymatic
activity, whereas the B6-derived Oaslb, a truncated protein, Oaslc, Oasld, Oasle, Oaslf, Oaslh,
and MSM-derived Oas1b had no enzymatic activity as well as empty vector. In order to clarify the
reason for the lack of enzymatic activity in other paralogs than Oasla and Oaslg, the author made

a sequence alignment of Oasl paralogs (Figure 5 (A)). The mouse Oasl protein consists of five

15



domains. The N-terminal domain contains LxxxP motif shown to be required for enzymatic activity
in the previous report (6), P-loop motif which is an ATP binding site (35), DAD motif in D box
which is Mg®" binding site (40), K-R rich region which is oligoadenylate and ATP binding site (22),
and CFK motif located in the C-terminal domain which is required for tetramerization of the
proteins (6). All of them are considered to be important for the enzymatic activity. Multi-alignment
of the amino acid sequence of mouse Oasl paralogs (Figure 5 (A)) and the comparison of each
motif (Figure 5 (B)) demonstrate that mouse Oasla and Oaslg possess the OAS enzymatic activity,
since all motifs are conserved. Oasla and Oaslg contain substitution of CFK motif, K to I; however,
it is not likely to affect the structural stability of tetramerization of the proteins. Oaslb, Oaslc,
Oasld, Oasle, Oaslf, Oaslh, and MSM.Oas1b do not possess the OAS enzymatic activity. Lack of
enzymatic activity may be attributed to facts that LxxxP, P-loop, D Box, and K-R rich region are
not conserved in these proteins. Although CFK motif is conserved in Oaslh, it is not enough to
possess the enzymatic activity. The B6.0aslb and MSM.Oas1b possess a 4 amino acid deletion in
the P-loop, which may prevent it from folding into a catalytically functional structure, and
substitution in K-R rich region, K to N, may cause the difficulty in substrate binding. These
substitutions predict that MSM.Oas1b does not possess enzymatic activity. Previous study by using
site-directed mutagenesis supports our interpretation, which demonstrated that the mutation in P-
loop, K-R rich region, and D box exhibited a reduced enzymatic activities compared with the wild-

type enzyme (40).
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(B)

Protein LxxxP P-Loop D-box K- R CFK A.A
Rich region
Oas1a LRSIP KGGSSGKG DAD K CFl1 368
Oas1b LRSIP KG—KG DAD N —_— 253
MSM.Oas1b | LRSIP KG—KG DAD N CFK | 376
Oas1c LCSIQ MGGSYDEH EAK R CFR 362
Oas1d LFRTP MGGCYNEY EAK R FFT 361
Oas1e LFITP MGGSYDEH EAK R FFR 356
Oas1f LSSTP MGGSYDEH EAK E CFR 364
Oas1g LRSIP KGGSSGKG DAD K CFl1 367
Oas1h LCSTP MGGSNYRY EVD w CFK 369

Figure 5. (A) Alignment of amino acid sequence in mouse Oasl paralogs. Amino acid sequence motifs important for

the enzyme activity are shown in the box. Light gray rectangles, conserved OAS catalytic units; black rectangles, less

conserved parts

(www.ddbj.nig.ac.jp/E-mail/clustalw-j.html) using default parameters. The output was embellished using BOXSHADE

of the proteins.

The multi-alignment was performed with

3.21 software (www.ch.embnet.org/software/ BOX form.html). (B) Schematic diagram of mouse Oasl protein and

comparison of 5 motifs in mouse Oasl paralogs.
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5. Summary

The Interferon (IFN) has a critical role in host immune response and IFN is activated in response

to viral infection. This study focused on the 2°-5 oligoadenylate synthetase (OAS) induced by IFN
which plays an important role in innate antiviral response against viral infections.
To study the function of various isoform of OAS, the author investigated the expression of these
genes in various organs in various ages of C57BL/6J mice, new born (1 week old), young (5 weeks
old), and adult (8 weeks old) and 5-week-old mice stimulated by poly I:C. The expression profile of
the genes encoding OAS paralogs in different tissues indicates that the expression of Oasla, Oaslb,
and Oaslg was much increased by the stimulation of poly I: C in all tissues. On the other hand, the
Oaslc, Oasld, and Oasle were expressed in ovary, and the Oaslf was expressed in skin.

Next, the author evaluated the enzymatic activity of the B6-derived Oasl paralogs in the
HEK293FT cells. The result showed that Oasla and Oaslg possessed the enzymatic activity,
whereas Oaslb, Oaslc, Oasld, Oasle, Oaslf, Oaslh, and MSM-derived Oaslb did not possess the

enzymatic activity.
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Chapter II

Antiviral Activities of Oas1 Paralogs
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1. Introduction

West Nile virus (WNV) and tick-born encephalitis virus (TBEV) belong to genus Flavivirus,
family of Flavivirdea and both viruses are arthropod-borne and cause severe neurological diseases
with extensive morbidity and mortality. In both viruses, the human is dead end host (3, 38, 39).
WNYV is maintained in enzootic cycle between mosquitoes and birds. WNV also infects humans and
other vertebrates and causes serious disease and death. Birds are one of the most important hosts in
terms of the enzootic cycle, because they develop viremia. WNV infects mosquitoes, humans and
horses, which are considered as incidental hosts (3). Since its initial isolation in Uganda in 1937
through the present, WNV has become an important cause of human and animal disease worldwide
(40). TBEV is classified as one species with three subtypes namely the European subtype, the
Siberian subtype and the Far Eastern subtype. TBEV is transmitted to humans through the bite of an
infected tick of the Ixodes species, primarily I. ricinus (European subtype) or I persulcatus
(Siberian and Far Eastern subtypes) (30). The incidence of TBEV is increasing in many endemic
areas in the European countries, Russia, and Far-Eastern Asia including Japan, and about 10,000
cases of the disease are reported every year. The Far-Eastern subtype of TBEV contains two strains,
Safojin-HO strain, which is isolated in Japan and causes fatal infection to the nervous system, and
Oshima strain, which is isolated from a dog in endemic area in Hokkaido, Japan in 1995 and
identified as Russian spring-summer encephalitis. The author used in this study Oshima 5-10 strain,
which infected mouse neurons and causes severe neurological signs and high mortality (14). Full
length Oas1b has antiviral activity to Oshima 5-10 strain (34).

Recently many sub-genomic WNV and TBEV replicons that harbor a reporter gene instead of
viral structural proteins, such as SEAP and luciferase reporter genes as shown in (Figures 6 and 7)
have been reported and revealed their effectiveness for the evaluation of antiviral activities.
Furthermore, this structure of replicon allows evaluation of the replication of virus in physical

containment P2, and the replicons can replicate inside the cells without any cytopathic effect.
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Therefore, the replicons harboring reporter genes provide a fast and easy alternative for assessment
of genome replication (8, 23, 24, 41). The most common reporter genes used for replicons are GFP,
firefly luciferase and SEAP, and replicon can replicate easily with high efficiency of the

amplification in BHK-21 cells with any cytopathic effect.

WNYV replicon
S’US;IECtural protein Non Structural JUTR
{—H A
- N
C PtM | E NSI | NS -2A [ NS-2B NS-4A NS5
WNV genome
NS1 | NS -2A| NS-2B NS-4A NS5
Rep WNV/SEAP

Figure 6. Schematic figure of repWNV/SEAP replicon. The SEAP reporter gene (black box) fused with the FMDV
2A sequence (gray box) is inserted upstream of the nonstructural (NS) coding region instead of viral structural

protein, core (C), premembrane (prM) and envelope proteins (E). (Modified from Ref. 28)
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TBEYV replicon

Structural protein
Non-structural protein

5> UTR 3’ UTR
/—j% A
e N
C PtM | E NS NS -2A | NS-2B NS-4A NS5

TBEV genome
NSI | NS2A | NS-2B NS5
FMDV2A TBEV-Oshima Luciferase replicon

Figure 7. Schematic figure of the TBEV genome and replicon constructs. The gene for luciferase was inserted
between the C and E protein-encoding regions of the TBEV genome. The foot and mouse disease virus (FMDV)
2A coding sequence (2A) was inserted between the C-terminus of luciferase gene and the NS1 signal sequence

(modified from Ref. 34).
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2. Material and Methods

2.1. Evaluation of the antiviral activity to WNYV replicon

BHK-21 cells were grown in DMEM (Gibco/Invitrogen) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin/Glutamine (Gibco/Invitrogen) at 37 °C, and passaged at
every two days. One day before transfection, cells were harvested, counted, and cultured in a 100-
mm dish at the cell density of 1.5 x 10° cells/dish for 24 hr. After the culture, the cells were
transfected with 10 pg of each plasmid, pB6.0Oasla-FL-EGFP, pB6.0as1b-FL-EGFP, pB6.0Oaslc-
FL-EGFP, pB6.0asld-FL-EGFP, pB6.0Oasle-FL-EGFP, pB6.0Oaslf-FL-EGFP, pB6.0Oaslg-FL-
EGFP, pB6.0as1h-FL-EGFP as well as pMSM.Oas1b-FL-EGFP by using Lipofectamine® 2000
(Gibco/Invitrogen, Carlsbad, CA, USA). After 24 hr culture, the transfection efficiency was
monitored by observation of EGFP expression and cells were transfected with 5 pg of WNV
replicon RNA conjugated with secreted alkaline phosphatase RNA (repWNV/SEAP) (19) by
electoporation using a Gene Pulser Xcell (BioRad, Hercules, CA, USA) with two pulses of 1.5 kV
at 25 pF and infinite resistance. After culturing cells for the indicated time, the SEAP activity in the
culture medium was measured using a GreatEscAPe SEAP Chemiluminescence Kit 2.0
(ClontechBio. Inc). In order to assure the expression of transfected Oasl paralogs, Western blot

analysis with anti-FLAG antibody was performed at 72 hr after transfection.
2.2. Evaluation of antiviral activity to TBEV replicon

BHK-21 cells were grown in the same conditions as shown above for the antiviral activity to
WNV replicon. One day before transfection, cells were harvested, counted, and cultured in a 24-
well plate at the cell density of 1 x 10° cells/well. After 24 hr culture, the cells were
transfected with 1 pg of each plasmid, pB6.0asla-FL-EGFP, pB6.0as1b-FL-EGFP, pB6.0aslc-

FL-EGFP, pB6.0asld-FL-EGFP, pB6.0Oasle-FL-EGFP, pB6.0Oaslf-FL-EGFP, pB6.Oaslg-FL-
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EGFP, pB6.0as1h-FL-EGFP as well as pMSM.Oas1b-FL-EGFP by using Lipofectamine® 2000.
After 24 hr culture, cells were transfected with 700 ng/well of TBEV-Oshima replicon harbouring
the luciferase reporter gene (33) by Lipofectamine®™ 2000. After culturing for the indicated time,
luciferase activities were determined using a Luciferase Assay System (Promega, Madison, WI,
USA) according to the manufacturer's instructions. For the assay of the luciferase activity, the cells
were washed once with PBS, lysed with 100 pl of the cell lysis buffer in the kit, 20 ul of luciferase
substrate solution in the kit was added to each well, and the luciferase activity was measured by an

AB-2100 Light Luminescencer JNR (ATTO, Tokyo, Japan).

2.3. Statistical analysis

All experiments were performed three times independently. Data were subjected to the one-way
analysis of variance (ANOVA) using SPSS 16.0 software. All values were represented as means +
SD. Statistical differences were analysed using Tukey HSD test. Values of p<0.05 and p<0.01 were

considered to be significant.
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3. Results

3.1. The antiviral activity of the mouse Oas1 family against WNYV replicon

To analyze the antiviral activity, a repWNV/SEAP replicon was used, in which the SEAP
reporter gene was harbored instead of viral structural protein so that the replication of viral genome
could be easily determined in the culture media as secreted SEAP activity as shown in (Fig.6).
BHK-21 cells were transfected with each Oasl gene paralog, repWNV/SEAP replicon was
transfected by electroporation after 24 hr, and then SEAP activity in the culture medium was
assayed after culturing for 72 hr (Figure. 8"(A)"). The result indicates that MSM-derived Oaslb
showed highly significant (p<0.01) inhibition against WNV-replicon replication in comparison with
the pIRES-EGFP (Figure. 8"(A)"). In respect of B6-derived Oasla, Oaslc, Oasle, Oaslf, and
Oaslg, all of them showed the similar SEAP activity level to that of pIRES-EGFP transfected cells.
On the other hand, B6-derived Oaslb and Oaslh (p<0.05) as well as Oasld (p<0.01) showed
statistically significant inhibition, when compared with the pIRES-GFP (Figure. 8"(A)"). To verify
no change in the expression level of each paralog gene during culture, [ compared expression level
of each paralogs gene in the cell before electroporation of WNV-replicon with the expression level
after the SEAP assay. As shown in (Figure. 8"(B)", the expression level of all genes was not
different in the cell between before electroporation of WNV-replicon and after SEAP assay.
Furthermore, I confirmed expression level of each paralog protein by Western blot analysis at 72 hr
after transfection. As shown in (Figure. 8. "(C)"), expression of proteins was also similar level
among all transfected paralogs at 72 hr after the transfection. These results indicate that only MSM-
derived Oaslb possesses strong anti-flavivirus activity and B6-derived Oaslb, Oasld, and Oaslh

possess weak but significant anti-flavivirus activity.
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A ctbh
-

1. pPIRES-GFP vector 2. MSM.Oaslb
3. Oasla 4. Oaslb
5. Oaslc 6. Oasld
7. Oasle 8. Oaslft
9. Oaslg 10. Oaslh

Figure 8. (A) Antiviral activity of the mouse Oasl paralogs expressed in the BHK-21 cells against WNV replicon. The
BHK-21 cells were transfected with each mouse Oas/ paralog gene, the number of EGFP-positive cells was counted at
24 hr after the transfection, and SEAP activity was measured in the supernatant at 72 hr after the electroporation of
repWNV/SEAP replicon. The data are normalized as follows; raw SEAP activity data are divided by the ratio of EGFP-
positive cells so that the SEAP activity is expressed as the value that all cells are assumed to express transfected paralog
genes. The data are expressed as the mean + SD (n=3). **, P<0.01 vs vector only (pIRES); *, P<0.05 vs vector only
(pIRES). (B) Confirmation of the expression level of the mouse Oas/ paralog genes in the BHK-21 cells by RT-PCR
before the electoporation of repWNV/SEAP replicon and after the antiviral assay. There was no significant difference
in the expression level of transfected genes between before the electoporation of the replicon and after the antiviral
assay. (C) Homogenates of BHK-21 cells transfected each Oasl paralog at 72 hr after transfection were subjected to
Western blot analysis using anti-FLAG antibody to assure retaining of the proteins transfected genes. All paralog

proteins were retained in the cell with the similar extent.
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3.2. The antiviral activity of the mouse Oas1 family against TBEV replicon

To confirm the above results, the author analyzed anti-flavivirus activity using different
flavivirus replicon, the TBEV-Oshima 5-10 replicon. This replicon harbors the luciferase reporter
gene instead of the structural protein-coding genes (33). As shown in (Figure 7), MSM-derived
Oaslb only showed highly significant (»p<0.01) inhibition in the TBEV-replicon replication in
comparison with the pIRES-EGFP. Regarding the B6-derived Oasl paralogs, all paralogs did not
show antiviral activity toward the TBEV-replicon in comparison with the pIRES-EGFP (Figure 9).
These results together with the results using repWNV/SEAP replicon suggest that only MSM-
derived Oaslb possess overt anti-flavivirus activity, whereas other all Oasl paralogs including B6-
derived Oaslb do not possess anti-flavivirus activity, although B6-derived Oaslb, Oasld, and
Oaslh might possess potential for weak anti-flavivirus activity, which is possibly depending on the

virus species.
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Figure 9. Antiviral activity of the mouse Oasl paralogs expressed in the BHK-21 cells against TBEV replicon. The
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BHK-21 cells were transfected with each mouse Oas! paralogs gene, the number of EGFP-positive cells was counted at
24 hr after the transfection, and luciferase activity was measured in the homogenates at 48 hr after the transfection of
TBEV-Oshima replicon. The data are normalized as follows; raw luciferase activity data are divided by the ratio of
EGFP-positive cells so that the luciferase activity is expressed as the value that all cells are assumed to express

transfected genes. The data are expressed as the mean = SD (n=2). **, P<0.01 vs vector only (pIRES).
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4. Discussion

The positional cloning strategy identified feral mouse-derived Oaslb as a resistant factor to the
flavivirus infection (21, 26), and as a potent inhibitor of WNV and TBEV-Oshima strain replication
by preventing the viral RNA accumulation in the infected cells (14, 43). A nonsense mutation of
B6-derived Oaslb is the main cause of susceptibility to the flavivirus infection in all laboratory
mice (21, 26). Knocking-in the functional Oas/b from resistant strain into susceptible laboratory
mouse strain altered phenotype resistant to the flavivirus infection (34). Recently, the congenic
mouse B6.MSM-Oas possessing the functional Oas/b was developed as a good model to study the
flavivirus infection. B6.MSM-Oas congenic mice showed resistance to WNV and TBEV but not to
other virus infection such as influenza virus and Sendai virus (24, 42 and unpublished data).
Therefore, the author evaluated the antiviral activity of Oas/ paralogs to WNV and TBEV-Oshima
strain. The author used BHK-21 cells, because the replicon can easily replicate in this cell line
without any cytopathic effects. The results showed that the MSM-derived Oaslb possessed a
significant antiviral activity in comparison with other B6-derived Oasl paralogs for WNV replicon.
The B6-derived Oaslb, a truncated protein, Oasld, and Oaslh also showed antiviral activity against
the WNV replicon, although antiviral activities of these paralogs were less than that of MSM-
derived Oaslb. To confirm that the B6-derived Oaslb, Oasld, and Oaslh surely possess anti-
flavivirus activity, the author performed measurement of the anti-flavivirus activity of them using
other flavivirus replicon, a TBEV-Oshima replicon. For TBEV-Oshima replicon, MSM-derived
Oaslb also possessed a significant antiviral activity; however, the B6-derived Oaslb, Oasld, and
Oaslh did not show any significant antiviral activity against the TBEV as well as other all paralogs.
Taken together the results of antiviral activities using the two different flavivirus replicons, the
author concludes that the MSM-derived Oaslb definitely possesses antiviral activity, whereas
although B6-derived Oaslb, Oasld, and Oaslh may possess the potential to antiviral activity, this

activity is limited depending on the species of flavivirus. This conclusion is consistent with the
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result of the in vivo infection experiment that the MSM but not the B6 mouse is resistant to the

flavivirus infection including WNV and TBEV.
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5. Summary

The author evaluated the antiviral activity of mouse Oas1 paralogs against two major neurotropic
flaviviruses, WNV and TBEV, by using repWNV/SEAP, which was harboured SEAP reporter gene,
and Oshima 5-10 replicon, which was harboured luciferase reporter gene. For WNV replicon,
MSM-derived Oaslb possessed a significant antiviral activity. In addition, B6-derived Oaslb, a
truncated protein, Oasld, and Oaslh also showed antiviral activity against the WNV replicon,
although antiviral activities of these paralogs were less than that of MSM-derived Oaslb. For
TBEV Oshima 5-10 replicon, only MSM-derived Oaslb possessed a significant antiviral activity;

however, other Oasl paralogs did not show any significant antiviral activity against the TBEV.
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Conclusion

In this study, the author concludes that mouse Oas! family has different tissue expression
pattern; the expression of Oasla, Oaslb, and Oaslg was ubiquitous and dependent on poly I:C
stimulation, whereas expression of other Oas/ paralogs were all tissue-specific and relatively
independent of poly I:C stimulation. These results suggest that the Oasla, Oaslb, and Oaslg play a
role in the protection from the virus infection, whereas other Oasl paralogs play a role in tissue-
specific functions. Furthermore, the Oasla and Oaslg were enzymatically active, whereas the
Oaslb, Oaslc, Oasld, Oasle, Oaslf, and Oaslh were enzymatically inactive. Although B6-derived
Oaslb, Oasld, and Oaslh showed weak antiviral activity against the WNV replicon, only feral
mouse MSM-derived Oaslb possessed significant antiviral activity against both WNV and TBEV.
Moreover, it was independent of the OAS enzymatic activity. From these results, it is suggested that
the Oasla and Oaslg play a role in potentiating IFN signals via produced 2-5A, RNase L, and
pattern recognition receptors such as RIG-I and MDAS pathway, whereas Oaslb, if it is full length,
plays a role in inhibiting replication of flaviviruses specifically. Rests of other Oasl paralogs were
not drastically induced by IFN and suggested to play a role in tissue-specific and not yet fully
known functions. The genomic structure of the rat Oas is similar to that of mouse, possessing
multiple paralogs of Oas/ as well as the mouse (27). In contrast, other mammals such as human
possess only one gene of OASI. Human OAS1 possesses both enzymatic and anti-flavivirus
activities, suggesting that human OASI possesses the combined functions that mouse Oasla, Oaslg,
and Oaslb possess. Such evolutional difference is very interesting; however, the reason for the

difference is unknown and should be elucidated by further investigations.
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Summary in Japanese

AW IBNT, FEHIIY TV AD Oas1 7 7 V) —BIBF DR DMMBEANY — 2RI 2 &
RO LTz, BIB. Oasla, Oaslb O Oaslg B DORIUIH LD LM TR LIV, Y
LC ORI K VR L2, o Oasl /X7 v 7 BZTOFBUTMMFF R T, KV LC ORI
WX DR EHER L e oz, D OREREIT Oasla, Oaslb LY Oaslg (37 A /L A G BHHEIZ 8
. o> Oasl /8T v Z T RIS »OBE 2 LTS Z LRI ENTZ, FIZ, Oasla
& Oaslg 1T OAS BERIEMEZ A LTV 2, LoD Oas /X7 v 3R TEERIEEZH L T\ Rho Tz,
B6 ¥ U AHHKD Oaslb, Oasld KT Oaslh £ WNV L7V 3 4Zxf LEFWHLY A LV ATEMEEZ A L
TV, B4~ X MSM H2ROD Oaslb D75 WNV O TBEV i L7 U = 22 %f LHE—5RU
PLOANAIEREZR L CWe, BIZZOHY A NV ATERIIFEEEEZ LB E Lo Tz, 2D

DFER LV, Oasla & Oaslg 1T OAS FEEIRMEIC LV sEA &7z 2-5A, RNase L O RIG-I X°
MDAS 72 & D% — iRk AR E N U CIFN O R A BT 2@ & 2 L T\ 5 DIz L, Oaslb

BRIZDIZYVRKBLTOWRWRETHNIZZ ZE VA V2O A RRICHET 2@ & % L
TWDHZ EWRBEI NIz, D Oasl X7 ZIX IFN ICE D BBENHER L 2N LD, A LR
RGBT BEIFR O 2R W I HARAR IR A 7. L L7e2S B RIEMEIA S CuZaun il & 2 D F b
EHLTWDEBZONE, 7Y NOD Oas 7/ MMEEL~Y T ADZICHELI L, v U R L FEKE
D Oasl "7 7 BILTFEAELTNDZERFOBNTWD, —F, b FERELTHMOITHE
Tl 04S1 B 113 | EEOATH D, & b OASI [FFERIEMEEHTLT 7 B0 A NV RIEVED T 5 %
ALTHY, ¥vUAD Oasla, Oaslb LT Oaslg DHREA IR 72REETH D, Z D LD (b

HIAIE I IR BLRZR NS £ OBHIIMH S TEL T, HRIMENLETH D,
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