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Polymorphisms and the Antiviral Property of Porcine Mx1 Protein

Atsushi ASANOY, Jae Hong KOV, Takeya MOROZUM |2, Noriyuki HAMASHIMA? and Tomomasa WATANABEY*

DDepartment of Disease Control, Graduate School of Veterinary Medicine, Hokkaido University, Sapporo 060-0818 and ?The Second

Research Division, STAFF |nstitute, Tsukuba 305-0854, Japan

(Received 18 April 2002/A ccepted 26 August 2002)

assTRACT. We determined the cDNA sequences of the type | interferon-inducible proteins, pig Mx1 from PK(15) and LLC-PK1 cells,
and compared the antiviral activities of both Mx proteins, including Mx1 polymorphisms against vesicular stcomatitis virus (VSV). Mx1
cDNA derived from PK(15) cells had an 11 bp-deletion in the 3’ end of the coding region, and was estimated to encode 8 amino acid
substitutions and a 23 amino acid extension compared to that from LLC-PK1 cells. VSV replication was inhibited in the 3T3 cels
expressng Mx1 mRNA after the cDNA was transfected. However, the efficiency of this inhibition was not different between the cells
expressng Mx1 mRNA from both PK and LLC. These results indicate that pig Mx1 protein confers resistance to VSV.
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In the early phase of virus infection in vivo, type | inter-
feron (IFN) is produced abundantly in the infected cells.
IFN induces a number of proteins that lead to an antivira
state in the stimulated cells [8]. Mx protein is one of those
antiviral proteins, and is found in most vertebrates such as
mammals, birds and fish [4, 5, 7, 10, 11, 27]. Mx proteins
contain a consensus motif seen in GTP binding proteins, and
indeed possess GTPase activity [21]. These proteins also
contain aleucine zipper motif in the carboxyl (C)-terminus,
which is involved in forming a homooligomer [6, 18, 23].
Although human MxA [28], mouse Mx2 [14, 29] and the
Mx proteins of various mammals[9] are located in the cyto-
plasm, some of thosein rodents such as mouse Mx1 [24] and
rat Mx1 [17] are located in the nucleus. The Mx proteins
interfere with replication of various negative strand RNA
viruses. Mouse nucleic Mx1 inhibits replication of influ-
enzavirus, but not VSV [24]. However, mouse cytoplasmic
Mx2 protects the expressing cells against VSV, but not
influenza virus [15, 29]. In contrast to mouse Mx proteins,
human cytoplasmic MxA inhibits the both influenza virus
and VSV, but the human cytoplasmic MxB lacks antivira
activity [22].

Itiswell-known in laboratory mouse strains that Mx1 and
Mx2 genes have polymorphism such as deletion or insertion
mutations causing frame-shifts, and also nonsense muta-
tions [13, 14, 25, 26]. We recently found a polymorphism
resulting in a frame-shift in the pig Mx1 gene [19]. How-
ever, little isknown about the antiviral activity of Mx1 pro-
tein of the pig. In the present study, we have performed the
sequencing of Mx1 cDNA in pig cell lines to examine the
existence of more polymorphisms in these genes, and have
estimated an antivird activity against VSV in Mx1 mRNA-
expressing cells transfected into the mouse fibroblastic cell
line BALB/3T3 clone A31 (3T3).
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MATERIALS AND METHODS

Cell culture: Porcine kidney cell lines, PK(15)
(JCRB9040) and LLC-PK1 (JCRB0060), were obtained
from Human Science Research Resources Bank (Osaka,
Japan). 3T3 cells were obtained from RIKEN (Tsukuba,
Japan). PK(15) cells were grown in Minimum essential
medium (Sigma, Saint Louis, MO, U.S.A.) supplemented
with 5% fetal bovine serum (Trace Biosciences, New South
Wales, Australia). LLC-PK1 cells were grown in Medium
199 (Sigma) with 3% fetd bovine serum. 3T3 cells were
grown in Dulbecco’s modified Eagle’s medium (Gibco,
Grand Idand, NY, U.S.A.) supplemented with 10% fetal
bovine serum. All of the cell lines were seeded in 60 mm
dishes at a density of 3 x 10° cells/dish and passaged twice
per week.

Northern blot analysis of RNA: Confluent PK(15) and
LLC-PK1 cells were treated with or without 50 ug/ml of
poly(l) poly(C) (Amersham Pharmasia Biotech, Uppsala,
Sweden), which was well-known as a chemical to induce
IFN-stimulated genes instead of virus RNA molecules, for 6
hr. Total RNA (30 ug) of these cells isolated by TRIzol
(Gibco) was electrophoresed, transferred to a nylon mem-
brane (Hybond N+, Amersham Pharmasia Biotech), and
subjected to Northern hybridization as described previously
[1]. The hybridization cDNA probes for Mx1 and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were
obtained by the RT-PCR method. Total RNA (1 ug) of
poly(l) poly(C)-stimulated LL C-PK1 cellswas reverse-tran-
scribed with oligo dT(15) primer and 50 U of reverse tran-
scriptase (ReverTra Ace, Toyobo, Tokyo, Japan) in a total
volume of 10 yl. PCR was performed with 1 ul of first-
strand DNA as described above, using 2.5 U of Tag poly-
merase (ExTaq, Takara, Tokyo, Japan) and a PCR primer set
in a total volume of 25 yl. PCR cycles were as follows:
94°C 1 min, 60°C 1 min, 72°C 1 min, 30 cycles. The primer
set of 5-CAC TTC CAA ATG GAG CAG ATC GTG T-
3'and 5'-CTC AGC CACT AAC AGC AGG GAC GGT
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GG-3 was used for amplification of Mx1 cDNA of nucle-
otides 1673-2250 [20]. The primer set for GAPDH cDNA
was described previously [2]. PCR products were cloned in
the pGEM-T Easy vector (Promega, Madison, WI, U.S.A.)
and confirmed by sequencing with an ABI PRISM 377
DNA sequencer (Applied Biosystems, Foster City, CA,
U.S.A.). Autoradiographs were anayzed with a BAS1000
bioimage analyzer (Fuji Photo Film, Tokyo, Japan).

Cloning and sequencing of the coding region of pig Mx1:
The coding region of Mx1 gene was amplified using the
primer set described below, 0.5 ul of Advantage cDNA
polymerase mix (Clontech, Palo Alto, CA, U.S.A.) and the
first strand DNA synthesized from total RNA of poly(l)
poly(C)-stimulated cells of PK(15) or LLC-PK1, in a total
volume of 25 pl. PCR cycles was as follows: 94°C 1 min,
63°C 3 min, 25 cycles. The primer set of 5-CTG CTG
ACG GGT CAA CGT CAC AGC GTC-3' and 5'-CTC
AGC CAC TAA CAG CAG GGA CGG TGG-3' was used
for the coding region of Mx1 cDNA (nucleotides 29-2250).
All of the PCR products were cloned to pGEM-T Easy vec-
tor and confirmed by sequencing with an ABI PRISM 377
DNA sequencer.

VSV infection assay with Mx cDNA-transfected cells The
entire open reading frames (ORFs) of pig Mx1 cDNA were
subcloned to mammalian expression vector pCl-neo
(Promega). pCl-neo-Mx1 and intact pCl-neo plasmids were
transfected in 3T3 cells with the FUGENES transfection
reagent (Roche Diagnostics, Indianapolis, IN, U.S.A.),
selected with 400 ug/ml of G418 (Gibco) according to the
manufacturer’s protocol and stably cloned Mx mRNA-
expressing cells. The mRNA levels of Mx1 in the clonal
cells were checked by RT-PCR with the following primers:
5-AAG AAG CTG AGA CGT CGA TCC GGC T-3' and
5-TGG AGA CGT GCC CTG GAG ACC C-3' (nucle-
otides 1647-2136). Infectivity of VSV on transfected 3T3
cells was estimated with recombinant VSV carrying the
green fluorescent protein (GFP) gene instead of the G pro-
tein gene (VSVAG*-G) as described previously [14].
Briefly, cells were seeded in collagen type-I-coated 24 well
plate (IWAKI, Tokyo, Japan), infected with the recombi-
nant VSV after reaching confluence, and the number of
GFP-expressing cellsin 10 microscopic fieldswas counted.

Data analysis: All values are presented as means + SE.
Statistical analysis was performed by analysis of variance
with post hoc testing by Fisher’s protected least significant
difference multiple range test.

RESULTS

Mx1 mRNA expression in pig kidney cell lines: Previous
studiesindicated that Mx proteinswere expressed in pig pri-
mary-cultured kidney cells [10]. In the present study, we
first investigated the MRNA expression of Mx1 in two kid-
ney cell lines PK(15) and LLC-PK1, to check whether these
cell lines were available to obtain pig Mx1 cDNA conve-
niently. The mRNA level of Mx1 was dramatically
increased in both cells treated with poly(1) poly(C), whichis
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Fig. 1. Northern blot analysis of Mx1 in pig kidney cell
lines. PK(15) and LLC-PK1 cellswere treated with 50
ug/ml poly(l) poly(C) (IC) for 6 hr. Total RNA (30ug)
was isolated from treated (IC) and non-treated (Cont)
cultured cells and analyzed.

well-known as an inducer of IFN-inducible genes (Fig. 1).
However, it was almost undetected in untreated cells. The
size of Mx1 mRNA was approximately 2.5 kb.

DNA sequences of Mx1 cDNA in two pig cell lines: We
isolated Mx1 cDNA from total RNA of poly(l) poly(C)-
treated PK(15) and LLC-PK1 cells by RT-PCR. When the
nucleotide sequences of pig Mx1 cDNA were determined,
Mx1 cDNA derived from PK(15) cells had a deletion of 11
bp in the 3' end of the coding region, and was estimated to
encode an 8 amino acid substitution and 23 amino acid
extension compared to that from LLC-PK1 cells and
reported data[20]. Thisframe-shift might influencethe leu-
cine zipper motif in the C-terminus (Fig. 2). Moreover, in
the other region ten nucleotide substitutions, which caused
four amino acid exchanges, were seen in Mx1 cDNA
derived from both LLC-PK1 and PK(15) cells in compari-
son with previous data (Table 1). These amino acid substi-
tutions did not occur in the consensus sequences of the GTP
binding region or theleucine zipper motif in the C-terminus.

Infectivity of VSV in pig Mx1 mRNA-expressing cells To
investigate the antiviral effect of pig Mx1 protein, we exam-
ined the infectivity of recombinant VSV in the Mx1 mRNA-
expressing 3T3 cells. As shown in Fig. 3, the numbers of
VSV-infected cells in individual Mx1-expressing clones
were approximately 25% lower than empty vector-trans-
fected or non-treated cells. However, the degree of the
infectivity against VSV was not changed significantly
among the cells that were transfected Mx1 cDNA from
PK(15) or LLC-PK1.

DISCUSSION
In the present study, we sequenced Mx cDNAs from two

pig kidney cell lines, PK(15) and LLC-PK1 cells. They
showed some nucleotide differences, with changes of amino
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Nuclectide and deduced amino acid sequences of C-terminal region in pig Mx1. The sequences and the positions

derived from a previous report [20] (accession number: M65087), LLC-PK1, and PK(15) are shown and compared with
the results of this study. Open box indicates a deletion site in PK(15). Leucineresiduesin the leucine zipper motifs of
Mx1 are shown in gray boxes. Asterisksindicate the positions of stop codons.

Tablel. Nucleotide and amino acid substitutions in the coding
region of pig Mx1

Nucleotide Amino acid position and
Position Previous This deduced amino acid substitution
data study
96 G A Silent
114 G A 5 Ser - Asn
373 G A Silent
613 T C Silent
760 T C LLC only, Silent
967 A C 289 Glu - Asp
1023 C A 308 Ala- Glu
1341 G A 414 Arg - Lys
1424 A C Silent, PK only
1444 G A Silent, LLC only

Nucleotides of previous data are derived from the report [19]
(accession number M65087).

acid residues in the coding region of Mx1 cDNA compared
to that of reported previously [20]. In particular, an 11 bp-
deletion was seen inthe 3’ end of Mx1 cDNA from PK(15).
The position of this deletion was identical to that observed
inthe genomic DNA from several breedsof pig such asLan-
drace and Y ucatan miniature pig [19]. This caused aframe-
shift mutation with 8 amino acid substitutions at the C-ter-
minal end and the extension of 23 amino acids at the protein.
It is known that nucleotide differences of the Mx gene exist
in various species such as the mouse [13, 14, 25, 26], duck
[3] and chicken [16]. For example, most mouse laboratory
inbred strains have polymorphisms in both Mx1 and Mx2
genes such as deletion or insertion mutations with frame-
shifts resulting in the loss of antiviral function, but a few
laboratory and fera strains have functiona gene(s) for anti-
viral activity. Furthermore, the amino acid substitution in
Mx1 of PK(15) involved a leucine residue, which is located
in the leucine zipper motif (Fig. 2). The leucine zipper
motifs are involved in oligomerization of the Mx protein
[18]. Considering our observation and the previous reports,
it is conceivable that the Mx1 gene of the pig has variety in
not only the sequence but aso in its potential for antiviral
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Fig. 3. The infectivity of Mx1 cDNA-transfected clonal lines

against recombinant VSV. The expression of Mx1 mRNA
and the control GAPDH mRNA in each clonal cell line was
detected by RT-PCR (upper panels). The values of infectivity
are expressed as relative to those of non-treated 3T3 cells
(lower graph). 1, non-treated parental 3T3 cells; 2, 3T3 clonal
cells transfected with empty plasmid; 3-5, Mx1 mRNA-
expressing clonal cells transfected with the LLC-PK1 cDNA;
and 6-8, Mx1 mRNA-expressing clona cells transfected with
PK(15) cDNA * P<0.05 vs. non-treated cells.

activity.

Horisberger [10] has reported that type | IFN causes pig
primary kidney cells and PK(15) cellsto inhibit the replica-
tion of VSV. Therefore, we compared the antiviral effect
against VSV in the stably Mx1 mRNA-expressing cell
clones. As shown in Fig. 3, al clones expressing Mx1
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mRNA from both PK(15) and LLC-PK1 cell lines were
resistant against VSV. However, theinhibition of VSV rep-
lication in these clones was weak (approximately 25% inhi-
bition) compared to that in human MxA-expressing cells,
which was more than 90% inhibition [4, 22]. Our previous
study demonstrated that mouse Mx2-expressing cells show
about 50% inhibition of VSV replication under the same
experimenta conditions as the present study [14]. Besides,
both rat Mx3 and human MxB are not able to inhibit VSV
replication [17, 22]. It is suggested that the characteristic of
pig Mx1 on VSV inhibition is close to that of mouse Mx2,
rat Mx3 and human MxB rather than human MxA.

There was no difference in the effect on VSV infectivity
between PK (15)-type Mx1 and LL C-PK 1-type Mx1 (Fig. 3).
It is considered that the difference of structure at the C-ter-
minal end of pig Mx1 protein did not influence the antivira
effect against VSV. In fact, a mutant human MxA with a
substitution from Leu to Lys in the leucine zipper motif
lacks the activities of GTPase and oligomerization, but
maintains antiviral activity against Thogoto virus [12]. In
the present study, we aso found four amino acid substitu-
tions of the Mx1 protein in both LLC-PK1 and PK(15) cells
compared with the reported sequence previously. Since a
cell line LLC-PK1 is derived from Hampshire pig, these
substitutions may exist in this breed. A single amino acid
substitution from Glu to Arg near the C-terminus is known
to change the antiviral properties of human MxA protein
[28]. This mutant MxA protein blocks the replication of
influenza virus but not VSV, in contrast to the wild type
MxA, which blocks both influenza virus and VSV replica-
tion. Furthermore, we reported recently that amino acid
variations of chicken Mx protein exist in various breeds and
a specific amino acid substitution at position 631 (Ser to
Asn) is considered to affect the antiviral activity against
VSV [16]. Amino acid substitutions of Mx1 protein of the
pig may be possible to influence the antiviral activity
against VSV and other viruses. Therefore, it is necessary to
identify the variation of this protein in the respective breeds
of the pig, and to examine whether those substitutions affect
the antiviral properties against VSV and other viruses.

ACKNOWLEDGEMENT. Thiswork was supported by the
Akiyama Foundation and the Noastec Foundation.

REFERENCES

1. Asano, A., Morimatsu, M., Nikami, H., Yoshida, T. and Saito,
M. 1997. Adrenergic activation of vascular endothelial growth
factor mMRNA expression in rat brown adipose tissue: implica
tion in cold-induced angiogenesis. Biochem. J. 328: 179-183.

2. Asano, A, Irie, Y. and Saito, M. 2001. Isoform-specific regula-
tion of vascular endothelial growth factor (VEGF) family
mRNA expression in cultured mouse brown adipocytes. Mol.
Cell. Endocrinol. 174: 71-76.

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

4. Bernasconi, D., Schultz, U. and Staeheli, P. 1995. The inter-

10.

11

12.

13.

14.

15.

16.

17.

18.

10.

20.

21

A. ASANO ET AL.

feron-induced Mx protein of chickens lacks antiviral activity.
J. Interferon Cytokine Res. 15: 47-53.

Chesters, P. M., Steele, M., Purewal, A. and Edington, N.
1997. Nucleotide sequence of equine MxA cDNA. DNA
Sequence 7: 239-242.

Di Paolo, C., Hefti, H. P., Meli, M., Landis, H. and Pavlovic, J.
1999. Intramolecular backfolding of the carboxyl-terminal end
of MxA protein isa prerequisite for its oligomerization. J. Bial.
Chem. 274: 32071-32078.

Ellinwood, N. M., McCue, J. M., Gordy, P. W. and Bowen, R.
A. 1998. Cloning and characterization of cDNAs for a bovine
(Bos taurus) Mx protein. J. Interferon Cytokine Res. 18: 745—
755.

Goodbourn, S., Didcock, L. and Randall, R. E. 2000. Interfer-
ons: cell signalling, immune modulation, antivira responses
and virus countermeasures. J. Gen. Virol. 81: 2341-2364.
Horisberger, M. A. and Gunst, M. C. 1991. Interferon-induced
proteins: identification of Mx proteins in various mammalian
species. Virology 180: 185-190.

Horisberger, M. A. 1992. Virus-specific effects of recombinant
porcine interferon-gamma and the induction of Mx proteinsin
pig cells. J. Interferon Res. 12: 439-444.

Jensen, V. and Robertsen, B. 2000. Cloning of an Mx cDNA
from Atlantic halibut (Hippoglossus hippoglossus) and charac-
terization of Mx mRNA expression in response to double-
stranded RNA or infectious pancreatic necrosis virus. J. Inter-
feron Cytokine Res. 20: 701-710.

Janzen, C., Kochs, G. and Haller, O. 2000. A monomeric
GT Pase-negative MxA mutant with antiviral activity. J. Virol.
74: 8202—-8206.

Jin, H. K., Yamashita, T., Ochiai, K., Haller, O. and Watanabe,
T. 1998. Characterization and expression of the Mx1 genein
wild mouse species. Biochem. Genet. 36: 311-322.

Jin, H. K., Takada, A., Kon, Y., Haller, O. and Watanabe, T.
1999. Identification of the murine Mx2 gene: interferon-
induced expression of the Mx2 protein from the feral mouse
gene confers resistance to vesicular ssomatitisvirus. J. Virol.
73: 4925-4930.

Jin, H. K., Yoshimatsu, K., Takada, A., Ogino, M., Asano, A.,
Arikawa, J. and Watanabe, T. 2001. Mouse Mx2 protein inhib-
its hantavirus but not influenzavirus replication. Arch. Virol.
146: 41-49.

Ko, J. H.,, Jin, H. K., Asano, A., Takada, A., Ninomiya ,A.,
Kida, H., Hokiyama, H., Ohara, M., Tsuzuki, M., Nishibori,
M., Mizutani, M. and Watanabe, T. 2002. Polymorphisms and
the differential antiviral activity of the chicken Mx gene.
Genome Res. 12: 527-530.

Meier, E., Kunz, G., Haller, O. and Arnheiter, H. 1990. Activ-
ity of rat Mx proteins against a rhabdovirus.J. Virol. 64: 6263—
6269.

Melén, K., Ronni, T., Broni, B., Krug, R. M., von, B. C. and
Julkunen, 1. 1992. Interferon-induced Mx proteins form oligo-
mers and contain a putative leucine zipper. J. Biol. Chem. 267:
25898-25907.

Morozumi, T., Sumantri, C., Nakaima, E., Kobayashi, E.,
Asano, A., Oishi, T., Mitsuhashi, T., Watanabe, T. and
Hamasima, N. 2001. Three types of polymorphismsin exon 14
in porcine Mx1 gene. Biochem. Genet. 39: 251-260.

Mdller, M., Winnacker, E. L. and Brem, G. 1992. Molecular
cloning of porcine Mx cDNAs: new members of afamily of
interferon-inducible proteins with homology to GTP-binding
proteins. J. Interferon Res. 12: 119-129.

Nakayama, M., Nagata, K., Kato, A. and Ishihama, A. 1991.



22.

23.

24,

25.

ANTIVIRAL PROPERTY OF PORCINE MX1

Interferon-inducible mouse Mx1 protein that confers resistance
to influenza virus is GTPase. J. Biol. Chem. 266: 21404—
21408.

Pavlovic, J., Zircher, T., Haller, O. and Staeheli, P. 1990.
Resistance to influenza virus and vesicular stomatitis virus
conferred by expression of human MxA protein. J. Virol. 64:
3370-3375.

Schumacher, B. and Staeheli, P. 1998. Domains mediating
intramolecular folding and oligomerization of MxA GTPase. J.
Biol. Chem. 273: 28365—28370.

Staeheli, P., Haler, O., Ball, W., Lindenmann, J. and Weiss-
mann, C. 1986. Mx protein: constitutive expression in 3T3
cells transformed with cloned Mx cDNA confers selective
resistance to influenzavirus. Cell 44: 147-158.

Staeheli, P., Grob, R., Meier, E., Sutcliffe, J. G. and Haller, O.
1988. I nfluenza virus-susceptible mice carry Mx genes with a

26.

27.

28.

29.

1089

large deletion or a nonsense mutation. Mol. Cell. Bial. 8: 4518—
4523.

Staeheli, P. and Sutcliffe, J. G. 1988. Identification of a second
interferon-regulated murine Mx gene. Mol. Cell. Biol. 8: 4524—
4528.

Trobridge, G. D., Chiou, P. P. and Leong, J. A. 1997. Cloning
of the rainbow trout (Oncor hynchus mykiss) Mx2 and Mx3
cDNAs and characterization of trout Mx protein expression in
salmon cells. J. Virol. 71: 5304-5311.

Zurcher, T., Pavlovic, J. and Staeheli, P. 1992. Mechanism of
human MxA protein action: variants with changed antiviral
properties. EMBO J. 11: 1657-1661.

Zurcher, T., Pavlovic, J. and Staeheli, P. 1992. Mouse Mx2
protein inhibits vesicular stomatitis virus but not influenza
virus. Virology 187: 796-800.



