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Abstract: The Tembusu virus (TMUV) is an avian pathogenic flavivirus that causes a highly
contagious disease and catastrophic losses to the poultry industry. The myxovirus resistance protein
(Mx) of innate immune effectors is a key antiviral “workhorse” of the interferon (IFN) system.
Although mammalian Mx resistance against myxovirus and retrovirus was witnessed for decades,
whether or not bird Mx has anti-flavivirus activity remains unknown. In this study, we found that
the transcription of goose Mx (goMx) was obviously driven by TMUYV infection, both in vivo and
in vitro, and that the titers and copies of TMUV were significantly reduced by goMx overexpression.
In both primary (goose embryo fibroblasts, GEFs) and passaged cells (baby hamster kidney cells,
BHK21, and human fetal kidney cells, HEK 293T), it was shown that goMx was mainly located in the
cytoplasm, and sporadically distributed in the nucleus. The intracellular localization of this protein
is attributed to the predicted bipartite nuclear localization signal (NLS; 30 residues: the 441st—471st
amino acids of goMx). Intuitively, it seems that the cells with a higher level of goMx expression
tend to have lower TMUYV loads in the cytoplasm, as determined by an immunofluorescence assay.
To further explore the antiviral determinants, a panel of variants was constructed. Two amino acids
at the 125th (Lys) and 145th (Thr) positions in GTP-binding elements, not in the L4 loop (40 residues:
the 532nd-572nd amino acids of goMXx), were vital for the antiviral function of goMx against TMUV
in vitro. These findings will contribute to our understanding of the functional significance of the
antiviral system in aquatic birds, and the development of goMx could be a valuable therapeutic agent
against TMUV.

Keywords: TMUV; Mx; antiviral activity; GTP-binding elements; L4 loop

1. Introduction

The myxovirus resistance protein (Mx) is an interferon-induced GTPase that blocks the replication
of both DNA and RNA viruses [1,2]. The Mx gene is highly polymorphic in most species, resulting
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in different antiviral properties [3,4]. Previous studies indicated that a specific single nucleotide
polymorphism (SNP) in the pig Mx2 or chicken Mx gene is responsible for its antiviral function,
i.e.,, an SNP at the 514th amino acid (aa) of porcine Mx2 and at the 631st aa of chicken Mx determine
the antiviral activity [4,5]. It is generally believed that two Mx homologs (Mx1 and Mx2, also called
MxA and MxB in human, respectively) exist in humans, rodents, and mammals. The paramount role
of rodent Mx1 and human MxA or MxB is well illustrated [1,6,7]. Unlike the mammalian Mx system,
birds have only one Mx homolog. However, the antiviral properties and determinants of Mx against
flaviviruses are unknown.

The Mx protein is assumed to consist of an N-terminal G domain, a bundle signaling element (BSE),
and a C-terminal antiparallel four-helical bundle, designated the stalk domain [1]. The conserved
tripartite GTP-binding elements in the G domain can bind and hydrolyze GTP, and then trigger
large-scale conformational movement via the adjacent BSE [8,9]. The stalk domain mediates the
assembly of ring-like Mx oligomers [10,11], while residues in the L4 loop of the helical stalk
domain, shown as signatures of strong positive selection, were proven to serve as major viral
target-specificity determinants, suggesting their potential roles in the antiviral interface during the
host-virus interaction [10,12]. The oligomeric form of Mx, mediated via the BSE-stalk interface,
is invariably in a storage form [8,13], whereas the dimerization of Mx via the GTPase domain interfaces
is transient [9,14,15], indicating that the intra- and intermolecular domain interactions involved in core
motifs of Mx are required for viral target recognition and antiviral activity.

The cytoplasmic Mx protein associates with intracellular membranes known as coat
protein I (COPI)-positive membranes of the smooth endoplasmic reticulum/Golgi-intermediate
compartment [16], and it assembles into a ring-like structure around negatively charged liposomes
using a lysine-rich stretch of the L4 loop, known as the lipid-binding moiety [17]. The cytoplasmic
human MxA protein can inhibit the West Nile virus (WNV) by sequestering the capsid protein and
reducing titers of secreted WNYV particles [18]. The nuclear rodent Mx1 proteins inhibit viruses that
have a nuclear replication phase, such as influenza and other influenza-like viruses [1,19]. Furthermore,
human MxA, artificially designed to locate in the nucleus, inhibits the transcription step of the
influenza virus genome [20,21]. Generally, the Mx protein redistributes to sites of viral replication,
and promotes missorting of essential viral constituents upon virus infection. However, whether the
antiviral properties of the single bird Mx are more closely related to the homologous Mx1 or Mx2
remains unknown.

The Tembusu virus (TMUV), an emerging pathogen within the group Ntaya, genus Flavivirus, can
plague domestic ducks and geese, and was potentially overlooked regarding its zoonotic transmission
potential. Characterized by an ovarian hemorrhage and neurological signs in almost all diseased
birds, the TMUYV disease can cause infection and morbidity rates that are typically high (up to 90%),
and mortality rates as high as 30% [22,23]. The TMUYV infection can also significantly upregulate the
expression of type I and type III interferons (IFNs) and some critical IFN-stimulated genes (ISGs),
both in vivo and in vitro [24,25]. Currently, a few vaccine candidates are proposed [26-28], and the
strategy also focuses on the development of replication inhibitors designed to affect the enzyme activity
of viral proteins, such as non-structural proteins 3 and 5 (NS3 and NS5) [29]. Among all the ISGs,
the interferon-inducible transmembrane protein (IFITM) and the 2’-5"-oligoadenylate synthetase (OAS)
families were well demonstrated as antivirals against the TMUYV in birds [30,31].

Mx genes of ducks and chickens were cloned and identified previously. In ducks, Mx proteins
failed to inhibit influenza virus replication [32]. Furthermore, the chicken Mx protein showed
conflicting evidence for its antiviral properties owing to its polymorphisms [33]. Based on our previous
work [34,35], the immune characteristics, subcellular location, and key amino acids for the antiviral
ability of goose Mx (goMx) against TMUV were studied. Collectively, these findings will contribute to
our understanding of the functional features of goMx, and to the development of novel therapeutic
approaches against viral disease.
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2. Materials and Methods

2.1. Cells, Viruses, and Animals

Primary goose embryo fibroblasts (GEFs) were derived from ten-day-old goose embryos, and
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; TransGen Biotech, Beijing, China)
supplemented with 10% newborn calf serum (NCBS; HyClone, Logan, UT, USA) and grown at 37 °C.
Baby hamster kidney cells (BHK21) and human fetal kidney cells (HEK 293T) were cultivated in
DMEM with 5% fetal bovine serum (FBS; HyClone), at 37 °C with 5% CO,. The TMUV CQ strain
(accession: KM233707) was used and its 50% tissue culture infection dose (TCIDsgy) was detected
in GEFs as 6.3 x 10° TCIDs(/0.1 mL [36]. All one-week-old healthy goslings were purchased from
the breeding center of Sichuan Agricultural University, Yaan City, China, and then maintained and
observed for three days in laboratory animal rooms prior to experiments. The welfare of the animals
was ensured during the sampling process.

2.2. Immunological Characteristic Research In Vitro

The polyinosinic polycytidylic acid (Poly(I:C); Sigma, St. Louis, MO, USA) can mimic the
treatment of double-stranded RNA. Poly(I:C) (30 mg/mL; 50 uL/well) and TMUYV (1000 TCIDs;
100 pL/well) were used to treat the GEFs seeded in a 12-well plate. The negative controls were treated
with the same volume of PBS. Three repeats of each group were collected at the indicated time points
(83h, 12 h, 24 h, and 36 h) for qRT-PCR detection of the messenger RNA (mRNA) expression level of
the goMx gene.

2.3. The Effects of Viruses on goMx mRNA Levels In Vivo

For the viral challenge experiment, goslings were randomly divided into four groups. Four
individuals from each group were injected intramuscularly with TMUV (1 uL of TMUYV per gram of
body weight). The birds in the mock groups were injected with PBS. Afterward, six tissues, including
brains (B), blood (BL), liver (LI), pancreas (P), spleen (SP), and thymus (T), were obtained from each
individual for the detection of goMx mRNA expression levels.

2.4. Plasmid Construction

To eliminate the influence of the enhanced GFP (EGFP) protein on the structure and function
of goMx, we introduced the hydrophobicity linker peptide (GGGGS)3 into pEGFP-C1 at the BglIl
and Kpnl sites to construct fusion proteins with an N-terminal EGFP moiety (pEGFP-C1-Mx).
The nuclear localization signals (NLSs) of the goMx sequence were predicted using cNLS Mapper
(http:/ /nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) by calculating NLS scores. Based
on the prediction, the bipartite NLS sequence of goMx was fused to the pEGFP-C1 to construct the
pEGFP-C1-NLS/Mx plasmid, and the classical NLS of the SV40 large T antigen was constructed as
pEGFP-C1-5V40, serving as a positive control.

The construction and expression of wild-type goMx and its variants were described
previously [35]. Those expression plasmids were expressed as C-terminal six-His-tag fusions from
pcDNA3.1(+) expression plasmids which facilitate detection via anti-His monoclonal antibody (mAb;
Abcam, Cambridge, MA, USA). Site-directed mutagenesis and deletion variant constructions were
carried out using the overlap-PCR method. To create the GTPase-deficient mutants, *Mx/K125A and
*Mx/T145A, the codon AAA encoding Lys (K) at the 125th (K125) and the codon ACT encoding Thr
(T) at 145th (T145) of goMx were both converted to the GCC codon of Ala using the indicated primers
(Table 1). The *Mx /AL4 deletion plasmid was constructed similarly using the indicated primers
(Table 1). The two combination mutation plasmids of K125A*Mx/AL4 and T145A*Mx/AL4 were
constructed based on the *Mx/K125A and *Mx/T145A substitution mutations, respectively.
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Table 1. Primer sequences for plasmid construction. The sequences in the parentheses represent the homologous arm sequences in the indicated vectors. In the
PEGFP-C1-Mx-F primer (*), bases of lowercase letters are the hydrophobicity linker peptide (GGGGS)3. The nucleotides in red represent the six-His tag sequence.

Plasmid Name

Primer Name

Sequence

Mx

pCDNA3.1-Mx/his F
pCDNA3.1-Mx/his R

(CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
(TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT

pEGFP-C1-NLS/Mx

pEGFP-C1-NLS/Mx-F
pEGFP-C1-NLS/Mx -R

(TCAGATCTCGAGCTC)AAGCTTCGAATGAAAACAGACTTTTTGC
(GGATCCCGGGCCCGC)GGTACCCTATATGCTTTTTTGAACCTT

* pEGFP-C1-Mx-F

(TCAGATCTCGAGCTC) ggtggaggaggttctggaggcggtggaagtggtggcggaggtagc ATGTACCACAGAAGTCCC

PEGEP-C1-Mx pEGFP-C1-Mx-R (GGATCCCGGGCCCGC) GGTACCAGGTGTTTGTGTGACTATGG
*Mx/K125A-F1 AGCTCTGGGGCAAGCTCCA
“Mx/K125A pCDNA3.1-Mx/his R (TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT
pCDNA3.1-Mx/his F (CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
*Mx/K125A-R1 TGGAGCTTGCCCCAGAGCT
*Mx/T145A-F1 GTATCGTTGCACGATGTCC
“Mx/T145A pCDNA3.1-Mx/his R (TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT
pCDNA3.1-Mx/his F (CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
*Mx/T145A-R1 GGACATCGTGCAACGATAC
*Mx/AL4-F TCTCACACGAAGGCCTATT
“Mx/AL4 pCDNA3.1-Mx/his R (TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT
pCDNA3.1-Mx/his F (CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
*Mx/AL4-R AATAGGCCTTCGTGTGAGAGTATACGATTCTCTCCATT
T145A*Mx/AL4-F TCTCACACGAAGGCCTATT
pCDNA3.1-Mx/his R (TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT
T145A*Mx/AL4 pCDNA3.1-Mx/his F (CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
T145A*Mx/AL4-R AATAGGCCTTCGTGTGAGAGTATACGATTCTCTCCATT
T145A*Mx/AL4-F1 GTATCGTTGCACGATGTCC
T145A*Mx/AL4-R1 GGACATCGTGCAACGATAC
K125A*Mx/AL4-F TCTCACACGAAGGCCTATT
pCDNA3.1-Mx/his R (TGCTGGATATCTGCA)GAATTCTCAGTGGTGGTGGTGGTGGTGCAGACAGCTAAAGGTCTT
K125A*Mx/AL4 pCDNA3.1-Mx/his F (CTAGCGTTTAAACTT)AAGCTTGCCACCATGTACCACAGAAGTCCC
K125A*Mx/AL4-R AATAGGCCTTCGTGTGAGAGTATACGATTCTCTCCATT
K125A*Mx/AL4-F1 AGCTCTGGGGCAAGCTCCT
K125A*Mx/AL4-R1 AGGAGCTTGCCCCAGAGCT
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2.5. Intracellular Location

Monolayer GEFs, BHK21, and HEK 293T cells were seeded on coverslips overnight, and
were then transfected with a test group of pEGFP-C1-Mx and pEGFP-C1-NLS/Mx (pEGFP-C1 and
pEGFP-C1-5V40 as controls, respectively) by using the EL transfection reagent (TransGen, Beijing,
China) according to the manufacturer’s directions. After 24 h of transfection, the micro coverslips
were directly fixed in 4% paraformaldehyde, and were stained with 4’,6-diamidine-2’-phenylindole
dihydrochloride (DAPI) to determine the location of pEGFP-C1-Mx or pEGFP-C1-NLS/Mx.
For pcDNA3.1(+) carrying His-tagged goMx or its variants, BHK21 cells were transfected with
indicated expression plasmids. At 24 h post-transfection, cells were fixed, permeated, and stained
with a mouse His-tagged mAb (as mentioned above) at a 1:500 dilution, and were then incubated with

the Alexa Fluor PE-conjugated fluorescent goat-anti-mouse secondary antibodies (Life Technologies,
Carlsbad, CA, USA).

2.6. Subcellular Colocalization of goMx with the TMUV In Vitro

The purified and concentrated TMUV was prepared as antigen and immunized mice for
production of a mouse polyclonal antibody. To detect the goMx pattern upon TMUYV infection,
GEFs were transfected with pEGFP-C1-Mx expression plasmids for 18 h, and were then infected with
100 pL of 1000 TCIDsg TMUYV for another 24 h. Subsequently, the cells were washed in PBS, fixed
in 4% paraformaldehyde for 20 min at 4 °C, permeabilized with 0.2% Triton for 30 min, and then
blocked with 5% bovine serum albumin (BSA; Beyotime, Shanghai, China) overnight. The coverslips
were incubated with the home-made mouse polyclonal antibody (at 1:500 dilution) which could target
the whole TMUYV protein in 1% BSA PBS for 1 h, washed in PBS for three, and then incubated with
Alexa Fluor PE-conjugated fluorescent goat-anti-mouse secondary antibodies for an additional 45 min.
The coverslips were then washed again in PBS and mounted on slides. The fluorescence of the cells
was acquired by microscopy (Nikon Eclipse 80i; Tokyo, Japan).

2.7. Antiviral Activity Assay of goMx

GEFs in 12-well plates were transiently transfected with wild-type goMx or its variants at 1.6 pug
per well, followed by infection with 100 uL of 1000 TCIDsy TMUYV at 24 h post-transfection (hpt; 18 hpt
for pEGFP-C1-Mx and pEGFP-Clgroups), and then, the cell lysates were resuspended using 500 pL of
PBS at 24 h, 48 h, and 72 h after infection (hpi). The collected suspension was used for determining
TMUYV TCIDsj and copies. Total RNA was purified using a TTANamp Virus DNA/RNA Kit (Tiangen,
Beijing, China), and was instantly used for reverse transcription. The viral copies of TMU V-infected
GEFs were quantified with RT-qPCR using the standard curve, Y = 39.995 — 3.5291ogX. For each
time point, three independent assays were performed, and each sample was analyzed in triplicate.
Additionally, the TCIDs assay was performed in a 96-well plate with monolayer GEF cells infected
with 0.1 mL of ten-fold serial dilutions of the viral samples. After 96 h of incubation at 37 °C, the titers
of the virus were calculated using the standard method of Reed and Muench.

2.8. Real-Time Fluorescence Quantitative PCR (RT-gPCR)

RT-qPCR was conducted in a CFX96 TM Real-Time PCR Detection System (Bio-Rad, USA) to
quantify goMx transcript levels and TMUYV copies. Total RNA was extracted using RNAiso Plus
according to the manufacturer’s instructions (TaKaRa, Dalian, China). RNA concentrations were
determined using a Thermo Scientific NanoDrop 2000. An equal quantity of 1 ug complementary DNA
(cDNA) was instantly synthesized using a HiScript'st Strand cDNA Synthesis Kit (Vazyme, Nanjing,
USA), and was conserved at —80 °C until use. Transcript levels of goMx were measured with RT-qPCR
using the specific primers as previously reported [35]. The data were analyzed by the 2-24¢t method,
and expression values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA levels in the same samples.
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2.9. Western Blot Analysis

An equal volume of samples was boiled for 10 min, and proteins were separated by 12%
SDS-PAGE, and transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford,
MA, USA) via a wet transfer method. The membranes were blocked with TBST buffer (10 mM
Tris-HC1 (pH 8.0), 0.15 M NaCl, and 0.05% Tween-20) containing 5% skim milk overnight, and were
then incubated with anti-His (Abcam, USA) or EGFP-tagged monoclonal antibody (mAb) as the
primary antibody and mouse anti-f3-actin (Ruiying Biological, Suzhou, China) at a 1:2000 dilution for
2 h, followed by incubation with goat anti-mouse immunoglobulin G (IgG) horseradish peroxidase
(HRP)-conjugated antibody for 1 h (Earthox, San Francisco, CA, USA) at a 1:2000 dilution for 1 h.
Afterward, detection was performed using enhanced chemiluminescence (ECL; Bio-Rad, Hercules,
CA, USA).

2.10. Cell Viability Analysis

GEFs were seeded in 96-well microplates in three replicates, and were transfected with goMx and
its variants. At 48 h post-transfection, a CCKS8 solution (Beyotime, Shanghai, China) was added to
the wells, which were incubated for an additional 3 h at 37 °C. Optical density was measured using a
Thermo Scientific Varioskan Flash (Thermo, Hercules, CA, USA) at a wavelength of 450 nm.

2.11. Statistics

All data were analyzed with GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA),
and are presented as the means =+ standard deviation (SD). A Student’s ¢-test was used to determine
the significance of differences between treated and control groups. A p-value <0.05 was considered
statistically significant.

3. Results

3.1. TMUYV Can Stimulate the goMx Gene both In Vitro and In Vivo

GEFs were stimulated with Poly(I:C) and TMUV. As expected, the upregulated transcripts of the
goMx gene were detected after Poly(I:C) treatment at every time point (Figure 1A). In general, the
goMx mRNA levels also increased as early as 3 h, and were significantly induced at 24 h post-TMUV
infection (Figure 1B). To further identify the role of the goMx in TMUYV infection in vivo, total RNA
was extracted separately from TMUV-infected goslings or mock goslings. The goMx mRNA levels in
all tested tissues were sharply elevated on the first day post-TMUYV infection, and then lasted for at
least three more days, especially in the brain, blood, spleen, and thymus (Figure 2). We do not know
why goMx mRNA levels in the pancreas showed no significant difference at dpi3 and dpi4. However,
all data here suggested that goMx is involved in the goose antiviral innate immune response.
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Figure 1. Time course study of goose myxovirus resistance protein (goMx) messenger RNA (mRNA)
expression upon polyinosinic polycytidylic acid (Poly(I:C)) stimulation and Tembusu virus (TMUV)
infection. Goose embryo fibroblast (GEF) cells were either induced with Poly(I:C) (30 mg/mL;
50 uL/well) or TMUYV (1000 50% tissue culture infection dose (TCIDsg); 100 ul./well), and total
RNA was harvested at designated time points and reverse transcribed into complementary DNA
(cDNA). The resultant cDNA was used as the template in a quantitative PCR reaction, using primers
specific for goMXx, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal
reference. (A) The mRNA expression levels of goMx against Poly(I:C) stimulation in GEF. (B) Analyses
of goMx transcript levels post-TMUYV infection in GEF. Each time point was assayed in triplicate, with
error bars given as mean =+ SD. Error bars indicate standard error. Asterisks (*) mark the significant
difference between experimental and control groups (** p < 0.01; *** p < 0.001).
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Figure 2. Tissue-specific mRNA of goMx in TMUV-infected goslings. The white columns are for control
groups, while the black columns stand for test groups. Goslings were infected with TMUV (1 pL
volume of TMUYV per gram of the body weight), then tissues were collected, including brains (B), blood
(BL), liver (LI), pancreas (P), spleen (SP), and thymus (T). GoMx transcript detection at one day (A),
two days post infection (B), three days (C) and four days (D) post infection. GAPDH was employed as
an internal reference. Asterisks (*) mark the significant difference between experimental and control
groups (* p < 0.05; ** p < 0.01; *** p < 0.001). Error bars indicate standard error.

3.2. Intracellular Location of the EGFP Mx Fusion Protein in Different Cell Lines

To identify the exact location of goMx, we observed the distribution pattern of pEGFP-C1-Mx
in GEFs, and in BHK21 and HEK 293T cells. We found that pEGFP-C1-Mx was distributed in a
granular-like pattern in the cytoplasm and in a dot-like pattern in the nucleus of the transfected
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cells (GEFs, BHK21, and HEK 293T cells), which was strikingly different from the control pEGFP-C1,
uniformly dispersed throughout the transfected cells (Figure 3A). The perinuclear regions seemed to
contain the highest concentrations of the goMx fusion protein, and goMx accumulation in the nucleus
was less than that in the cytoplasmic and perinuclear regions. Thus, the goMx protein in the nucleus
(expressed from pcDNA3.1(+) plasmids) could barely be detected using the His-tagged antibody
(Figure S1 in the Supplementary Material). As Figure S1 in the Supplementary Material shows,
goMx variants of *Mx/K125A and K125A*Mx/AL4 aggregated in larger granules than the wild-type
Mx, *Mx/T145A, and T145A*Mx/AL4, which formed more characteristic perinuclear assemblies.
Resembling the wild-type goMx, the deletion variant of *Mx/AL4 showed a diffuse cytoplasmic
staining pattern.
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Figure 3. Cellular localization of the goMx protein. (A) Subcellular localization of pEGFP-C1-Mx in
GEEF baby hamster kidney (BHK21), and human fetal kidney (HEK) 293T cells. Cells were transfected
with indicated plasmids (pEGFP-C1-Mx or pEGFP-C1). At 24 h post-transfection (hpt), cells were
fixed and stained with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI). (B) The putative
bipartite nuclear localization signal (NLS) is attributed to the nucleus localization of the fusion goMx
protein. Localizations of pEGFP-C1-NLS/Mx in GEF, BHK21, and HEK 293T cells are shown, while
PEGFP-C1-5V40 works as the positive control. The overexpressing protein appeared green, and the
nucleus was stained blue with DAPI. Fluorescence was observed by fluorescence microscopy under a
magnification of 400 times and analysed using Image Pro Plus 6.0.

3.3. Nuclear Localization of goMx Depends on Its Predicted Bipartite NLS

As goMx is too large to passively diffuse, the only way it can access the nucleus is through
active transport via the nuclear pore complex (NPC). Though lacking classical NLS bound with basic
amino acids in its terminus, goMx possesses an NLS-like motif that is longer and rich in arginine
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and lysine (NENRLFAKLRKEFQTWGLILMENAAKVQKSI). Whether the putative NLS affects its
nuclear-targeting ability or not aroused our interest. Considering the dispersed basic amino acids
determining nuclear targeting, introducing site-directed mutagenesis into the goMx NLS is unavailable.
To directly examine the relationship between the bipartite NLS and intracellular localization of the
goMx, we fusion-expressed the putative bipartite NLS with EGFP (pEGFP-C1-NLS/Mx) in GEFs, and
in BHK21 and HEK 293T cells, while pEGFP-C1-5V40 and pEGFP-C1 were used as positive and empty
controls, respectively. Briefly, pPEGFP-C1-SV40 and pEGFP-C1-NLS/Mx accumulated mainly within
the nucleus, whereas pEGFP-C1 appeared green throughout the cell (Figure 3B).

3.4. Antiviral Activity of the goMx

The high transcript levels of goMx against TMUYV infection led us to examine whether or not
exogenous Mx harbors antiviral activity against TMUYV. According to the antiviral assay procedure
(Figure 4A), the expression level of goMx was confirmed using western blotting, and the molecular
mass was identified as 80 kDa (Figure 4B). In the antiviral assay, we collected GEFs at the indicated
times, and demonstrated that TMUV was inhibited by goMx proteins from 24 hpi, at the early stage, to
72 hpi, at the late time point (Figure 4C). Although virus copies tended to slightly decrease owing to
cell death at the late time point (72 hpi), consistently lower TMUV copies were detected in experimental
cells rather than in the controls. Additionally, a TMUYV titer assay was performed to quantify virus
progeny. The virus titer derived from cells overexpressing goMx were significantly reduced by
1.2log10-fold at 24 hpi compared with those from control cells (Figure 4D). All our results confirmed
the critical importance of goMx for TMUYV resistance in vitro.
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Figure 4. The antiviral activity of goMx. (A) Experimental procedure of the antiviral test. (B) Detection
of goMx protein by western blot analysis. Cell extracts were prepared, and samples of 15 uL of protein
per lane were separated by SDS-polyacrylamide gel electrophoresis. GoMx protein was detected with
a His-tagged monoclonal antibody. (C) Inhibition of TMUV genomic RNA by goMx in GEF. At 24, 48,
and 72 h post-infection (hpi), infected GEF were collected and lysed in 500 uL cell culture supernatants.
Total RNA was extracted using 200 pL cell lysis and RT-qPCR was performed in triplicate. Data
are shown as mean =+ SD of three independent experiments (** p < 0.01, * p < 0.5). (D) TCIDs test.
The infectious titers from culture supernatants were titrated using the TCIDs test from control GEF
and goMx-expressing cells. The results showed the differences between both groups were significant at
24 hpi. Data are expressed as the mean =+ SD of three independent experiments.

3.5. pEGFP-C1-Mx Fusion Protein Inhibited TMUYV Replication

To analyze the impact of EGFP on the antiviral activity of the goMx protein, we also tested the
antiviral activity of the pEGFP-C1-Mx fusion protein. According to the antiviral assay procedure
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(Figure 5A), protein expression and cell viability were confirmed (Figure 5B,C). The pEGFP-C1-Mx
overexpression could significantly inhibit TMUYV replication in vitro. Consistent with the TMUYV copies
(Figure 5D), the titers of the progeny TMUV of pEGFP-C1-Mx-transfected cells significantly decreased
from 24 hpi compared with control pEGFP-C1-expressing cells (Figure 5E). In addition, as shown in
Figure 5F, cells with high viral loads (red fluorescent signals for TMUV) showed no green fluorescent
signals (goMx low expression; Figure 5F(a)), while cells with high goMx expression (green fluorescent
signals for goMx) barely contained any red fluorescent signals (low TMUYV loads; Figure 5F(b)). More
strikingly, pEGFP-C1-Mx proteins tended to translocate around the viral protein upon viral infection
with TMUV. This finding intuitively confirmed the important activity of goMx against TMUYV infection
in the cytoplasm.

A B kDa 24h 48h 72h
GEF cells pEGFP-C1-Mx plasmid 1000 TCIDs) TMUV Colllysis coflecti 108 - c 3 pEGFP-C1
seeding transfection infection olilysis collection mm pEGFP-C1-Mx
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Figure 5. The pronounced inhibition of TMUYV replication in GEF-expressing EGFP fusion goMx. (A)
Experimental procedure of the antiviral test. (B) Detection of pEGFP fusion Mx protein by western
blot analysis. Cell extracts were prepared, and samples of 15 pL of protein per lane were separated
by SDS-polyacrylamide gel electrophoresis. (C) Viability of GEF cells transfected with pEGFP-C1
and pEGFP-C1-Mx. GEF cells were grown in a 96-well plate and transfected with pEGFP-C1 and
pEGFP-C1-Mx. After 48 h, the cell viability was determined by CCKS assay. Data are expressed as mean
=+ SD from three independent experiments. (D) Inhibition of TMUV genomic RNA by overexpressed
pEGFP-C1-Mx. At 24, 48, and 72 hpi, infected GEFs were collected and lysed by three freezing—thawing
cycles in a volume of 500 uL cell culture supernatants. RT-qPCR was performed in triplicate, and data
are shown as mean =+ SD of three independent experiments (p-value <0.05 and p-value <0.01 represent
significant differences). (E) Inhibition of TMUYV titers by overexpressed pEGFP-C1-Mx. The virus titer
was determined by measuring the TCIDs directly on the cells expressing pPEGFP-C1-Mx or pEGFP-C1
as outlined in experimental procedures. Data are expressed as the mean + SD of three independent
experiments. (F) Subcellular colocalization of goMx (in green) with TMUYV (in red) in infected GEFs.
GEF cells were transfected with pEGFP-C1-Mx and pEGFP-C1. At 18 hpt, cells were inoculated with
TMUYV for an additional 24 h. The coverslips were incubated with a mouse polyclonal antibody (1:500)
recognizing TMUYV in 1% bovine serum albumin (BSA) phosphate-buffered saline (PBS), washed in
PBS, and then incubated with the Alexa Fluor PE-conjugated fluorescent goat-anti-mouse secondary
antibodies (Life Technologies) for an additional 45 min. The fluorescence was detected by fluorescence
microscopy with a 400 x magnification. The enlarged picture indicates the cells with bare pEGFP-C1-Mx
expression levels, but high TMUYV loads (a), and the cells with high pEGFP-C1-Mx expression levels
but very low TMUYV loads (b). *** p < 0.001, ** p < 0.01, * p < 0.5.

3.6. Antiviral Determinants of goMx

To determine the key residues of goMx, we constructed a set of goMx variants (Figure 6A). Firstly,
Western blot analysis confirmed that these proteins were successfully expressed (Figure 6B). GEFs
were treated with the indicated plasmids for 36 h, and cell viability was assessed using a CCK8
assay (Figure 6C). As shown in Figure 6C, goMx and its variants showed no significant cytotoxicity.
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To examine the anti-TMUYV activity of the goMx variants, we infected goMx variant-expressing GEFs
with TMUYV, and virus copies and TCIDsy were further analyzed. Complete loss of antiviral activity
(both virus copies and viral titers) of two mutants (K125A*Mx/AL4 and T145A*Mx/AL4) was observed
(Figure 6D). To further identify which motif or specific amino acid (the L4 loop, K125, or T145) is related
to the antiviral properties of goMx, the antiviral activities of *Mx/K125A, *Mx/T145A, and *Mx/AL4
against TMUV were investigated separately. Though the L4 loop of the goMx protein tolerates a great
deal of sequence diversity (Figure 6A), L4 loop-truncated goMx (*Mx/AL4) did not lose its antiviral
activity, representing no differences (p > 0.05) between the *Mx/AL4 and wild-type goMx-expressing
cells (Figure 6E). However, we found that both variants, *Mx/K125A and *Mx/T145A, showed no
antiviral activity against TMUV (in both copies and titers; Figure 6E). In total, both amino acid
substitutions at position 125 (K) and 145 (T) of the GTP-binding motif, but not the L4 loop (40 residues:
the 532nd-572nd amino acids), were vital for the antiviral activity of the goMx protein against TMUV
in vitro.
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Figure 6. The antiviral determinants of goMx. (A) Construction of wild-type goMx and its variants,
including the GTPase-deficient mutants, *Mx/K125A and *Mx/T145A, the *Mx/AL4 deletion plasmid,
and two combination mutation plasmids of K125A*Mx/AL4 and T145A*Mx/AL4. The solid pillar
stands for the Mg?* active domain, while the blank pillar represents the tripartite GTP-binding domain
consisting of GxxxxGKS, DxxG, and TKxD. The black triangles mark the point and deletion mutations,
while the inverted black triangles represent the His-tag. (B) Detection of His-tagged wild-type goMx
and its variants using western blot analysis. GoMx proteins and beta-actin were analyzed with
western blot using an anti-His monoclonal antibody and anti-beta-actin antibody, respectively. The
polyvinylidene fluoride (PVDF) membrane incubated with the goat-anti-mouse secondary antibodies.
(C) Cell viability analysis of goMx and its variant protein in GEF. CCKS8 assays of indicated plasmids
were performed in triplicate. (D) The antiviral activity of goMx and its variants, K125A*Mx/AL4
and T145A*Mx/AL4, completely abolished antiviral activity. Transiently transfected GEF-expressing
His-tagged Mx or its variant proteins, K125A*Mx/AL4 and T145A*Mx/AL4, were infected with 100 uL
of 1000 TCID5y TMUYV per cell, then the cells were collected by three-cycle freezing and thawing, using
a volume of 500 pL PBS at different time points (24, 48, and 72 hpi). The inhibition ability of TMUV
was determined by TCIDs( and viral copy tests. Results are presented as means of technical duplicates
of three independent experiments. (E) The antiviral activity of Mx and its variants. The K125 and T145
amino acids in the GTPase domain could account for deficient antiviral activity. Antiviral activity of
the single substitution of *Mx/T145A and *K/125A or deletion *Mx/AL4 was assessed by TCIDsy and
viral copy tests. The statistical analysis was performed in GraphPad Prism using unpaired two-tailed
t-tests: “ns” means no significance (the red “ns” is compared to the control, and the green “ns” is
compared to the wild-type Mx as the experimental positive group; * p < 0.05; ** p < 0.001.).
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4. Discussion

Birds are sensitive to some well-known flaviviruses, including TMUV, WNV, Japanese encephalitis
(JEV), St. Louis encephalitis (SLEV), and Murray Valley encephalitis (MVEV) [37,38]. Although Mx is a
well-known antiviral factor, the antiviral activity of bird Mx proteins against flaviviruses is unknown.
Both in vitro and in vivo, it was shown that porcine Mx1 can confer resistance to classical swine fever
virus belonging to the pestivirus genus in the flaviviridae family [39,40]. However, both porcine
Mx1 and Mx2 proteins were recently found to be unable to inhibit Japanese encephalitis virus (JEV)
proliferation [41]. Unlike the human Mx gene, which is highly conserved and possesses only a few
single nucleotide polymorphisms [42,43], domestic animals possessing a highly polymorphic genome
undoubtedly have differential antiviral activity [44—46]. Our previous study demonstrated that goose
IFNs, combined with its ISGs, are involved in effectively controlling TMUYV replication in vitro [35,36].
The antiviral effects of goMx and goose OASL (goOASL) were previously confirmed by transient
overexpression and knockdown assays in vitro [35]. Here, we further investigated the subcellular
localization patterns, antiviral characteristics, and antiviral determinants of goMx.

Rodent Mx1 proteins accumulate in the nucleus in characteristic dots closely associated with
promyelocytic leukaemia (PML) nuclear bodies [47]. Mammalian Mx1 proteins are generally located in
the cytoplasm in association with membranes of the smooth endoplasmic reticulum (ER) [48,49]. Unlike
chicken Mx proteins, which are in a granular-like pattern and are exclusively extranuclear [50,51],
goMx localized both in the cytoplasm and in the nucleus (Figure 3A), and resembled the small
punctate bodies of human MxA and the distinct nuclear dot pattern of mouse Mx1. In the next set of
fluorescent plasmids, the predicted NLS of the goMx protein showed clear nuclear-targeting capacity
(Figure 3B). Additionally, since different interactors are required for the subcellular localization of
Mx proteins [18,47,52], namely, the small ubiquitin-like modifier SUMO-1 and smooth ER marker
syntaxin 17, we suggest that such partners must be conserved between mammalian and bird cells for
the similar distribution pattern of goMx in GEFs, and in BHK21 and HEK 293T cell lines. Human MxA
GTPase-deficient mutants, as exemplified for K83A and T103A (MxAK83A or MxAT1034) ‘showed GTP
binding, but not hydrolysis, and aggregated in large cytosolic clusters. In agreement with this finding,
we observed differences between wild-type goMx and its variants (Figure S1). A single alanine (Ala)
substitution in the 125th (K) and 145th (T) amino acids can notably change the aggregation form, and
the underlying molecular mechanism remains unknown. The nuclear loss of red fluorescent signals for
wild-type goMx could be explained by both the insensitivity of the anti-His antibody and the lower
expression of goMx.

It is worth mentioning that the intracellular location and antiviral activity of Mx proteins may be
functionally associated. It was observed that the higher expression region of goMx in the cytoplasm
showed lower TMUYV viral loads (Figure 5F(a,b)). Excitingly, the colocalization of goMx with TMUV
in the cytoplasm of infected GEFs stresses the importance of their distinct cytoplasm distribution to
some degree. It was shown that a chimeric MxA protein with the NLS of rodent Mx1 can locate to
the nucleolus and reduce human immunodeficiency virus (HIV) infection [53]. The C-terminal 91
amino acids of human MxB were also observed to promote accumulation at the nuclear envelope, thus
conferring HIV-1 suppressor capabilities [54]. Considering that flavivirus replication is known to be
exclusively cytoplasmic, we did not focus on the association between antiviral activity and nuclear
goMXx, although we identified a bipartite NLS important for the weak nuclear distribution of goMx.

The proposed mode of Mx action suggests that the dimeric or tetrameric forms of Mx might be
released from the membrane-associated aggregates upon virus infection, and that GTP hydrolysis
is, thus, a prerequisite for dissociating these assemblies [12,16,17]. The consequent conformational
changes may lead to the immobilization, degradation, or redistribution of the viral targets, thereby
inhibiting viral replication [20,55,56]. Human MxAK®4 and MxATI®*A mutants (single Ala amino
acid substitution in the GTP-binding element), corresponding to goMx variants of K125A and T145A,
formed some large intracellular aggregates [17]. Additionally, some reports suggested that human
MxAKEA or MxATIBA and the equivalent mouse Mx1K494 1ost their antiviral function [17,57,58].
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Based on these findings, we introduced Ala exchange on the same sites on GTP-binding elements
of the goMx protein (*Mx/T145A or *Mx/K125A). While the L4 loop is at the equivalent sequence
position as the pleckstrin homology (PH) domain of dynamin, and is predicted to be non-structured,
it was previously shown to serve as a major antiviral-specificity determinant [12,17]. In our study,
combination variants of K125A*Mx/AL4 and T145A*Mx/AL4 were both antiviral inactive (Figure 6D).
To further characterize the relationship between the antiviral activity and those domains, a panel of
mutants was tested for antiviral activity. We found that either the *Mx/T145A or *Mx/K125A mutant
in two separate GTP-binding elements of the G domain lost its antiviral activity against TMUYV in vitro
(Figure 6E). The L4 loop is clearly not the motif that determines the antiviral activity of goMx against
TMUV. Confirming our finding, a previous report demonstrated that the deletion of the L4 motif can
still result in a stable dimer that is able to promote nuclear accumulation of the cytoplasmic wild-type
MxA [12]. The L4 loop in human MxA and mouse Mx1 proteins serves as the major, but not the only,
antiviral determinant [8,14]. In contrast, the N-terminus of human MxB, but not the L4 loop, is critical
for HIV-1 restriction [17,54]. It is believed that the antiviral activity of the goMx protein against TMUV
does not appear to be mediated by the L4 loop; however, the residues at the 125th (K) and 145th (T)
positions in GTP-binding elements are important for mediating antiviral activity. Differences in the
intracellular localization of goMx and its variants were observed (Figure S1), and further study could
reveal the molecular mechanism underlying the protein distribution pattern and its association with
antiviral specificity.

Collectively, our results suggest that goMx was mainly located in the cytoplasm, and was
sporadically distributed in the nucleus in both primary (GEFs) and passaged cells (BHK21 and
HEK 293T). The intracellular localization is attributed to the predicted bipartite NLS (30 residues:
441st—471st amino acids of the goMXx). Intuitively, it seems that cells with higher goMx expression tend
to have lower TMUYV loads, as determined by an immunofluorescence assay, especially around the
perinuclear and cytoplasm regions. Both amino acid substitutions at positions 125 (K) and 145 (T) of
the GTP-binding element, not the L4 loop, were vital for the antiviral activity of goMx against TMUV
in vitro.

Ethics Statement: The animal studies were approved by the Institutional Animal Care and Use Committee of
Sichuan Agricultural University (No. XF2014-18), and followed the National Institutes of Health guidelines for
the performance of animal experiments.
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Figure S1: Intracellular distribution of goMx variants. BHK21 cells were transfected with expression plasmids for
wild goMx and its variants. At 24 h post-transfection, cells were fixed and stained with a His-tagged monoclonal
antibody at a 1:500 dilution, and then incubated with the Alexa Fluor PE-conjugated fluorescent goat-anti-mouse
secondary antibodies against wild goMx and its variants.

Author Contributions: S.C. and M.Z. designed the experiment. M.Z. performed the experimental work. M.Z.
and S.C. wrote the paper. S.C,, M.Z,, PL,, C.Y, MW, R]., D.Z, ML, QY. YW, X.Z.,, and A.C. contributed to
analysis of the experimental data.

Acknowledgments: We are supported by grants from the National Key R & D Program (2017YFD0500800), China
Agricultural Research System (CARS-42-17) and Sichuan Veterinary Medicine and Drug Innovation Group of
China Agricultural Research System (CARS-SVDIP).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Haller, O,; Staeheli, P.; Schwemmle, M.; Kochs, G. Mx GTPases: Dynamin-like antiviral machines of innate
immunity. Trends Microbiol. 2015, 23, 154-163. [CrossRef] [PubMed]

2. Fuchs, ]J.; Holzer, M.; Schilling, M.; Patzina, C.; Schoen, A.; Hoenen, T.; Zimmer, G.; Marz, M.; Weber, F.;
Muller, M.A.; et al. Evolution and antiviral specificities of Interferon-induced Mx proteins of bats against
Ebola, Influenza, and Other RNA Viruses. J. Virol. 2017, 91. [CrossRef] [PubMed]


http://www.mdpi.com/1999-4915/10/7/361/s1
http://dx.doi.org/10.1016/j.tim.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25572883
http://dx.doi.org/10.1128/JVI.00361-17
http://www.ncbi.nlm.nih.gov/pubmed/28490593

Viruses 2018, 10, 361 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Schusser, B.; Reuter, A.; von der Malsburg, A.; Penski, N.; Weigend, S.; Kaspers, B.; Staeheli, P.; Hartle, S. Mx
is dispensable for interferon-mediated resistance of chicken cells against influenza A virus. . Virol. 2011, 85,
8307-8315. [CrossRef] [PubMed]

Sasaki, K.; Tungtrakoolsub, P.; Morozumi, T.; Uenishi, H.; Kawahara, M.; Watanabe, T. A single
nucleotide polymorphism of porcine MX2 gene provides antiviral activity against vesicular stomatitis
virus. Immunogenetics 2014, 66, 25-32. [CrossRef] [PubMed]

Ko, J.H,; Jin, HK,; Asano, A.; Takada, A.; Ninomiya, A.; Kida, H.; Hokiyama, H.; Ohara, M.; Tsuzuki, M.;
Nishibori, M.; et al. Polymorphisms and the differential antiviral activity of the chicken Mx gene. Genome Res.
2002, 12, 595-601. [CrossRef] [PubMed]

Haller, O.; Kochs, G. Human MxA protein: An interferon-induced dynamin-like GTPase with broad antiviral
activity. J. Interferon Cytokine Res. 2011, 31, 79-87. [CrossRef] [PubMed]

Mitchell, PS.; Young, ] M.; Emerman, M.; Malik, H.S. Evolutionary analyses suggest a function of MxB
immunity proteins beyond Lentivirus restriction. PLoS Pathog. 2015, 11, e1005304. [CrossRef] [PubMed]
Gao, S.; von der Malsburg, A.; Dick, A.; Faelber, K.; Schroder, G.F; Haller, O.; Kochs, G.; Daumke, O.
Structure of myxovirus resistance protein a reveals intra- and intermolecular domain interactions required
for the antiviral function. Immunity 2011, 35, 514-525. [CrossRef] [PubMed]

Rennie, M.L.; Mckelvie, S.A.; Bulloch, E.M.; Kingston, R.L. Transient dimerization of human MxA promotes
GTP hydrolysis, resulting in a mechanical power stroke. Structure 2014, 22, 1433-1445. [CrossRef] [PubMed]
Gao, S.; von der Malsburg, A.; Paeschke, S.; Behlke, J.; Haller, O.; Kochs, G.; Daumke, O. Structural basis of
oligomerization in the stalk region of dynamin-like MxA. Nature 2010, 465, 502-506. [CrossRef] [PubMed]
Haller, O.; Gao, S.; von der Malsburg, A.; Daumke, O.; Kochs, G. Dynamin-like MxA GTPase: Structural
insights into oligomerization and implications for antiviral activity. J. Biol. Chem. 2010, 285, 28419-28424.
[CrossRef] [PubMed]

Patzina, C.; Haller, O.; Kochs, G. Structural requirements for the antiviral activity of the human MxA protein
against Thogoto and influenza a virus. J. Biol. Chem. 2014, 289, 6020-6027. [CrossRef] [PubMed]

Haller, O.; Kochs, G. Interferon-induced Mx proteins: Dynamin-like GTPases with antiviral activity. Traffic
2002, 3, 710-717. [CrossRef] [PubMed]

Nigg, P.E.; Pavlovic, ]. Oligomerization and GTP-binding requirements of MxA for viral target recognition
and antiviral activity against Influenza a Virus. J. Biol. Chem. 2015, 290, 29893-29906. [CrossRef] [PubMed]
Dick, A.; Graf, L.; Olal, D.; von der Malsburg, A.; Gao, S.; Kochs, G.; Daumke, O. Role of nucleotide binding
and GTPase domain dimerization in dynamin-like myxovirus resistance protein A for GTPase activation
and antiviral activity. J. Biol. Chem. 2015, 290, 12779-12792. [CrossRef] [PubMed]

Stertz, S.; Reichelt, M.; Krijnse-Locker, J.; Mackenzie, J.; Simpson, J.C.; Haller, O.; Kochs, G.
Interferon-induced, antiviral human MxA protein localizes to a distinct subcompartment of the smooth
endoplasmic reticulum. J. Interferon Cytokine Res. 2006, 26, 650—-660. [CrossRef] [PubMed]

Von der Malsburg, A.; Abutbul-Ionita, I.; Haller, O.; Kochs, G.; Danino, D. Stalk domain of the dynamin-like
MxA GTPase protein mediates membrane binding and liposome tubulation via the unstructured L4 loop.
J. Biol. Chem. 2011, 286, 37858-37865. [CrossRef] [PubMed]

Hoenen, A.; Gillespie, L.; Morgan, G.; van der Heide, P.; Khromykh, A. Mackenzie, The West Nile virus
assembly process evades the conserved antiviral mechanism of the interferon-induced MxA protein. Virology
2014, 448, 104-116. [CrossRef] [PubMed]

Haller, O.; Frese, M.; Kochs, G. Mx proteins: Mediators of innate resistance to RNA viruses. Rev. Sci. Tech.
1998, 17, 220-230. [CrossRef] [PubMed]

Zurcher, T.; Pavlovic, J.; Staeheli, P. Nuclear localization of mouse Mx1 protein is necessary for inhibition of
influenza virus. J. Virol. 1992, 66, 5059-5066. [PubMed]

Turan, K.; Mibayashi, M.; Sugiyama, K.; Saito, S.; Numajiri, A.; Nagata, K. Nuclear MxA proteins form a
complex with influenza virus NP and inhibit the transcription of the engineered influenza virus genome.
Nucleic Acids Res. 2004, 32, 643-652. [CrossRef] [PubMed]

Zhang, W.; Chen, S.; Mahalingam, S.; Wang, M.; Cheng, A. An updated review of avian-origin Tembusu
virus: A newly emerging avian Flavivirus. . Gen. Virol. 2017, 98, 2413-2420. [CrossRef] [PubMed]

Li, S.; Li, X,; Zhang, L.; Wang, Y.; Yu, X,; Tian, K.; Su, W,; Han, B.; Su, J. Duck Tembusu virus exhibits
neurovirulence in BALB/c mice. Virol. J. 2013, 10, 260-267. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.00535-11
http://www.ncbi.nlm.nih.gov/pubmed/21632756
http://dx.doi.org/10.1007/s00251-013-0745-2
http://www.ncbi.nlm.nih.gov/pubmed/24232602
http://dx.doi.org/10.1101/gr.210702
http://www.ncbi.nlm.nih.gov/pubmed/11932243
http://dx.doi.org/10.1089/jir.2010.0076
http://www.ncbi.nlm.nih.gov/pubmed/21166595
http://dx.doi.org/10.1371/journal.ppat.1005304
http://www.ncbi.nlm.nih.gov/pubmed/26658285
http://dx.doi.org/10.1016/j.immuni.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21962493
http://dx.doi.org/10.1016/j.str.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25295396
http://dx.doi.org/10.1038/nature08972
http://www.ncbi.nlm.nih.gov/pubmed/20428112
http://dx.doi.org/10.1074/jbc.R110.145839
http://www.ncbi.nlm.nih.gov/pubmed/20538602
http://dx.doi.org/10.1074/jbc.M113.543892
http://www.ncbi.nlm.nih.gov/pubmed/24448803
http://dx.doi.org/10.1034/j.1600-0854.2002.31003.x
http://www.ncbi.nlm.nih.gov/pubmed/12230469
http://dx.doi.org/10.1074/jbc.M115.681494
http://www.ncbi.nlm.nih.gov/pubmed/26507657
http://dx.doi.org/10.1074/jbc.M115.650325
http://www.ncbi.nlm.nih.gov/pubmed/25829498
http://dx.doi.org/10.1089/jir.2006.26.650
http://www.ncbi.nlm.nih.gov/pubmed/16978069
http://dx.doi.org/10.1074/jbc.M111.249037
http://www.ncbi.nlm.nih.gov/pubmed/21900240
http://dx.doi.org/10.1016/j.virol.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24314641
http://dx.doi.org/10.20506/rst.17.1.1084
http://www.ncbi.nlm.nih.gov/pubmed/9638812
http://www.ncbi.nlm.nih.gov/pubmed/1321288
http://dx.doi.org/10.1093/nar/gkh192
http://www.ncbi.nlm.nih.gov/pubmed/14752052
http://dx.doi.org/10.1099/jgv.0.000908
http://www.ncbi.nlm.nih.gov/pubmed/28874226
http://dx.doi.org/10.1186/1743-422X-10-260
http://www.ncbi.nlm.nih.gov/pubmed/23941427

Viruses 2018, 10, 361 15 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chen, S.; Luo, G.; Yang, Z,; Lin, S.; Chen, S.; Wang, S.; Goraya, M.U.; Chi, X.; Zeng, X.; Chen, J.L.
Avian Tembusu virus infection effectively triggers host innate immune response through MDA5 and
TLR3-dependent signaling pathways. Vet. Res. 2016, 47, 74-90. [CrossRef] [PubMed]

He, Y.; Wang, A.; Chen, S.; Wu, Z; Zhang, ].; Wang, M; Jia, R.; Zhu, D.; Liu, M.; Yang, Q.; et al. Differential
immune-related gene expression in the spleens of duck Tembusu virus-infected goslings. Vet. Microbiol.
2017, 212, 39—-47. [CrossRef] [PubMed]

Chen, P; Liu, J.; Jiang, Y.; Zhao, Y.; Li, Q.; Wu, L.; He, X.; Chen, H. The vaccine efficacy of recombinant duck
enteritis virus expressing secreted E with or without PrM proteins of duck tembusu virus. Vaccine 2014, 32,
5271-5277. [CrossRef] [PubMed]

Li, G,; Gao, X,; Xiao, Y.; Liu, S.; Peng, S.; Li, X.; Shi, Y.; Zhang, Y.; Yu, L.; Wu, X,; et al. Development of
a live attenuated vaccine candidate against duck Tembusu viral disease. Virology 2014, 450—-451, 233-242.
[CrossRef] [PubMed]

Wang, H]J.; Liu, L.; Li, X.E,; Ye, Q.; Deng, Y.Q.; Qin, E.D.; Qin, C.E. In vitro and in vivo characterization of
chimeric duck Tembusu virus based on Japanese encephalitis live vaccine strain SA14-14-2. |. Gen. Virol.
2016, 97, 1551-1556. [CrossRef] [PubMed]

Garcia, L.L.; Padilla, L.; Castano, J.C. Inhibitors compounds of the flavivirus replication process. Virol. .
2017, 14, 95-107. [CrossRef] [PubMed]

Chen, S.; Wang, L.; Chen, ].; Zhang, L.; Wang, S.; Goraya, M.U.; Chi, X.; Na, Y.; Shao, W.; Yang, Z.; et al. Avian
Interferon-Inducible Transmembrane Protein Family Effectively Restricts Avian Tembusu Virus Infection.
Front. Microbiol. 2017, 8, 672. [CrossRef] [PubMed]

Tag-El-Din-Hassan, H.T.; Morimatsu, M.; Agui, T. Functional analysis of duck, goose, and ostrich
2/-5'-oligoadenylate synthetase. Infect. Genet. Evol. 2018, 62, 220-232. [CrossRef] [PubMed]

Bazzigher, L.; Schwarz, A.; Staeheli, P. No enhanced influenza virus resistance of murine and avian cells
expressing cloned duck Mx protein. Virology 1993, 195, 100-112. [CrossRef] [PubMed]

Fulton, J.E.; Arango, J.; Ali, R.A.; Bohorquez, E.B.; Lund, A.R.; Ashwell, C.M.; Settar, P.; O’Sullivan, N.P;
Koci, M.D. Genetic variation within the Mx gene of commercially selected chicken lines reveals multiple
haplotypes, recombination and a protein under selection pressure. PLoS ONE 2014, 9, e108054. [CrossRef]
[PubMed]

Zeng, M; Chen, S.; Wang, M,; Jia, R.; Zhu, D.; Liu, M,; Sun, K,; Yang, Q.; Wu, Y.; Chen, X,; et al. Molecular
identification and comparative transcriptional analysis of myxovirus resistance GTPase (Mx) gene in goose
(Anser cygnoide) after HIN2 AV infection. Comp. Immunol. Microbiol. Infect. Dis. 2016, 47, 32-40. [CrossRef]
[PubMed]

Chen, S.; Zhang, W.; Wu, Z.; Zhang, J.; Wang, M.; Jia, R.; Zhu, D.; Liu, M.; Sun, K,; Yang, Q.; et al. Goose
Mx and OASL play vital roles in the antiviral effects of Type I, II, and III Interferon against newly emerging
avian Flavivirus. Front. Immunol. 2017, 8, 1006-1022. [CrossRef] [PubMed]

Zhou, H.; Chen, S.; Wang, M,; Jia, R.; Zhu, D.; Liu, M,; Liu, E; Yang, Q.; Wu, Y,; Sun, K,; et al. Antigen
distribution of TMUYV and GPV are coincident with the expression profiles of CD8 alpha-positive cells and
goose IFN gamma. Sci. Rep. 2016, 6, 25545-25554. [CrossRef] [PubMed]

Maharaj, P.D.; Bosco-Lauth, A.M.; Langevin, S.A.; Anishchenko, M.; Bowen, R.A.; Reisen, WK.; Brault, A.C.
West Nile and St. Louis encephalitis viral genetic determinants of avian host competence. PLoS Negl.
Trop. Dis. 2018, 12, €0006302. [CrossRef] [PubMed]

Fernandez-Sanlés, A.; Rios-Marco, P.; Romero-Lépez, C.; Berzal-Herranz, A. Functional Information Stored
in the Conserved Structural RNA Domains of Flavivirus Genomes. Front. Microbiol. 2017, 8, 546. [CrossRef]
[PubMed]

He, D.N,; Zhang, X.M; Liu, K;; Pang, R.; Zhao, J.; Zhou, B.; Chen, PY. In vitro inhibition of the replication of
classical swine fever virus by porcine Mx1 protein. Antivir. Res. 2014, 104, 128-135. [CrossRef] [PubMed]
Zhang, X.; Jing, J.; Li, W,; Liu, K.; Shi, B.; Xu, Q.; Ma, Z.; Zhou, B.; Chen, P. Porcine Mx1 fused to HIV
tat protein transduction domain (PTD) inhibits classical swine fever virus infection in vitro and in vivo.
BMC Vet. Res. 2015, 11, 264. [CrossRef] [PubMed]

Zhou, J.; Wang, 5.Q.; Wei, ].C.; Zhang, X.M.; Gao, Z.C,; Liu, K.; Ma, Z.Y.; Chen, P.Y.; Zhou, B. Mx is not
responsible for the antiviral activity of interferon-alpha against Japanese Encephalitis Virus. Viruses 2017, 9,
5. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13567-016-0358-5
http://www.ncbi.nlm.nih.gov/pubmed/27449021
http://dx.doi.org/10.1016/j.vetmic.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/29173586
http://dx.doi.org/10.1016/j.vaccine.2014.07.082
http://www.ncbi.nlm.nih.gov/pubmed/25087676
http://dx.doi.org/10.1016/j.virol.2013.12.028
http://www.ncbi.nlm.nih.gov/pubmed/24503086
http://dx.doi.org/10.1099/jgv.0.000486
http://www.ncbi.nlm.nih.gov/pubmed/27100268
http://dx.doi.org/10.1186/s12985-017-0761-1
http://www.ncbi.nlm.nih.gov/pubmed/28506240
http://dx.doi.org/10.3389/fmicb.2017.00672
http://www.ncbi.nlm.nih.gov/pubmed/28473814
http://dx.doi.org/10.1016/j.meegid.2018.04.036
http://www.ncbi.nlm.nih.gov/pubmed/29715528
http://dx.doi.org/10.1006/viro.1993.1350
http://www.ncbi.nlm.nih.gov/pubmed/8100373
http://dx.doi.org/10.1371/journal.pone.0108054
http://www.ncbi.nlm.nih.gov/pubmed/25244433
http://dx.doi.org/10.1016/j.cimid.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27477505
http://dx.doi.org/10.3389/fimmu.2017.01006
http://www.ncbi.nlm.nih.gov/pubmed/28878774
http://dx.doi.org/10.1038/srep25545
http://www.ncbi.nlm.nih.gov/pubmed/27150912
http://dx.doi.org/10.1371/journal.pntd.0006302
http://www.ncbi.nlm.nih.gov/pubmed/29447156
http://dx.doi.org/10.3389/fmicb.2017.00546
http://www.ncbi.nlm.nih.gov/pubmed/28421048
http://dx.doi.org/10.1016/j.antiviral.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24500530
http://dx.doi.org/10.1186/s12917-015-0577-4
http://www.ncbi.nlm.nih.gov/pubmed/26472464
http://dx.doi.org/10.3390/v9010005
http://www.ncbi.nlm.nih.gov/pubmed/28075421

Viruses 2018, 10, 361 16 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tazi-Ahnini, R,; di Giovine, ES.; Mcdonagh, A.J.; Messenger, A.G.; Amadou, C.; Cox, A.; Duff, G.W.; Cork, M.
Structure and polymorphism of the human gene for the interferon-induced p78 protein (MX1): Evidence of
association with alopecia areata in the down syndrome region. Hum. Genet. 2000, 106, 639-645. [PubMed]
Duc, T.T.; Farnir, F; Michaux, C.; Desmecht, D.; Cornet, A. Detection of new biallelic polymorphisms in the
human MxA gene. Mol. Biol. Rep. 2012, 39, 8533-8538. [CrossRef] [PubMed]

Nakajima, E.; Morozumi, T.; Tsukamoto, K.; Watanabe, T.; Plastow, G.; Mitsuhashi, T. A naturally occurring
variant of porcine Mx1 associated with increased susceptibility to influenza virus in vitro. Biochem. Genet.
2007, 45, 11-24. [CrossRef] [PubMed]

Wang, Y.; Brahmakshatriya, V.; Lupiani, B.; Reddy, S.; Okimoto, R.; Li, X.; Chiang, H.; Zhou, H. Associations
of chicken Mx1 polymorphism with antiviral responses in avian influenza virus infected embryos and
broilers. Poult. Sci. 2012, 91, 3019-3024. [CrossRef] [PubMed]

Peng, L.; Yang, C.; Su, J. Protective roles of grass carp Ctenopharyngodon idella Mx isoforms against grass
carp reovirus. PLoS ONE 2012, 7, €52142. [CrossRef] [PubMed]

Engelhardt, O.G.; Ullrich, E.; Kochs, G.; Haller, O. Interferon-induced antiviral Mx1 GTPase is associated
with components of the SUMO-1 system and promyelocytic leukemia protein nuclear bodies. Exp. Cell Res.
2001, 271, 286-295. [CrossRef] [PubMed]

Accola, M.A.; Huang, B.; Al Masri, A.; Mcniven, M.A. The antiviral dynamin family member, MxA, tubulates
lipids and localizes to the smooth endoplasmic reticulum. J. Biol. Chem. 2002, 277, 21829-21835. [CrossRef]
[PubMed]

Nakamura, T.; Asano, A.; Okano, S.; Ko, ]. H.; Kon, Y.; Watanabe, T.; Agui, T. Intracellular localization and
antiviral property of canine Mx proteins. J. Interferon Cytokine Res. 2005, 25, 169-173. [CrossRef] [PubMed]
Sasaki, K.; Yoneda, A.; Ninomiya, A.; Kawahara, M.; Watanabe, T. Both antiviral activity and intracellular
localization of chicken Mx protein depend on a polymorphism at amino acid position 631. Biochem. Biophys.
Res. Commun. 2013, 430, 161-166. [CrossRef] [PubMed]

Bernasconi, D.; Schultz, U.; Staeheli, P. The interferon-induced Mx protein of chickens lacks antiviral activity.
J. Interferon Cytokine Res. 1995, 15, 47-53. [CrossRef] [PubMed]

Steegmaier, M.; Oorschot, V.; Klumperman, J.; Scheller, R. H. Syntaxin 17 is abundant in steroidogenic cells
and implicated in smooth endoplasmic reticulum membrane dynamics. Mol. Biol. Cell 2000, 11, 2719-2731.
[CrossRef] [PubMed]

Goujon, C.; Moncorge, O.; Bauby, H.; Doyle, T.; Barclay, W.S.; Malim, M.H. Transfer of the amino-terminal
nuclear envelope targeting domain of human MX2 converts MX1 into an HIV-1 resistance factor. J. Virol.
2014, 88, 9017-9026. [CrossRef] [PubMed]

Busnadiego, I.; Kane, M.; Rihn, S.J.; Preugschas, H.E; Hughes, ].; Blanco-Melo, D.; Strouvelle, V.P.; Zang, T.M.;
Willett, B.J.; Boutell, C.; et al. Host and viral determinants of Mx2 antiretroviral activity. J. Virol. 2014, 88,
7738-7752. [CrossRef] [PubMed]

Verhelst, J.; Parthoens, E.; Schepens, B.; Fiers, W.; Saelens, X. Interferon-inducible protein Mx1 inhibits
influenza virus by interfering with functional viral ribonucleoprotein complex assembly. J. Virol. 2012, 86,
13445-13455. [CrossRef] [PubMed]

Reichelt, M.; Stertz, S.; Krijnse-Locker, J.; Haller, O.; Kochs, G. Missorting of LaCrosse virus nucleocapsid
protein by the interferon-induced MxA GTPase involves smooth ER membranes. Traffic 2004, 5, 772-784.
[CrossRef] [PubMed]

Pitossi, E; Blank, A.; Schroder, A.; Schwarz, A.; Hussi, P.; Schwemmle, M.; Pavlovig, J.; Staeheli, P. A functional
GTP-binding motif is necessary for antiviral activity of Mx proteins. J. Virol. 1993, 67, 6726—6732. [PubMed]
Ponten, A; Sick, C.; Weeber, M.; Haller, O.; Kochs, G. Dominant-negative mutants of human MxA protein:
Domains in the carboxy-terminal moiety are important for oligomerization and antiviral activity. J. Virol.
1997, 71, 2591-2599. [PubMed]

® © 2018 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://www.ncbi.nlm.nih.gov/pubmed/10942113
http://dx.doi.org/10.1007/s11033-012-1708-7
http://www.ncbi.nlm.nih.gov/pubmed/22714910
http://dx.doi.org/10.1007/s10528-006-9045-y
http://www.ncbi.nlm.nih.gov/pubmed/17203407
http://dx.doi.org/10.3382/ps.2012-02471
http://www.ncbi.nlm.nih.gov/pubmed/23155008
http://dx.doi.org/10.1371/journal.pone.0052142
http://www.ncbi.nlm.nih.gov/pubmed/23251697
http://dx.doi.org/10.1006/excr.2001.5380
http://www.ncbi.nlm.nih.gov/pubmed/11716541
http://dx.doi.org/10.1074/jbc.M201641200
http://www.ncbi.nlm.nih.gov/pubmed/11916975
http://dx.doi.org/10.1089/jir.2005.25.169
http://www.ncbi.nlm.nih.gov/pubmed/15767791
http://dx.doi.org/10.1016/j.bbrc.2012.11.053
http://www.ncbi.nlm.nih.gov/pubmed/23201406
http://dx.doi.org/10.1089/jir.1995.15.47
http://www.ncbi.nlm.nih.gov/pubmed/7648434
http://dx.doi.org/10.1091/mbc.11.8.2719
http://www.ncbi.nlm.nih.gov/pubmed/10930465
http://dx.doi.org/10.1128/JVI.01269-14
http://www.ncbi.nlm.nih.gov/pubmed/24899177
http://dx.doi.org/10.1128/JVI.00214-14
http://www.ncbi.nlm.nih.gov/pubmed/24760893
http://dx.doi.org/10.1128/JVI.01682-12
http://www.ncbi.nlm.nih.gov/pubmed/23015724
http://dx.doi.org/10.1111/j.1600-0854.2004.00219.x
http://www.ncbi.nlm.nih.gov/pubmed/15355513
http://www.ncbi.nlm.nih.gov/pubmed/8411374
http://www.ncbi.nlm.nih.gov/pubmed/9060610
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cells, Viruses, and Animals 
	Immunological Characteristic Research In Vitro 
	The Effects of Viruses on goMx mRNA Levels In Vivo 
	Plasmid Construction 
	Intracellular Location 
	Subcellular Colocalization of goMx with the TMUV In Vitro 
	Antiviral Activity Assay of goMx 
	Real-Time Fluorescence Quantitative PCR (RT-qPCR) 
	Western Blot Analysis 
	Cell Viability Analysis 
	Statistics 

	Results 
	TMUV Can Stimulate the goMx Gene both In Vitro and In Vivo 
	Intracellular Location of the EGFP Mx Fusion Protein in Different Cell Lines 
	Nuclear Localization of goMx Depends on Its Predicted Bipartite NLS 
	Antiviral Activity of the goMx 
	pEGFP-C1-Mx Fusion Protein Inhibited TMUV Replication 
	Antiviral Determinants of goMx 

	Discussion 
	References

