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NF-kB is one of the most important elements that coordinate stress-induced, immune, and inflammatory
responses. Myxoma virus, a member of the Poxviridae family responsible for rabbit myxomatosis, codes for
several factors that help its survival in the host. In this study, we focused on the product of the M150R gene.
We show that the protein has nine ankyrin repeats (ANKSs), with the eighth having a close similarity with the
nuclear localization signal-containing ANK of I-kBa, which regulates NF-kB activity by sequestering it in the
cytosol. Because the viral protein is targeted to the nucleus, it was named MNF, for myxoma nuclear factor.
This localization was lost when the eighth ANK was removed. In tumor necrosis factor alpha-treated cells,
MNF and NF-kB colocalized as dotted spots in the nucleus. In vivo experiments with a knockout virus showed
that MNF is a critical virulence factor, with its deletion generating an almost apathogenic virus. Detailed
histological examinations revealed an increase in the inflammatory process in the absence of MNF, consistent
with the interference of MNF with the NF-kB-induced proinflammatory pathway. Because MNF has homologs
in other poxviruses, such as vaccinia, cowpox, and variola viruses, this protein is probably part of a key mech-

anism that contributes to the immunogenic and pathogenic properties of these viruses.

Inflammation is a very efficient way to get rid of invaders
such as viruses. Poxviruses, among the largest DNA viruses,
have become a model for host-virus interactions. This is due to
their ability to “play” with the host, disrupting most, if not all,
pathways of the antiviral response, including the inflammatory
reaction. A striking effect of poxviruses on the host response
was described recently by Oie and Pickup (17), who demon-
strated that some members of the Orthopoxvirus genus could
interfere with the regulation of NF-«kB activation. By specifi-
cally targeting NF-«kB, orthopoxviruses access the core of mul-
tiple immune processes.

Myxoma virus (MV), a member of the Poxviridae family
responsible for rabbit myxomatosis, has a particular talent for
escaping or subverting the host artillery. MV has a double-
stranded DNA genome of 162 kbp (4), with a central region
containing highly conserved enzymatic and structural genes
required for the maintenance of essential viral functions. Pe-
ripheral regions of the DNA, within and near the inverted ter-
minal repeats (ITRs) at both sides of the genome, encode non-
essential factors that contribute to the modulation of the host
response to infection. These factors include serpins (serine
proteinase inhibitors), such as SERP1 (30), Serp2 (14, 18), and
Serp3 (9), and a scrapin (8), responsible for major histocom-
patibility complex class I downregulation by MV, all of which
are located near the right end of the genome. Several other
genes present in the same region have functions that are still
speculative. Here we show the functional characterization of
M150R, a gene whose product localizes to the nucleus of the
cell, which led us to tentatively name the protein myxoma
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nuclear factor (MNF). MNF possesses ankyrin (ANK) repeats,
which are thought to be involved in protein-protein interac-
tions. Our data suggest that MNF is implicated in the subver-
sion of the NF-kB activation pathway.

MATERIALS AND METHODS

Cells and viruses. Rabbit kidney cells (RK13) were maintained in Dulbecco’s
minimum essential medium supplemented with 10% fetal calf serum. The wild-
type strain T1 and the MV-AMNF mutant of MV were grown in rabbit kidney
cells (RK13) in OPTI minimum essential medium supplemented with 2% fetal
calf serum. Strain T1 of MV is a field strain that was isolated in Toulouse,
France, with a biology and a life cycle comparable to those of the Lausanne strain
(3). Baby Green monkey kidney cells (BGMK) were maintained in Dulbecco’s
minimum essential medium with 10% calf serum. Subconfluent layers of BGMK
cells were grown on glass coverslips and transfected with plasmids encoding
green fluorescent protein (GFP) fusions by use of liposomes (Lipofectamine;
Gibco BRL). At 24 h posttransfection, cells were rinsed twice with phosphate-
buffered saline (PBS) for subsequent use in confocal microscopy.

Cloning, sequencing, and computer analysis of DNA and protein sequences.
The viral DNA upstream of serp2 (M151R) was amplified and sequenced as
described previously (9). DNA sequences were analyzed with DNA Strider 1.3
software (13) and the BLAST program (GenBank). Searches for ANK repeats
were performed with the REP (1), PFSCAN (6), and SMART (11, 23) online
software packages.

Construction of GFP fusions. GFP-MNF fusions were obtained by using the
pEGFP-F plasmid vector (BD Biosciences-Clontech), which contains a jellyfish
GFP gene optimized for maximum fluorescence downstream of a cytomegalovi-
rus promoter. A pEGFP-MNF plasmid was engineered by amplifying the M150R
open reading frame by PCR using primers 5'-Bg/II-GFP-M150R (5'-GGAAGA
TCTGTATTCGACCCGTTACACGA-3') (the Bgl/II site is underlined) and
3'-PstI-GFP-MNF (5'-AACTGCAGCTTGAAAAGCTCCATAATCG-3")
(the PstI site is underlined). The resulting PCR fragment was inserted between
the Bg/II and PstI sites in pEGFP-F, thus replacing the farnesylation box-coding
sequence downstream of the GFP sequence. pEGFP-MNFAANKS was con-
structed by using the following sets of primers: (i) forward primer 5'-Bg/II-GFP-
M150R paired with reverse primer 5'-TCCCATATGGATGTAATCCACACT
TGTGATAGATTTATG-3', which corresponds to nucleotides (nt) 869 to 853
fused to nt 753 to 727 of M150R, and (ii) forward primer 3’-PstI-GFP-M150R
paired with reverse primer 5'-CTATCACAAGTGTGGATTACATCCATATG
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35—69 YRmSTFRRYLQrKD2QNIVELFIhqGACVNGTPA
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258-290 HKQTLLQCAIQQGY . TQAFDYLLgkSACIHTCDR
291=323 FMANCLQTAMLKGN . NYILNKVLshGVRLDEYEK
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MNF ARS8 HKQTLLQCAIQQGY . TQAFDYLLGKSACIHTCDR
IkB AR2 LOQTPLHLAVITNQ.PEITAEALLEAGCDPELRDF

FIG. 1. MNF ANK repeats. (a) Alignment of MNF ANK repeats
with a consensus (15): blue, well-conserved residues; red, semicon-
served residues (same type); green, semiconserved residues (different
types); and black, nonconserved residues. Residue position marked “x”
below the consensus sequence accepts 0 to 9 amino acids. (b) Align-
ment of MNF eighth ANK repeat with 1-kB second ANK repeat: red,
identical residues; and blue, similar residues.

GGAAAAGATAAAATC-3', which corresponds to nt 739 to 753 fused to nt 853
to 876 of M150R. Both PCR products were purified and mixed in the presence
of Taq polymerase. Primers 5'-Bg/II-GFP-M150R and 3'-PstI-GFP-M150R were
then used to generate the M150R gene with a deletion of nt 754 to 852 (33
codons). Cloning into the pEGFP-F vector was performed after digestion with
Bgl1I and Pst]. The pEGFP-F farnesylation box-coding sequence was removed by
double digestion with Bg/IT and ligation. The resulting plasmid was referred to as
pEGFP.

Confocal microscopy observations. BGMK cells were plated into LabTek
multichamber slide flasks (Falcon). At 24 h posttransfection, cells were stimu-
lated for 20 min at 37°C with 15 ng of human tumor necrosis factor alpha
(TNF-a)/ml in culture medium, rinsed twice in PBS, fixed for 90 min at room
temperature with 4% paraformaldehyde in PBS, and permeabilized with 0.1%
Triton X-100 for 30 min at room temperature. Cells were then incubated with
rabbit anti-human NF-«B antibodies (1/200; Santa Cruz) in 0.05% Tween in PBS
for 1 h at 37°C, rinsed three times in PBS-Tween, and incubated with biotinylated
goat anti-rabbit antibodies (1/500; Sigma) for 1 h at 37°C. Cy3-conjugated
streptavidin (Jackson ImmunoResearch) was added at a dilution of 1/20,000 in
PBS and was incubated for 30 min at 4°C. After three PBS washes, the samples
were mounted with PBS-glycerol (1:1) and observed with a confocal LSM Olym-
pus microscope fitted with a 60X Olympus objective.

Construction of MV-AMNF recombinant and revertant viruses. For evalua-
tion of the involvement of MNF in MV pathogenicity, the M150R gene was
inactivated by deletion of the central 888 bp and replacement with a lacZ marker
gene in an antisense position. The forward primer M150R-Fwd (5'-AATAGTG
CGATCTTTGTGCGCTATAGG-3') was paired with reverse primer M150R-
Rev (5'-CTCCATAATCGCACTTATACA-3") to amplify M150R; the PCR frag-
ment was cloned into the pGEM-T vector to generate the pGEM-M150R
plasmid. pPGEM-M150R was digested with EcoRV, which cuts twice in M150R.
lacZ under the control of the vaccinia virus p7.5 promoter was obtained by
digesting the pSCI11 plasmid (5) with Xbal and PstI, followed by T4 DNA
polymerase treatment to create blunt-ended fragments. After ligation, a plasmid
with lacZ inserted in an antisense position with regard to M150R was selected.
This construct was used for the transfection of MV-infected RK13 cells. MV-
AMNF mutant viruses were screened by their LacZ phenotype in the presence of
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). A revertant virus,
MV-MNF-rev, containing a wild-type M150R open reading frame, was obtained
by transfecting plasmid DNA containing the complete M150R gene into MV-
AMNTF-infected RK13 cells and by reverse white-blue screening.

RNA extraction and RT-PCR analysis. RK13 cells (5 X 10°) were infected at
a multiplicity of infection of 5 with wild-type MV or MV-AMNF. Total RNAs
were isolated at 2, 4, 8, 12, and 16 h postinfection (p.i.) by use of TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. In addition, the total
RNA was also extracted from 16-h infected cells treated with 40 pg of cytosine
arabinoside (AraC)/ml at the time of infection. All RNA samples were subjected
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to DNase I (Invitrogen) treatment according to the manufacturer’s instructions.
For reverse transcription (RT)-PCR analysis, an M150R-specific primer was
used for cDNA first-strand synthesis, followed by PCR amplification using
M150R-specific primers M150R-Fwd and M150R-Rev, corresponding to the 5’
and 3’ ends of the open reading frame, respectively. A control RT-PCR, in which
the reverse transcriptase was omitted during the RT step, was performed with a
sample from 8 h p.i.

Infection of rabbits with MV-AMNF. Eight-week-old male New Zealand
White rabbits were obtained from a local supplier and housed in biocontainment
facilities according to the guidelines of the European Community Council on
Animal Care (European Council directive 86/609/ECC, 24 November 1986). All
procedures on animals were performed by workers accredited by the French
Ministry of Agriculture and were aimed at limiting animal pain and distress.
Infections were performed intradermally in the right ear with 5 X 10° PFU of
either wild-type MV, MV-AMNF, or MV-MNFrey. Rabbits were monitored daily
for clinical signs of myxomatosis (7). Rabbits that became moribund were sac-
rificed by use of T61 (Distrivet) administered intravenously. For histological
studies, nine rabbits were inoculated with MV strain T1 and nine were inoculated
with MV-AMNEF, as described above. At 4, 8, and 12 days p.i., three animals from
each group were sacrificed. Two mock-infected rabbits were sacrificed and used
as controls.

Histological examination. All animals were subjected to a complete postmor-
tem examination. Tissues from the injection site (primary site, ear) and parotid
lymph node were taken and stored in 10% neutral formalin for further analysis.
After fixation, tissues were processed routinely into paraffin blocks, sectioned at
a 4-pm thickness, and stained with hematoxylin and eosin for microscopic ex-
amination. Histologic lesions were assessed and graded as follows: 1, minimal; 2,
moderate; 3, severe.

Viral load in tissues. Contralateral parotid lymph nodes were sampled from
rabbits infected with either wild-type or MV-AMNF mutant virus at 4, 8, and 12
days p.i. and were frozen at —80°C; after thawing, tissues were further disrupted
by homogenization in Dulbecco’s minimal essential medium. Virus titers in the
different samples were determined by standard plaque titration on RK13 cell
monolayers.

RESULTS

Sequence analysis. M150R codes for one of the four ANK
repeat-containing proteins encoded by the genome of MV (4).
A REP analysis (1) of the M150R protein revealed six repeats
above the threshold, at amino acids (aa) 35 to 69, 70 to 107, 145
to 179, 180 to 216, 258 to 290, and 291 to 323. SMART (11, 23)
identified four of the above repeats (aa 70 to 107, 180 to 216,
258 to 290, and 291 to 323) and another one (aa 108 to 144).
Taken together, these data identify seven ANK repeats.

However, Bork (2) indicated that ANK repeats with weak
signals can be added manually when they either occur between
clearly defined repeats or correspond to less-conserved termi-
nal repeats. Applying these criteria to the M150R sequence
allows the identification of two additional divergent ANK re-
peats, one at the N terminus (aa 1 to 34) and one in the middle
of the sequence (aa 217 to 256). Thus, up to nine tandem ANK
repeats can be identified in the M150R protein sequence from
aa 1 to 323. Figure la shows a tentative alignment of the
repeats with a consensus sequence (15).

The DNA upstream of the ATG was previously described
(4) to be consistent with the expression of M150R as an early
gene.

Expression of M150R RNA in MV-infected cells. RT-PCR
analysis of total RNA purified from wild-type MV-infected
cells demonstrated that the MNF transcript was detectable as
early as 4 h postinfection and could still be detected at 16 h
postinfection, even in the presence of AraC, an inhibitor of
DNA replication and thus of late gene expression (Fig. 2).
These results indicate that MNF is expressed as an early and
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FIG. 2. Expression of M1S0R mRNA in infected cells. mRNAs
were extracted and subjected to RT-PCR using primers specific for
MI150R. Lane M, marker; lanes 0 to 16, hours postinfection with
wild-type MV; lane ni, mock-infected cells; lane ara, cells infected with
wild-type MV for 12 h and treated with AraC at the time of infection;
and lane C, control without reverse transcriptase.

relatively stable mRNA, consistent with the sequence analysis
of the promoter region.

Cellular localization of the protein. To determine the sub-
cellular localization of the protein, we used a plasmid express-
ing a GFP-MNF fusion (with MNF fused downstream of GFP)
to transfect RK13 cells. Twenty-four hours after transfection,
the cells were examined by fluorescence under a confocal mi-
croscope. As shown in Fig. 3, a punctate nuclear pattern was
observed with the GFP-MNF fusion at 24 h posttransfection, in
contrast to the diffuse (cytoplasmic and nuclear) pattern of
GFP alone. This result was striking, since no classical nuclear
localization signal (NLS) had been identified in the MNF se-
quence. However, it has already been shown that an ANK
repeat can be used as an NLS. Such is the case for I-kBa, the
second ANK repeat of which is responsible for its nuclear
translocation (21).

To determine whether MNF nuclear translocation was also

pEGFP

pEGFP-MNF

20 um

J. VIROL.

due to one of its ANK repeats, we engineered a GFP-MNF
fusion with a deleted of its eighth ANK repeat (GFP-
MNFAANKS), which proved to be closest in similarity to the
NLS-containing one of I-kBa (Fig. 1b). As shown in Fig. 3,
deletion of the eighth ANK repeat of MNF prevented trans-
location to the nucleus.

MNF is essential to MV pathogenicity. To evaluate the role
of MNF in the pathobiology of MV, we inoculated European
rabbits intradermally with either MV strain T1, MV-MNFrev,
or MV-AMNEF. The clinical course was monitored daily for 28
days. There was a dramatic reduction in the virulence of MV-
AMNF compared to that of the wild type or MV-MNFrey in
rabbits (Table 1).

At day 4 p.., all animals had developed a lesion at the
inoculation site (primary myxoma) which seemed to be more
inflamed, congested, and exudative for rabbits inoculated with
the MV-AMNTF virus.

At day 8 p.i., secondary myxomas appeared on the faces and
ears of rabbits inoculated with the wild-type MV or MV-MN-
Frev. These animals also suffered from moderate respiratory
infections and were less active. In contrast, of the 12 rabbits
inoculated with the MV-AMNF virus, only 3 had secondary
myxomas, which were very small and rare. No respiratory signs
were noted. Only one rabbit had a mild blepharitis.

At day 12 p.i., the rabbits inoculated with the wild-type MV
had developed multifocal secondary myxomas which were
turning necrotic. They had developed severe infections of the
respiratory tract, were prostrated, and therefore were eutha-
nized for ethical considerations. Animals that had been in-
jected with the MV-AMNF mutant had very small secondary
myxomas, restricted to the face and ears. None of the animals
which had received the MV-AMNF mutant suffered from re-
spiratory infections, and they continued regular activities. All
of them had a discrete inflammation of the testicles.

At day 21 p.i., all of the rabbits inoculated with the MV-
AMNF mutant had recovered. At day 28 p.i., they were resis-
tant to a challenge with wild-type strain T1.

To summarize, our clinical observations revealed that infec-
tion with an MV-AMNF mutant virus induced a delay in the

pEGFP-MNFAANKS

FIG. 3. Cellular localization of MNF. RK13 cells grown on coverslips were transfected with expression vectors for GFP-tagged versions of
MNF. Cells were fixed at 24 h posttransfection. Left panel, GFP control; center panel, GFP-MNF; right panel, GFP-MNFAANKS.
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TABLE 1. Pathogenicity of MNF in European rabbits

Procedure, symptom(s), or result

Da
Y Wild-type MV and MV-MNFrev* MV-AMNF®
0 Intradermal inoculation of four rabbits with 5,000 PFU of wild-type Intradermal inoculation of 12 rabbits with 5,000 PFU of MV-AMNF
MV strain T1 and of four rabbits with 5,000 PFU of MV-MNFrey
4 Primary lesions at inoculation sites (soft, congested, and ca. 1 cm) Primary lesions at inoculation sites (raised, soft, congested, ca. 1.5
cm); one rabbit showed mild blepharitis
8 Large and diffused primary myxomas, gram-negative bacterial infec- Congested, exudating (ca. 2 cm) primary myxomas, three rabbits with
tions of conjunctivas and respiratory tracts, dyspnea, and multiple a few (1 to 3) minute myxomas on the nose; blepharitis in the one
secondary myxomas on faces and ears rabbit healed, leaving only a minute myxoma
12 Multiple secondary myxomas, turning necrotic, dyspnea, severe infec- Flat primary myxomas, topped by a crust, minute myxomas on ears,
tions of respiratory tracts, prostrated and emaciated animals, severe noses, and eyelids of all rabbits; no dyspnea or inflammation of the
inflammation of the testicles; all rabbits were sacrificed because of respiratory tract was seen. Discrete inflammation of the testicles
the increased severity of symptoms
21 Scabbed primary myxomas, involuted secondary myxomas; all rabbits
recovered
28 All rabbits were resistant to challenge with wild-type MV strain T1

onset of cutaneous secondary myxomas as well as a reduction
in their size. Only a discrete inflammation of the testicles was
observed, and no respiratory infection was detectable, resulting
in a striking rate of recovery (100% in our hands), compared to
the systematically fatal course after infection with the wild-type
MV.

Histological analysis of lesions from wild-type MV- and
MV-AMNF-infected rabbits. We performed a detailed histo-
logical examination of tissue materials from the primary infec-
tion site (ear) at various times during the course of infection.
At day 4 p.i., there were moderate edema, hemorrhaging, and
mucinosis in the epidermis for both groups of rabbits. How-
ever, the nature of the cells in the lesions differed significantly
between the two groups (Fig. 4): whereas heterophils were
present in both groups, the majority of cells in rabbits infected
with the MV-AMNF mutant were mononuclear cells. At day
8 p.i., there were marked mucinosis, edema, and hemorrhaging
at the site of infection with the wild-type MV; in these lesions,
most cells still consisted of heterophils; in rabbits infected with
the MV-AMNF mutant, a mononuclear cell infiltrate was
present and heterophils were almost absent. At day 12 p.i., the
infiltration by heterophils, which had been regularly increasing
in rabbits infected with the wild-type MV, had reached its
maximal intensity. Mononuclear cells also had infiltrated the
lesion, but they were a minority. In rabbits infected with the

MV-AMNF mutant, the lesions had almost completely re-
gressed and consisted quasiexclusively of mononuclear cells.

Significant differences were observed in the parotid lymph
nodes (Table 2): at day 4 p.i., there were a moderate paracor-
tical hypoplasia and a moderate infiltration of heterophils in
rabbits infected with the wild-type MV. With the MV-AMNF
mutant virus there were a minimal paracortical hyperplasia
and a minimal heterophilic infiltration; syncytia were observed.
At day 8 p.i., with the wild-type MV there were a moderate
infiltrate of histiocytes and heterophils and a severe periade-
nitis; secondary myxomas were observed. With the MV-AMNF
mutant virus, there were a moderate paracortical hyperplasia,
a severe follicular hypoplasia, a moderate infiltrate of histio-
cytes, a minimal infiltration of heterophils, and no periadenitis;
secondary myxomas were absent. At day 12 p.i., with the wild-
type MV there was a severe periadenitis, a severe follicular
hypoplasia, a minimal paracortical hyperplasia, and multiple
secondary myxomas. With the MV-AMNF mutant virus, there
was a minimal periadenitis, a moderate follicular hypoplasia, a
severe paracortical hyperplasia, and no myxomas. Syncytia
were observed in both groups.

From these observations, we conclude that infection with the
MV-AMNF mutant virus results in an inflammatory process at
the site of injection which is more rapidly progressive and
resolves more quickly than that with the wild-type MV;
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FIG. 4. Inflammatory infiltrates at the primary site of infection. Rabbits were infected with the wild-type (T1 strain) or MV-AMNF mutant
virus. The severity grade corresponds to the mean of the number of inflammatory cells at 10 time points for the sample. Asterisk, P < 0.05

(Mann-Whitney test).
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TABLE 2. Histological observations of lesions from rabbits
infected with wild-type MV or MV-AMNF mutant virus

Lesion intensity” with the indicated virus at:

Symptom day 4 p.i. day 8 p.i. day 12 p.i.
Wild- \vnp - Wild- gynp Wild - yynr
type type type
Perivascular dermatitis”
Edema +4+  ++++ +++ e+
Heterophils ++ 4+ +++ + ++++ +
Mononuclear cells ++ + +++ ++ ++
Lymphadenitis
Paracortical hypoplasia ~ ++
Paracortical hyperplasia + + ++ o+ +4++
Follicular hypoplasia + + ++ +++ +++  ++
Sinusal histiocytosis ++ ++ + ++
Infiltration by heterophils ++ + ++  +
Periadenitis +++ +++  +
Secondary myxomas ++ ++
Syncytia + ++ o+ ++

¢ Lesion intensity: +, minimal; ++, moderate; +++, severe.
b Samples were taken from lesions at the inoculation sites.

whereas the MV-AMNF mutant virus induces an early and
subacute lymphadenitis, infection with the wild-type MV re-
sults in a massive lymphoid destruction by myxomas.

Virus load in tissues. To show that the differences found
during the clinical course of the disease and the histological
results between both virus infections were not associated with
an impairment of the MV-AMNF mutant virus to replicate in
vivo, we measured the virus load in the parotid lymph nodes of
rabbits infected with either the mutant or the wild-type MV. At
day 12 p.i., no significant difference could be found between
both viruses (data not shown). We thus conclude that the
ability of MV-AMNF to replicate in vivo is not affected and
cannot explain the observed attenuated phenotype.

Interference with NF-kB. In order to determine whether
MNF interferes with inflammation through an NF-kB-depen-
dent pathway, we observed its effect on NF-kB localization
with or without TNF-a stimulation. BGMK cells were trans-
fected with a plasmid expressing either GFP alone, GFP-MNF,
or GFP-MNFAANKS. Twenty-four hours after transfection,
cells were either stimulated with TNF-« or left unstimulated,
stained for NF-«kB p65, and examined by immunofluorescence
under a confocal microscope. The cytoplasmic localization of
p65 in untreated cells was not affected upon transfection with
pEGFP-MNF (Fig. 5¢). In TNF-a-induced cells, p65 was trans-
located to the nucleus whether MNF was present or not (Fig.
5f and g). However, the nuclear translocation of p65 was as-
sociated with a punctate pattern associated with its colocaliza-
tion with MNF in pEGFP-MNF-transfected cells (Fig. 5d to
f). Transfection with pEGFP or pEGFP-MNFAANKS did
not affect p65 distribution, which was not associated with
MNFAANKS upon stimulation with TNF-« (data not shown).

DISCUSSION

This study demonstrates that the M150R gene of MV is
expressed as an early gene, with an mRNA that is relatively
stable throughout the viral cycle. The M150R product contains
up to nine potential ANK repeats, although previous reports
had predicted only five of them (4). M150R has homologs in
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orthopoxviruses, such as vaccinia, cowpox, and variola viruses
(25, 26). For these viruses, as well as for MV, predictions
suggested that the protein is cytoplasmic.

However, when expressed by transfection, the protein of
MYV localizes in the nucleus with a punctate pattern. This
nuclear localization led us to name this protein myxoma nu-
clear factor. A multitude of different roles have been assessed
for ANK repeat proteins, which can be found in the nucleus,
the cytoplasm, or the extracellular milieu (24). The best doc-
umented feature of ANK repeats is the ability to mediate
protein-protein interactions. One star among ANK repeat pro-
teins is I-kB, which binds to the transcription factor NF-«kB,
thus keeping the latter in an inactive I-k B/NF-kB complex. The
NLS region of the p65 subunit of NF-kB wraps around and
interacts with hydrophobic residues on ANK1 of I-kBa, while
ANK?2 residues of I-kBa contact NLS residues on the p50
subunit of NF-kB (27). When not bound to NF-«B, I-kBa is
constitutively transported to the nucleus through a specific
transport process (29). Although no typical NLS is discernible,
the nuclear import of I-kBa is mediated by a sequence within
its second ANK repeat (21). We have shown that one of the
ANK repeats of MNF is used as an atypical NLS, as is the case
for the I-kBa protein. The nuclear targeting of MNF is depen-
dent on the presence of the eighth ANK repeat, which is the
closest in sequence to the second ANK repeat of I-kBa.. How-
ever, fusion of the eighth ANK repeat of MNF to GFP was not
sufficient to induce the translocation of GFP to the nucleus
(data not shown). This might be explained by an incorrect
folding of the ANK motif, which might require additional
domains that are present on MNF but absent from GFP.

In TNF-a-stimulated cells, NF-kB p65 seemed to colocalize
with MNF in the nucleus. Whereas nuclear translocation of
po65 is expected after TNF-a stimulation, this punctate pattern
is radically different from the rather diffuse localization usually
observed for NF-kB. This could mean that MNF traps NF-«B
p65 after its entry into the nucleus, thus leading to punctate
localization for both proteins. The spot-like redistribution of
NF-«kB in the presence of MNF argues against coincidental
colocalization and is indeed a strong argument towards an
interaction between the viral protein and the transcription
factor.

To assess the role of MNF in the pathogenesis of myxoma-
tosis, we engineered a fully replication-competent MV mutant
with a deletion in the M150R open reading frame. Although
the mutant and wild-type viruses seem to replicate at the same
level in vivo, the former induced very mild symptoms, with few
discrete secondary myxomas, no respiratory infection, normal
activity, and very strikingly, no lethality. Histological analysis of
the primary myxoma (inoculation site) and parotid lymph node
showed that deletion of the M150R gene allowed a more rapid
and quickly resolved inflammation. These observations are in
accordance with an inhibition of NF-kB-mediated synthesis of
proinflammatory cytokines by MNF. Which cytokines are tar-
geted and how they may affect the course of the disease need
to be determined. Since MV infects not only fibroblasts, but
also T cells, monocytes, and activated macrophages, an impair-
ment of inflammatory reactions at a central checkpoint such as
NF-kB would not be surprising. It is noteworthy that the
M150R gene is one of the few MV genes which do not have
homologs in Shope fibroma virus, a Leporipoxvirus closely re-
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FIG. 5. Colocalization of MNF with p65 in the nucleus. BGMK cells grown on coverslips were transfected with a GFP-MNF-expressing plasmid
(a to f) or were left untransfected (g). At 20 h posttransfection, cells were left untreated (a to c) or treated with TNF-a (d to g) for 30 min, fixed,
and stained with anti-p65 antibody. Colocalization is shown in yellow in the merge panels.

lated to MV (31). Indeed, Shope fibroma virus infection is
characterized by a very strong inflammation that seems to
prevent propagation in the host from the infection site.

The NF-«kB pathway is an attractive target for viruses which
have developed different strategies leading to either activation
or inhibition of NF-kB-dependent gene transcription (for a
review, see reference 22). Among the viral proteins shown to
negatively affect NF-kB function, the African swine fever virus
(ASFV) A238L protein contains ANK repeats, with a strong
homology with porcine I-kBa (19). The A238L protein is lo-
cated in the cytoplasm of infected cells, where it binds to
NF-kB, thus preventing its translocation to the nucleus (20,
28). This viral protein acts as a surrogate of cellular I-kBa after
it is degraded in stimulated macrophages. However, although
ASFV is highly pathogenic in domestic pigs, causing an acute
hemorrhagic and frequently fatal disease, inactivation of the
viral I-kB homolog did not affect virulence in susceptible do-
mestic swine (16). One hypothesis is that because the natural
host of ASFV is the warthog and not the domestic pig, the pro-

tein performs a host-range-defining function. The European
rabbit is the natural host of MV, and the drastic effect of the
suppression of MNF on virulence is obviously more easily de-
tectable. However, the in vitro colocalization experiments were
performed with BGMK cells, suggesting that MNF might be able
to interact with NF-kB even under heterologous conditions.
It has been shown that some orthopoxviruses can interfere
with NF-«B activation (17). Although the C9L gene of ortho-
poxviruses is the equivalent of the M150R gene, the mecha-
nisms described by Oie and Pickup cannot be attributed to the
MNF homolog. These authors showed that cowpox virus in-
terferes with NF-«kB activation by preventing I-kBa degrada-
tion after its phosphorylation on serine residues. Indeed, it
appears that, provided that the CI9L gene is functional in cow-
pox virus, there are at least two mechanisms that concur for
NF-kB activity repression. This is often the case with large
DNA viruses, and poxviruses, in which redundant functions are
exerted at various levels, master the subversion of host defense
strategies. An alternative mechanism of NF-«kB activation, in
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which tyrosine but not serine phosphorylation of I-k Ba occurs,
has been described previously (10). Activation which results in
tyrosine phosphorylation of I-kBa can trigger NF-kB activa-
tion without I-kBa degradation (12). Although the physio-
pathological circumstances of the alternative mechanism are
not fully understood, it is possible that MNF or its C9L coun-
terpart represents a second barrier, when I-k Ba degradation is
bypassed, to ensure interference with NF-kB pathways.

The description of a nuclear factor in a family of viruses that
are strictly intracytoplasmic is exciting. The ANK repeat fea-
tures of this factor and its distribution in the nucleus open up
possibilities for interactions with other major transcription fac-
tors, which are now being investigated.
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