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ABSTRACT

Molluscum contagiosum virus (MCV) gene MC159 encodes a viral FLICE inhibitory protein (vFLIP) that inhibits caspase-8-
mediated apoptosis. The MC159 protein was also reported to inhibit programmed necrosis (necroptosis) and modulate NF-�B
activation by interacting with RIP1 and NEMO. The importance of MC159 during MCV infection has remained unknown, as
there is no system for propagation and genetic manipulation of this virus. Here we investigated the functions of MC159 during
viral infection using murine cytomegalovirus (MCMV) as a surrogate virus. MC159 was inserted into the MCMV genome, re-
placing M36 or M45, two MCMV genes with functions similar to those reported for MC159. M36 encodes a viral inhibitor of
caspase-8-induced apoptosis (vICA) and M45 a viral inhibitor of RIP activation (vIRA), which inhibits RIP1/RIP3-mediated
necroptosis. The M45 protein also blocks NF-�B activation by interacting with NEMO. When expressed by MCMV, MC159
blocked tumor necrosis factor alpha (TNF-�)-induced apoptosis of infected cells and partially restored MCMV replication in
macrophages. However, MC159 did not fully replace M45, as it did not inhibit necroptosis in murine cells, but it reduced TNF-�-
induced necroptosis in MCMV-infected human HT-29 cells. MC159 also differed from M45 in its effect on NF-�B. While
MCMV-encoded M45 blocked NF-�B activation by TNF-� and interleukin-1� (IL-1�), MC159 inhibited TNF-�- but not IL-1�-
induced NF-�B activation in infected mouse fibroblasts. These results indicate that the spectrum of MC159’s functions differs
depending on cell type and expression system and that a cell culture system for the propagation of MCV is needed to determine
the biological relevance of presumed viral gene functions.

IMPORTANCE

MCV is a human-pathogenic poxvirus that cannot be propagated in cell culture or laboratory animals. Therefore, MCV gene
products have been studied predominantly in cells expressing individual viral genes. In this study, we analyzed the function of
the MCV gene MC159 by expressing it from a different virus and comparing its functions to those of two well-characterized
MCMV genes. In this system, MC159 displayed some but not all of the previously described functions, suggesting that the func-
tions of a viral gene depend on the conditions under which it is expressed. Until a cell culture system for the analysis of MCV
becomes available, it might be necessary to analyze MCV genes in several different systems to extrapolate their biological impor-
tance.

Molluscum contagiosum virus (MCV) is a worldwide-occur-
ring poxvirus that replicates exclusively in humans (1). Se-

roprevalence ranges from up to 39% in immunocompetent indi-
viduals (2, 3), affecting mostly children and young adults, to 91%
in HIV-infected patients (2). Molluscum contagiosum (MC) is an
infectious disease of the skin characterized by small, benign pap-
ular skin lesions that usually regress after a few months. However,
in immunocompromised patients MC can become much more
severe, with extensive lesions that are difficult to treat (1). This
indicates the important role of the host immune system in con-
fining and eliminating the infection.

Despite its importance as a human pathogen, MCV has not
been studied extensively due to technical difficulties. There is nei-
ther a cell culture system suitable for the propagation of MCV nor
an animal model that recapitulates MCV replication. Therefore,
individual MCV genes were studied either by using transient
transfection or by expression in a recombinant vaccinia virus
(VACV) as a surrogate virus (4).

MCV expresses several immune-modulating proteins that are
thought to contribute to the persistence of the virus (4, 5). One of
these proteins, MC159, has been identified as a viral FLICE-like

inhibitory protein (vFLIP) (6) due to its structural and functional
similarity to cellular FLIP (cFLIP) (7). Although vFLIPs have not
been found in poxviruses other than MCV, they are present in
several gammaherpesviruses (6, 8, 9). MC159 interacts with Fas-
associated protein with death domain (FADD) and procaspase-8
(formerly known as FADD-like interleukin-1�-converting en-
zyme [FLICE]) and prevents Fas- and tumor necrosis factor alpha
(TNF-�)-induced apoptosis (6, 8–10). However, if caspase-8 is
inhibited, receptor interacting protein kinase 1 (RIP1, RIPK1) is
not cleaved and recruits RIP3 (RIPK3), initiating a pathway lead-
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ing to necroptosis, a nonapoptotic form of programmed cell death
(11). Next to its antiapoptotic function, cellular FLIP is able to
inhibit necroptosis by preventing the association of FADD, RIP1,
and RIP3 (12). Two earlier studies showed that MC159 can also
block TNF-�- or Fas-induced necroptosis in human Jurkat T cells,
but the underlying mechanism remained unclear (13, 14).

In addition to its inhibiting function on programmed cell
death, MC159 is able to modulate the activation of transcription
factor NF-�B, an important cellular regulator of immediate im-
mune responses and therefore an attractive target for viral modu-
lation (15). It has been shown that overexpression of MC159 in-
hibits NF-�B activation by several stimuli, including death
receptor stimulation or MyD88 overexpression (16–18), and that
MC159 acts at the level of the inhibitor of �B kinase (IKK) com-
plex by interacting with the IKK� subunit (also called NF-�B es-
sential modulator [NEMO]) (18). However, it has also been
shown that MC159 can activate NF-�B: transient expression of
MC159 in human Jurkat or 293 cells led to a significantly in-
creased NF-�B activity, and the ambivalent effect appeared to de-
pend on MC159 and RIP1 expression levels (19).

Murine cytomegalovirus (MCMV) expresses two proteins
whose functions are highly similar to those of MC159 (summa-
rized in Table 1). The MCMV M36 gene is homologous to UL36 of
human cytomegalovirus and encodes a viral inhibitor of caspase-
8-induced apoptosis (vICA), which binds to procaspase-8 and in-
hibits its activation (20–23). Deletion of M36 from the MCMV
genome rendered infected cells sensitive to apoptosis triggered by
death receptor stimulation (21). An MCMV �M36 mutant was
attenuated in vivo as shown by reduced virus titers in salivary
glands and lung (24). Replication of the �M36 virus was rescued
in cultured macrophages and in vivo by insertion of a dominant
negative FADD into the viral genome, suggesting that inhibition
of death receptor-dependent apoptosis is important for MCMV
replication and dissemination (24, 25).

MCMV also expresses a well-characterized necroptosis inhib-
itor called vIRA (viral inhibitor of RIP activation) that is encoded
by gene M45 (26–29). M45 inhibits necroptosis by interacting
with RIP1 and RIP3 via a RIP homotypic interaction motif
(RHIM), thereby inhibiting formation of the necroptosis-induc-
ing RIP1-RIP3 complex (28, 29). Through the same RHIM-de-
pendent mechanism, M45 also inhibits RIP3 activation by DNA-
dependent activator of interferon (IFN)-regulatory factors (DAI),
which is activated upon MCMV infection (30). In the absence of

M45 or when the M45 RHIM is mutated, MCMV induces rapid
cell death and fails to replicate in necroptosis-sensitive cells such
as SVEC4-10 endothelial cells (26, 29). The crucial role of M45 for
viral fitness in vivo has also been demonstrated (29, 31).

Besides inhibiting necroptosis, M45 also modulates NF-�B ac-
tivation by interacting with RIP1 and NEMO (27, 32). Impor-
tantly, M45 redirects NEMO to autophagosomes, thereby block-
ing all canonical NF-�B-activating pathways (32). However, M45
also mediates a brief and transient NF-�B activation in fibroblasts
immediately after infection: NF-�B is activated during the first
few hours of the infection by virion-associated M45 and inhibited
at later time points by de novo-synthesized M45, suggesting an
M45 concentration-dependent effect on NF-�B (33).

In this study, we analyzed the functions of MCV MC159 in the
context of a viral infection and compared them to the well-char-
acterized functions of two other viral proteins, M36/vICA and
M45/vIRA of MCMV. Since MCV cannot be propagated in cell
culture and there is no system for genetic manipulation of this
virus, we decided to express MC159 from recombinant MCMVs
lacking either M36 or M45. Using this system, we tested the ability
of MC159 to inhibit apoptosis and necroptosis as well as its influ-
ence on the NF-�B pathway. This functional analysis of MC159 in
the context of a viral infection should provide a refined picture of
the diverse functions of this protein and contribute to a better
understanding of their biological relevance.

MATERIALS AND METHODS
Plasmids and retroviral vectors. The coding sequence of MC159 with a
C-terminal hemagglutinin (HA) epitope tag was synthesized as a codon-
optimized sequence and inserted into pMA-T by GeneArt (Thermo-
Fisher). The MC159 sequence was subcloned in pcDNA3 (Invitrogen).
Expression plasmids pcDNA-M45 and pcDNA-M45Ct3 have been de-
scribed (27, 32). pEGFP-C1 and pNiFty2-SEAP were purchased from
Clontech and InvivoGen, respectively. Transfection of NIH 3T3 cells was
performed using Polyfect (Qiagen) or Lipofectamine 2000 (Invitrogen),
and 293A cells were transfected using polyethylenimine (Sigma).

Retroviral vector plasmids pRetroM45, pRetroM45Ct3, and pRetro-
GFP have been used in previous studies (27, 32). To generate pRetro-
MC159, the MC159 sequence was inserted into the PmlI site of the empty
retroviral vector plasmid. Production of retrovirus using Phoenix cells
and transduction of cells was performed as described previously (34).

Cells and viruses. NIH 3T3 fibroblasts (CRL-1658), SVEC4-10 endo-
thelial cells (CRL-2181), and RAW 264.7 macrophages (TIB-71) were
obtained from ATCC. Human embryonic kidney (HEK) 293A cells were
purchased from Invitrogen. 10.1 cells are immortalized mouse embryonic
fibroblasts (35). HT-29 cells were kindly provided by Udo Schumacher
(University Medical Center Hamburg). Cells were cultured at 37°C and
5% CO2 in Dulbecco’s modified Eagle medium (DMEM) or RPMI 1640
medium supplemented with 10% fetal calf serum. NIH 3T3 cells were
grown in DMEM with 10% newborn calf serum.

MCMV-M45HA, MCMV-M45Ct3, and the MCMV deletion mutant
�M45 have been described previously (33). The �M36 mutant was con-
structed essentially in the same way as described earlier for �M45 (33).
The substitution mutants were generated by en passant mutagenesis (36)
of the MCMV Smith bacterial artificial chromosome (BAC). Briefly, the
kanamycin resistance gene aphAI and the I-SceI restriction site were PCR
amplified from pEPkan-S (37) using primers 5=-AAA GGT ACC GTT
ACT GCT ACG CCG CCT CTC CTA GCC TGC CTG TGC GGA CTA
GGA TAA CAG GGT AAT CGA TTT-3= and 5=-AAA GGT ACC GCC
AGT GTT ACA ACC AAT TAA CC-3= and inserted into a KpnI restriction
site within pMA-T-MC159. MC159 including the Kanr/I-SceI cassette was
PCR amplified using oligonucleotide primers containing 50-nucleotide
(nt) homology arms for recombination: 5=-GCT CAT TCT TTC GGG

TABLE 1 Summary of functions ascribed to MC159/vFLIP, M36/vICA,
and M45/vIRA

Event Function

Reference(s) ascribing
function to:

MC159 M36 M45

Cell death Inhibition of caspase-8-
dependent apoptosis

6, 8–10 21, 22

Inhibition of death
receptor-induced
necroptosis

13, 14 27, 29

NF-�B signaling Inhibition of NF-�B 16–18 27, 32
Activation of NF-�B 19 33
Interaction with RIP1 13, 16 27
Interaction with NEMO 18 32
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AAA GGG GTG GAG GAG GGT CGT TTG ACA GTG AAA GGA TGA
GCG ACA GCA AAG AGG TGC-3= and 5=-TTT TTT CTC CCC TCA
CCC TCT CCG TCC CTT TCT TAT CCG TTT TCC CTC TAT CAG
GCG TAG TCG GGC ACG T-3= for �M36::MC159; and 5=-GCT AGA
GAA GTT CTA CGT CGA CGT CGG GCC CCT CGT CGA GTT CGC
GTG ACA TGA GCG ACA GCA AAG AGG TGC-3= and 5=-CAC TCG
AGC GCC AGA GCA ATA GAA CTC GTT TTT TGG CGA CGA GTT
CGC CGT CAG GCG TAG TCG GGC ACG T-3= for �M45::MC159.

For genomic sequencing, 500 ng of BAC DNA was used for library
preparation with the NEBNext Ultra DNA Library Prep kit for Illumina
according to the manufacturer’s recommendations. Diluted libraries were
paired-end sequenced (2 � 250 cycles) with an Illumina MiSeq sequencer
generating 1.7 to 2.3 million paired reads per sample. Sequences were
assembled using SPAdes genome assembler v.3.6.0 (38) and an MCMV
BAC reference genome as a guide.

Viruses were propagated and titrated on NIH 3T3 cells. For replication
kinetic experiments, cells were infected in triplicate with the virus of in-
terest. Four hours postinfection (hpi), cells were washed and fresh culture
medium was added. Supernatants were collected at different time points,
and virus titers were determined using the median tissue culture infective
dose (TCID50) method.

NF-�B reporter assay. pNiFty2-SEAP (InvivoGen) is an NF-�B-in-
ducible reporter plasmid expressing secreted embryonic alkaline phos-
phatase (SEAP). Cells were cotransfected with pNiFty2-SEAP and plas-
mids encoding the proteins of interest. Thirty hours posttransfection,
SEAP activity in supernatants was determined by using the Quanti-Blue
detection reagent (InvivoGen) and a FLUOstar Omega (BMG Labtech)
photometer. Significance was calculated using analysis of variance
(ANOVA).

Antibodies and cytokines. Mouse monoclonal antibodies against
MCMV proteins IE1 (CROMA101), E1/M112-113 (CROMA103), and gB
(SN1.01) were kindly provided by Stipan Jonjić (University of Rijeka,
Rijeka, Croatia). Monoclonal antibodies against HA (16B12 from Cova-
nce or 3F10 from Roche), NEMO (EA2-6; MBL), NF-�B p65 (F-6; Santa
Cruz), phospho-p38 (3D7; Cell Signaling), and RIP1 (clone 38; BD Trans-
duction Laboratories) and polyclonal antibodies against HA (H6908;
Sigma), I�B� (C-21; Santa Cruz), NEMO (FL-419; Santa Cruz), p38 (C-
20; Santa Cruz), RIP1 (H-207; Santa Cruz), and �-actin (AC-74; Sigma)
were purchased from suppliers as indicated. Secondary antibodies cou-
pled to horseradish peroxidase (HRP) were purchased from DakoCyto-
mation or Jackson ImmunoResearch. Murine TNF-� (mTNF-�) and in-
terleukin-1� (IL-1�) were purchased from Promokine and Biomol,
respectively. Human TNF-� (hTNF-�) was purchased from R&D Sys-
tems.

Immunodetection. For immunoprecipitation, cells were lysed with
lysis buffer containing 1% Nonidet P-40 and cOmplete Mini Protease
Inhibitor Cocktail (Roche). After preclearing, proteins of interest were
precipitated using specific antibodies and protein A-Sepharose (GE
Healthcare) or protein A-agarose (Roche). Precipitates were washed six
times, eluted by boiling in sample buffer, and subjected to SDS-PAGE and
immunoblotting. For all other immunoblot analyses, cells were lysed in
boiling SDS-PAGE sample buffer. Immunofluorescence staining and de-
tection were done as described previously (33).

Cell viability assay. Murine cells were grown in 96-well dishes and
infected with MCMV at a multiplicity of infection (MOI) of 3 TCID50/
cell. Cells were treated with 20 ng/ml mTNF-�, 0.5 �g/ml cycloheximide
(CHX) (Sigma), 75 �M Z-IETD-FMK (BioVision), and 5 �M GSK’872
(BioCat). HT-29 cells were infected at an MOI of 5 TCID50/cell and
treated with 30 ng/ml hTNF-�, 2 �g/ml CHX, 50 �M Z-VAD-FMK (R&D
Systems), and 10 �M GSK’872. Cell viability was determined by measur-
ing intracellular ATP levels using a Cell Titer-Glo Luminescent Cell Via-
bility Assay kit (Promega) and a FLUOstar Omega (BMG Labtech) lumi-
nometer. Significance was calculated using ANOVA.

RESULTS
Characterization of MCMV MC159 substitution mutants. To
examine the functions of the MCV MC159 protein in the context
of an MCMV infection and compare them with those of the
MCMV M36 and M45 proteins, we constructed substitution mu-
tants expressing MC159 instead of M36 or M45. The mutants
were made by en passant mutagenesis of the wild-type (wt)
MCMV strain Smith BAC and named �M36::MC159 and �M45::
MC159, respectively (Fig. 1A). Correct insertion of MC159 was
verified by restriction analysis and sequencing of the M36 and
M45 loci (not shown). To exclude accidental mutations elsewhere
in the viral genome, the recombinant BACs were completely se-
quenced. No unintended mutations were detected (not shown).
For optimal expression of the MC159 protein, a codon-optimized
MC159 gene sequence was used as it is generally recommended
for poxvirus genes (39). Additionally, MC159 was tagged with
an HA epitope as it has been done by others in previous studies
(10, 40, 41).

The substitution mutants replicated to titers similar to those of
wt MCMV and �M36 and �M45 deletion mutants in NIH 3T3
fibroblasts (Fig. 1B). They also expressed the viral immediate early
protein IE1, the early protein E1, and the late glycoprotein B (gB)
with the same kinetics as MCMV-M45HA, a virus with wt prop-
erties expressing an HA-tagged M45 (Fig. 1C). Both substitution
mutants expressed HA-tagged MC159, but expression from the
M36 locus was lower than from the M45 locus (Fig. 1C). Using
immunofluorescence, the MC159 protein was detected in the cy-
toplasm and the nucleus of infected cells at 6 hpi, whereas the M45
protein was detected only in the cytoplasm (Fig. 1D).

MC159 promotes the activation of NF-�B. We previously
showed that virion-associated M45 induces a rapid and transient
activation of NF-�B immediately after infection of fibroblasts,
while de novo-synthesized M45 blocks all canonical NF-�B signal-
ing pathways (32, 33). Similarly, M45 expressed transiently by
plasmid transfection activates NF-�B (33), whereas prolonged ex-
pression (e.g., by retroviral transduction) blocks NF-�B activation
(32). For MC159, it was also reported that it is able to both activate
and inhibit NF-�B (16–19).

First, we wanted to compare the NF-�B-activating effects of
MC159 and M45 using an NF-�B reporter assay. NIH 3T3 fibro-
blasts and HEK 293A cells were cotransfected with an NF-�B-
dependent SEAP reporter plasmid and an MC159 or M45 expres-
sion plasmid. MC159 expression induced a significant activation
of NF-�B in fibroblasts and HEK cells, similar to the activation
induced by M45 expression. In contrast, expression of a C-termi-
nally truncated and therefore inactive M45 did not activate NF-�B
(Fig. 2A). As the cellular FLIP modulates NF-�B activity in a con-
centration-dependent manner (42), we examined whether the vi-
ral FLIP MC159 modulates NF-�B activity also in a concentra-
tion-dependent manner. We were able to show that the activation
of NF-�B by MC159 dropped with decreasing amounts of MC159
(Fig. 2B).

To examine the NF-�B modulating functions of MC159 in
the context of an infection and compare them with those of
M45, we infected fibroblasts with MCMV�M45::MC159, MCMV-
M45HA, or a virus expressing a C-terminally truncated M45
(MCMV-M45Ct3) (Fig. 1A). Degradation of the NF-�B inhibitor,
I�B�, was determined at different times postinfection and served
as a measure of NF-�B activation. Infection with MCMV-M45HA
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induced a decrease of I�B� levels within the first 6 hpi with a
maximum reduction at 3 hpi (Fig. 3A). As shown previously, the
transient NF-�B activation immediately after infection is medi-
ated by virion-associated M45 protein (33). Recovery of I�B�
coincided with an increased expression of M45 and a strong re-
duction of NEMO levels (Fig. 3A). In cells infected with an
MCMV expressing a truncated M45 (Ct3), which neither activates
nor inhibits NF-�B (32, 33), I�B� degradation was not induced
within the first 4 hpi but was activated at later times as a conse-
quence of viral infection (Fig. 3B). In these cells, a change in
NEMO or RIP1 levels was not observed (Fig. 3B) and I�B� levels
recovered by 24 hpi, consistent with previous observations (33).
In cells infected with the �M45::MC159 virus, the kinetics of I�B�
levels were similar to those in MCMV-M45Ct3-infected cells (Fig.
3C), suggesting that MC159 does not inhibit MCMV-induced
NF-�B activation from approximately 6 hpi onward as M45 does.
However, in cells infected with �M45::MC159, the I�B� level did
not recover by 24 hpi but remained low. The virus did not induce
I�B� degradation within the first 4 h, probably because MC159,
unlike the viral tegument protein M45, is not packaged into viral
particles.

In order to confirm that the observed degradation of I�B�
actually led to the activation and translocation of NF-�B into the
nucleus, we determined the subcellular localization of the NF-�B
p65 subunit by immunofluorescence analysis. In MCMV-
M45HA-infected cells, p65 was detected in the nucleus at 3 hpi but
only in the cytoplasm at 24 hpi (Fig. 3D). In MCMV-M45Ct3- and

�M45::MC159-infected cells, p65 appeared in the nucleus around
6 hpi and was still detected in the nucleus at 24 hpi (Fig. 3E and F).
However, while p65 was found in only a small fraction of nuclei of
cells infected with MCMV M45Ct3 by 24 hpi, p65 was present in a
high percentage of nuclei of �M45::MC159-infected cells (not
shown), confirming the previous time course experiment (Fig. 3B
and C).

It is noteworthy that M45 and M45Ct3 were found exclusively
in the cytoplasm of infected cells (Fig. 3D and E), whereas MC159
changed its localization during the course of infection: at early
times, it was distributed throughout the cell, while it accumulated
at the periphery at later time points postinfection (Fig. 3F). We
observed the latter distribution only in a small fraction of cells
transduced with an MC159-expressing retrovirus but in most cells
transfected with an MC159-expressing plasmid (data not shown).
These observations suggest that MC159 accumulates in the cell
periphery when expressed at high levels.

MC159 inhibits TNF-�- but not IL-1�-induced NF-�B acti-
vation. Previous studies have shown that both M45 and MC159
are capable of inhibiting NF-�B activation (16–18, 27, 32). M45
can also inhibit activation (phosphorylation) of p38 MAPK upon
TNF-� but not IL-1� stimulation (27, 32). Therefore, we wanted
to compare the inhibitory activity of these proteins. First, the two
viral proteins were expressed in NIH 3T3 fibroblasts by retroviral
transduction. Fibroblasts transduced with a green fluorescent
protein (GFP)-expressing retrovirus were used as a control. The
cells were stimulated with the cytokines TNF-� and IL-1�, respec-

FIG 1 Characterization of MCMV MC159 substitution mutants. (A) Schematic representation of the viruses used in this study. Š, HA tag. (B) NIH 3T3 cells
were infected with MCMV mutants at an MOI of 0.05 TCID50/cell. Supernatants were collected at the indicated days postinfection, and virus titers were
determined. Means and standard errors of the means (	SEM) for experiments done in triplicate are shown. DL, detection limit. (C) NIH 3T3 cells were infected
with MCMV M45HA, �M36::MC159, or �M45::MC159 at an MOI of 5 TCID50/cell. Cells were lysed at the indicated times postinfection, and viral protein
expression was analyzed by immunoblotting. (D) NIH 3T3 cells were infected with an MOI of 2 TCID50/cell. Cells were fixed 6 hpi, and the subcellular
localization of HA-tagged M45 and MC159 was analyzed by immunofluorescence. Nuclei were stained with DRAQ5.
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tively, to examine I�B� degradation as an indicator for NF-�B
activation and p38 phosphorylation as a marker for activation of
the p38-AP1 signaling pathway (Fig. 4A). In the GFP-expressing
control cells, stimulation with TNF-� or IL-1� resulted in I�B�
degradation and p38 phosphorylation (Fig. 4B). In M45-express-
ing fibroblasts, the degradation of I�B� upon TNF-� and IL-1�
stimulation was blocked, and p38 phosphorylation upon TNF-�
(but not IL-1�) treatment was inhibited. In MC159-expressing
fibroblasts, TNF-�-induced I�B� degradation and p38 phos-
phorylation were blocked, but IL-1�-stimulated activation of
these pathways was not inhibited (Fig. 4B).

Next, we analyzed the same signaling pathways in MCMV-
infected cells (Fig. 4C). The results were similar to those in retro-
virus-transduced cells, with two notable exceptions: (i) MCMV
infection induced a certain level of p38 phosphorylation, which

can be further increased by cytokine stimulation; and (ii) I�B�
levels were relatively low in �M45::MC159-infected cells, even in
the absence of cytokine stimulation (Fig. 4C).

The observation that MC159 does not inhibit I�B� degrada-
tion upon IL-1� stimulation was somewhat surprising, as MC159
was reported to inhibit the IKK complex by interacting with
IKK�/NEMO (18). Our results would be more consistent with an
inhibition at the level of RIP1. Therefore, we tested whether
MC159 associates with RIP1 and/or NEMO in NIH 3T3 fibro-
blasts infected with MCMV �M45::MC159. Immunoprecipita-
tion of HA-tagged MC159 resulted in coprecipitation of RIP1 but
not NEMO, whereas immunoprecipitation of HA-tagged M45 re-
sulted in coprecipitation of both RIP1 and NEMO (Fig. 4D).
However, when RIP1 or NEMO were immunoprecipitated, M45
and MC159 were detected as coprecipitating proteins (Fig. 4E).
Taken together, the results of the immunoprecipitation experi-
ments confirm the previously reported interaction with RIP1 (13,
16). However, we could not find convincing evidence for a func-
tional interaction of MC159 with NEMO in MCMV-infected fi-
broblasts, as NEMO did not coprecipitate with MC159 (Fig. 4D)
and IL-1�-induced I�B� degradation was not inhibited (Fig. 4B
and C).

MC159 inhibits apoptosis but does not block necroptosis in
MCMV-infected mouse cells. MC159/vFLIP is known to inhibit
caspase-8-mediated apoptosis (5, 6, 8, 9). Interestingly, this pro-
tein was also reported to inhibit necroptosis in human T cells by
an unknown mechanism (13, 14). MCMV, in contrast, inhibits
caspase-8-dependent apoptosis and RIP3-dependent necroptosis
with two separate viral proteins, M36 and M45, respectively (23,
43). For a functional comparison of the MCMV proteins with
MC159, we infected cells with the MC159-expressing MCMV
substitution mutants �M36::MC159 and �M45::MC159, respec-
tively. In the absence of the necroptosis inhibitor M45, MCMV
infection by itself (i.e., without additional induction) can trigger
necroptosis. As the extent of virus infection-induced necroptosis
depends on the cell type, we used 10.1 fibroblasts, which are only
moderately sensitive to MCMV-induced necroptosis, and SVEC4-10
endothelial cells, which are highly sensitive. Since TNF-� can
trigger both apoptosis and necroptosis (Fig. 5A), TNF-� was
combined with inhibitors to discriminate between the different
forms of programmed cell death. Infected cells were treated
either with TNF-� plus caspase-8 inhibitor Z-IETD-FMK (for
the specific induction of necroptosis and inhibition of apopto-
sis) or with TNF-� plus CHX plus RIP3 kinase inhibitor
GSK’872 (for specific induction of apoptosis and inhibition of
necroptosis). Cell viability was determined by using an ATP-
dependent luminescence assay. Consistent with previous re-
sults (26, 29), �M45-infected SVEC4-10 cells underwent rapid
cell death even without TNF-� treatment. Cell death induced
by �M45 infection was less pronounced in 10.1 fibroblasts but
was strongly enhanced by treatment with TNF-� (Fig. 5B). As
expected, �M45-infected cells were sensitive to necroptosis but
not apoptosis induction. In fact, cell death was completely in-
hibited by the GSK’872 necroptosis inhibitor (Fig. 5B). Cells
infected with the �M45::MC159 substitution mutant showed
essentially the same phenotype as �M45-infected cells, indicat-
ing that MC159 does not inhibit programmed necrosis in this
setting, neither MCMV infection-induced nor TNF-�-induced
necroptosis.

As expected, 10.1 and SVEC4-10 cells infected with �M36 were

FIG 2 MC159 induces NF-�B-dependent reporter gene expression in trans-
fected cells. (A) NIH 3T3 cells and 293A cells were cotransfected with expres-
sion plasmids as indicated and the reporter plasmid pNiFty-SEAP. Thirty
hours posttransfection, Quanti-Blue reagent was added to the supernatant and
SEAP activity was quantified colorimetrically. Results were normalized to
empty vector (pcDNA). Cells were harvested and proteins analyzed by immu-
noblotting. (B) NIH 3T3 cells were cotransfected with decreasing amounts of
MC159 and constant amounts of the reporter plasmid pNiFty-SEAP. Results
were normalized to pEGFP. The experiment was carried out as described for
panel A. Means 	 SEM for experiments done in triplicate are shown. ***, P 

0.001.
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FIG 3 MCMV �M45::MC159 promotes degradation of I�B� and translocation of p65 into the nucleus. (A to C) NIH 3T3 cells were infected with MCMV
M45HA, M45Ct3, or �M45::MC159 at an MOI of 5 TCID50/cell. Cells were lysed at the indicated times postinfection, and protein levels were analyzed by
immunoblotting. (D to F) NIH 3T3 cells were infected with an MOI of 2 TCID50/cell. Cells were fixed at the indicated times postinfection, and the subcellular
localization of the NF-�B subunit p65 was analyzed by immunofluorescence. Costaining with HA served as an infection control. Nuclei were stained with
DRAQ5. Arrowheads indicate cells with nuclear p65.
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sensitive to TNF-�-induced apoptosis. Interestingly, TNF-�
treatment alone was not sufficient for apoptosis induction in 10.1
cells but required enhancement by CHX. In contrast, cells infected
with the �M36::MC159 virus were resistant to apoptosis induc-
tion, as were cells infected with wt MCMV (Fig. 5B). This indicates
that MC159 inhibits apoptosis induction by death receptor stim-
ulation and compensates for the loss of the caspase-8 inhibitory
protein M36.

The inability of MC159 to inhibit necroptosis in MCMV-in-
fected mouse cells (Fig. 5B) was surprising. However, it remained
possible that MC159 could inhibit necroptosis in human cells as
previously published (13, 14). Although human cells are not per-

missive for MCMV replication, MCMV-infected human cells
usually express viral immediate early and early proteins (44). We
decided to use human HT-29 colon carcinoma cells, as these cells
have been used previously for analysis of viral necroptosis inhib-
itors (45–47). First, we infected HT-29 cells with MCMV and
analyzed the expression of the immediate early protein IE1 and
the early protein M45 at different times postinfection by im-
munoblotting. The expression kinetics of these two proteins
was very similar to the one in NIH 3T3 cells shown in Fig. 1C,
indicating that HT-29 cells are infectible and express viral im-
mediate early and early proteins (data not shown). Then, we
analyzed the sensitivity of HT-29 cells infected with wt or mutant

FIG 4 MCMV �M45::MC159 inhibits TNF-�- but not IL-1�-induced I�B� degradation. (A) Schematic representation of the IL-1 receptor (IL-1R)- and TNF
receptor type 1 (TNFR1)-dependent NF-�B- and AP-1-activating pathways. (B and C) NIH 3T3 cells were transduced with retroviral vectors expressing GFP,
M45, or MC159 (B) or infected with MCMV M45HA, �M45, or �M45::MC159 (C). Cells were treated with TNF-� (10 ng/ml) or IL-1� (20 ng/ml). Fifteen
minutes after treatment, cells were lysed and protein levels were analyzed by immunoblotting. (D and E) NIH 3T3 cells were infected with MCMV M45HA,
�M45, or �M45::MC159 at an MOI of 3 TCID50/cell. Cells were lysed 15 hpi and subjected to immunoprecipitation (IP) using anti-HA, anti-RIP1, or
anti-NEMO antibodies, respectively. Whole-cell lysates (WCL) and immunoprecipitates were analyzed by immunoblotting. *, antibody heavy chain.
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MCMVs to TNF-�-induced cell death. HT-29 cells infected with
MCMV�M36 were sensitive to TNF-�-induced apoptosis, but
cells infected with wt MCMV or the �M36::MC159 mutant were
resistant (Fig. 5C). Hence, M36 and MC159 are capable of inhib-
iting death receptor-dependent apoptosis in human and in mu-
rine cells. Finally, we infected HT-29 cells with MCMV M45 dele-
tion and substitution mutants to test whether M45 and MC159
inhibit TNF-�-induced necroptosis. As shown in Fig. 5D, HT-29
cells infected with wt MCMV were resistant to necroptosis induc-
tion, but cells infected with the �M45 mutant were sensitive.
HT-29 cells infected with the �M45::MC159 substitution mutant
were significantly less sensitive to TNF-�-induced necroptosis,
although necroptosis inhibition by MC159 was not as robust as
by M45.

MC159 partially rescues the replication defect of an MCMV
�M36 mutant. While MCMV M36 and M45 deletion mutants
have little or no growth defect in NIH 3T3 fibroblasts (Fig. 1B),
it is well established that M45-deficient MCMV mutants do not

replicate in SVEC4-10 endothelial cells due to necrosis induc-
tion (26, 29). It has also been shown that M36-deficient mu-
tants have a severe replication defect in different macrophage
lines (21, 24). Therefore, we tested, using our substitution mu-
tants, whether MC159 could rescue these replication defects.
As shown in Fig. 6A, the �M45::MC159 virus did not replicate
in SVEC4-10 cells. This result was to be expected, since MC159
was not able to compensate for the necroptosis-inhibiting
function of M45 in murine cells (Fig. 5B). In contrast, the
�M36::MC159 substitution mutant did replicate in RAW 264.7
macrophages, although to approximately 100-fold-lower titers
than the wt virus (Fig. 6B), indicating that the loss of M36 was
only partially compensated by MC159.

DISCUSSION

To date, there is no cell culture or laboratory animal model system
to study MCV replication and pathogenesis. Due to this technical
barrier, researchers have studied MCV genes either by expressing

FIG 5 MC159 expressed by MCMV blocks TNF-�-induced apoptosis in both murine and human cells but inhibits necroptosis only in human cells. (A)
Schematic representation of programmed cell death signaling pathways. (B) Murine 10.1 and SVEC4-10 cells were infected with wt and mutant MCMVs and
treated 6 hpi with TNF-�, CHX, caspase-8 inhibitor Z-IETD-FMK (Casp-Inh), and RIP3 inhibitor GSK’872 (RIP3-Inh). Cell viability was measured 15 h
posttreatment relative to cells treated with both inhibitors. (C) Human HT-29 cells were infected with wt and mutant MCMVs and treated 10 hpi as described
above with the exception that Z-VAD-FMK was used as caspase inhibitor. Cell viability was measured 18 h posttreatment. (D) HT-29 cells were infected with wt
and mutant MCMVs and treated with Z-VAD-FMK (Casp-Inh), GSK’872 (RIP3-Inh), and TNF-�. Cell viability was measured 20 h posttreatment relative to
uninfected cells treated with Z-VAD-FMK. Means 	 SEM for experiments done in triplicate are shown. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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genes independent of infection (e.g., by plasmid transfection) or
by expression from a surrogate virus. In most of the studies pub-
lished so far, the MCV MC159 gene has been analyzed in cells
overexpressing MC159 upon transient transfection with an ex-
pression plasmid. Only in a few studies has MC159 been expressed
by a surrogate virus, a recombinant VACV with its caspase-8 in-
hibitor, B13R, deleted (10, 13, 18, 48), and two other studies have
examined MC159 functions in transgenic mice expressing the vi-
ral protein (19, 49).

In the present study, we used MCMV as a surrogate virus for
the analysis of MC159 functions. MCMV has several properties
that qualify it as a suitable surrogate virus: (i) both MCV and
MCMV are large DNA viruses causing persistent infections, (ii)
both viruses express numerous genes involved in viral immune
evasion, and (iii) MCMV carries two well-characterized genes,
M36 and M45, with functions very similar to those described for
MC159, which allows a functional comparison. On the other
hand, MCMV replicates its DNA and transcribes its genes in the
nucleus, not in the cytoplasm as MCV does, and MCMV is a
mouse virus, whereas MCV is a human virus. However, MC159
functions have previously been characterized in transfected
mouse cells (18, 50) or in transgenic mice (19, 49), suggesting that
MC159 functions are not generally restricted to human cells. Nev-
ertheless, one could argue that VACV is more closely related to
MCV and thus should be a better surrogate virus. On the other
hand, the fact that VACV carries a substantial number of genes
with functions overlapping those of MC159 complicates the inter-
pretation of results (4).

The best-studied function of MC159 is its inhibition of death
receptor-dependent apoptosis. We showed here that MC159
blocked apoptosis of MCMV-infected cells upon TNF receptor
stimulation and compensated for the lack of the MCMV caspase-8
inhibitor, M36 (Fig. 5B and C). However, the replication defect of
an MCMV �M36 mutant in RAW 264.7 macrophages was only
partially rescued (Fig. 6B). Although both M36 and MC159 have

been reported to interact with procaspase 8 (10, 21), differences in
the inhibitory mechanisms might be responsible for the partial
rescue. While M36 is thought to inhibit caspase-8 activation by
binding to procaspase 8 (20, 21), MC159 is thought to exert its
inhibitory effect primarily by binding to FADD and preventing
recruitment of procaspase 8 to the death-inducing signaling com-
plex (DISC) (51) or oligomerization of the DISC (52). Remark-
ably, a previous study has shown that the loss of M36 is almost
completely rescued by dominant negative FADD, which was over-
expressed by using a strong heterologous promoter (24). Our re-
sults suggest that the inhibitory activity of MC159 or its expression
level is insufficient for a complete reversal of the �M36 phenotype
in infected macrophages. It is also conceivable that M36 has an
additional function (besides inhibiting death receptor-dependent
apoptosis) not shared by MC159. This hypothesis, however, seems
unlikely, as dominant negative FADD rescued the replication de-
fect in macrophages (24).

MC159 has also been reported to inhibit TNF-�- or Fas-in-
duced programmed necrosis in human Jurkat T cells (13, 14). As
TNF-�-induced necroptosis requires RIP1 and RIP3, inhibition
by MC159 might occur as a consequence of its interaction with
RIP1. We found that MC159 expressed from a recombinant
MCMV associated with RIP1 in infected mouse fibroblasts (Fig.
4D and E), but it did not inhibit necroptosis induced by MCMV
infection or TNF-� treatment (Fig. 5B), nor did it rescue the rep-
lication defect of a MCMV �M45 mutant in SVEC4-10 endothe-
lial cells (Fig. 6A). However, MC159 did show a limited inhibitory
effect against TNF-�-induced necroptosis in MCMV-infected hu-
man HT-29 cells (Fig. 5D). A possible explanation for this discrep-
ancy is that the association of MC159 with RIP1 is sufficient for
inhibition of TNF-�-induced necroptosis in human but not in
mouse cells. Interestingly, a species-specific necroptosis inhibi-
tion has been reported for the herpes simplex virus 1 (HSV-1)
ICP6 and the HSV-2 ICP10 proteins: ICP6 and ICP10 inhibit
necroptosis in human but not in mouse cells (45, 46, 53). ICP6,
ICP10, and M45 are homologous proteins, and all three possess a
RHIM (54), which is required for the inhibition of RIP3-depen-
dent necroptosis (29, 45, 46). As MC159 does not appear to have a
RHIM, its necroptosis-inhibiting activity is likely to operate
through a different mechanism.

Using MCMV as a surrogate virus, we confirmed that MC159
can both activate and inhibit NF-�B, consistent with previous
reports (16–19). Although this dual function appears to be similar
to the one described for M45 (33), three differences became ap-
parent in our experiments. (i) M45 activates NF-�B rapidly and
transiently during the first 6 hpi (Fig. 3A), a function that depends
on M45 delivered by the virion (33). In contrast, NF-�B activation
in cells infected with �M45::MC159 started only around 6 hpi, a
time when MC159 was expressed from the viral genome. The most
likely explanation for this difference is a lack of MC159 protein in
viral particles. (ii) In cells infected with �M45::MC159, NF-�B
remained activated from 6 hpi onward, whereas M45 expression
caused a strong block to NF-�B activation starting 6 hpi. This
block is the result of the M45-mediated degradation of NEMO/
IKK� (32). In contrast, MC159 does not induce NEMO degrada-
tion (Fig. 3C). (iii) By targeting NEMO for degradation, M45
inhibits all canonical NF-�B activating pathways, including those
triggered by TNF-� or IL-1�. In contrast, MC159 inhibited
NF-�B activation by TNF-� but not IL-1� (Fig. 4B and C). As
MC159 interacts with FADD, RIP1, and TRAF2 (6, 8–10, 16), the

FIG 6 MCMV �M45::MC159 does not replicate in endothelial cells, but
�M36::MC159 replicates in macrophages. SVEC4-10 cells (A) or RAW 264.7
macrophages (B) were infected at an MOI of 0.5 TCID50/cell with the viruses
indicated. Supernatants were collected at the indicated days postinfection, and
virus titers were determined. Means 	 SEM for experiments done in triplicate
are shown. DL, detection limit.
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most likely explanation is an inhibition at the level or upstream of
RIP1 (17). However, an interaction of MC159 with NEMO/IKK�
and an inhibition of the IKK complex have been reported in a
previous study (18). In our experiments using the �M45::MC159
substitution mutant, we were able to coimmunoprecipitate
MC159 with NEMO (Fig. 4E), but NEMO did not coimmunopre-
cipitate with MC159 (Fig. 4D), suggesting that the interaction
might be weak or indirect. In a paper by Randall et al. (18), the
association of MC159 with IKK� was also shown in only one di-
rection. Whether or not the presumed MC159-NEMO interaction
results in an inhibition of the IKK complex might depend on the
cell type and/or the level of MC159 expression.

In this study, we used MCMV as a surrogate virus for func-
tional analysis of an MCV protein, which has previously been
studied predominantly in transfection experiments. Clearly,
transfection experiments and surrogate virus infection experi-
ments each have their advantages and disadvantages. For instance,
transfection experiments result in an overexpression of the pro-
tein of interest, which can lead to exaggerated effects. On the other
hand, expression by a surrogate virus might mask real functions of
the protein of interest due to the expression of other viral proteins
with overlapping or interfering functions. Moreover, the use of
different cell types might also account for seemingly conflicting
results of different studies. Until a viable cell culture system for
MCV becomes available, the use of human keratinocytes, the nat-
ural target cells of MCV, and comparison of results from different
test systems might be necessary to extrapolate the biological rele-
vance of MCV gene functions.
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