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Abstract: Viral infection activates cellular antiviral defenses including programmed cell death
(PCD). Many viruses, particularly those of the Herpesviridae family, encode cell death inhibitors
that antagonize different forms of PCD. While some viral inhibitors are broadly active in cells of
different species, others have species-specific functions, probably reflecting the co-evolution of the
herpesviruses with their respective hosts. Human cytomegalovirus (HCMV) protein UL36 is a dual
cell death pathway inhibitor. It blocks death receptor-dependent apoptosis by inhibiting caspase-8
activation, and necroptosis by binding to the mixed lineage kinase domain-like (MLKL) protein and
inducing its degradation. While UL36 has been shown to inhibit apoptosis in human and murine cells,
the specificity of its necroptosis-inhibiting function has not been investigated. Here we show that
UL36 interacts with both human and murine MLKL, but has a higher affinity for human MLKL. When
expressed by a recombinant mouse cytomegalovirus (MCMV), UL36 caused a modest reduction of
murine MLKL levels but did not inhibit necroptosis in murine cells. These data suggest that UL36
inhibits necroptosis, but not apoptosis, in a species-specific manner, similar to ICP6 of herpes simplex
virus type 1 and MC159 of molluscum contagiosum virus. Species-specific necroptosis inhibition
might contribute to the narrow host range of these viruses.

Keywords: apoptosis; necroptosis; RIPK1; RIPK3; MLKL; UL36; M45; ICP6; HCMV; MCMV;
herpesvirus

1. Introduction

Herpesviruses are important human pathogens widely spread among the human
population. They cause long-life infections characterized by phases of latency and reac-
tivation [1,2]. After virus entry, the host cell recognizes the infection and triggers innate
immune responses that lead to the production of inflammatory cytokines, type I interferon
(IFN), and various molecules that activate the adaptive immune response [3]. Next to this,
cellular defense mechanisms that restrict viral replication are activated, such as the shutoff
of protein translation, the degradation of viral components via the proteasome or lysosome
pathways, and the induction of cell death [4–6].

Programmed cell death (PCD) plays a key role as a defense mechanism against
virus infection. Mammalian cells can activate different signal transduction pathways that
ultimately lead to their death, including intrinsic and extrinsic apoptosis, necroptosis,
pyroptosis, autophagy-dependent cell death, and a few others [7]. PCD of infected cells
can be beneficial for the host as it serves to eliminate the intracellular niche of certain
pathogens. Apoptosis and necroptosis, the two best-characterized forms of PCD, can limit
viral infection and dissemination [8]. PCD can be activated upon binding of a cognate
ligand to a specific cell surface receptor. This binding triggers a series of downstream events
leading to the cleavage of several cellular proteins by intracellular enzymes (in particular
caspases), in the case of apoptosis, or the release of cytosolic contents into the extracellular
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space by a caspase-independent mechanism, in the case of necroptosis [9]. Besides their
morphological differences, extrinsic apoptosis and necroptosis can be triggered by the same
class of receptors [10,11]. Activation of death receptors such as the tumor necrosis factor
receptor 1 (TNFR1), or Fas leads to the assembly of TNFR Complex II and to the cleavage
of caspase-8 that in turn initiates extrinsic apoptotic cell death [12]. When caspase-8 is
inhibited, a pathway leading to necroptosis may be activated. Necroptosis depends on the
two receptor interacting protein kinases 1 and 3 (RIPK1 and RIPK3) that interact through
a RIP homotypic interaction motif (RHIM) domain causing a caspase-independent type
of cell death [13]. Necroptosis can also be activated by Z-DNA-binding protein 1 (ZBP1)
or by TIR-domain-containing adapter-inducing interferon-β (TRIF), an adapter protein
of Toll-like receptors 3 or 4 (TLR3/4), which also contain a RHIM domain capable of
activating RIPK3 [14]. In all three pathways, activated RIPK3 phosphorylates the mixed
lineage kinase domain-like protein (MLKL) leading to its oligomerization [15]. MLKL
oligomers translocate to the plasma membrane, where they form pores or channels, which
alter membrane permeability and lead to cell swelling and cell death [14].

Herpesviruses encode proteins that inhibit PCD to prevent premature cell demise and
to provide more time for viral replication [16–18]. Herpes simplex virus type 1 (HSV-1)
encodes for a viral ribonucleotide reductase (R1) homolog named ICP6 that acts as a
dual cell death pathway inhibitor. It inhibits apoptosis by binding caspase-8 and blocks
necroptosis by interacting with RIPK1 and RIPK3 at TNFR complex II in a RHIM-dependent
manner [19–22] (Figure 1a). The human cytomegalovirus (HCMV) UL36 protein also
functions as a dual cell death pathway inhibitor. Similar to ICP6, UL36 blocks caspase-8
activation to prevent apoptosis [23]. However, it blocks necroptosis by interacting with the
key necroptosis mediator MLKL and inducing its degradation [24] (Figure 1a).

Figure 1. Inhibition of apoptosis and necroptosis by HSV-1, HCMV, and MCMV. (a) Schematic representation of death
receptor-dependent (extrinsic) apoptosis and necroptosis signaling pathways. The viral inhibitors (marked with virus
symbols) and their targets are shown. (b) Known functions of the viral cell death inhibitors in human and murine cells.
Figure generated with BioRender.com (accessed on 21 October 2021).

Interestingly, murine cytomegalovirus (MCMV), a mouse beta-herpesvirus, encodes
two distinct proteins for the inhibition of the two PCD pathways. The MCMV R1 homolog,
M45, blocks necroptosis by inhibiting RHIM-dependent activation of RIPK3, whereas M36,
a homolog of UL36, blocks caspase-8 activation [25–28] (Figure 1a).
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PCD inhibition by herpesviruses appears to be species-specific in some cases (Figure 1b).
For instance, HSV-1 ICP6 inhibits necroptosis in human cells but stimulates necroptosis
in mouse cells, suggesting that HSV-1 has specifically adapted its necroptosis inhibitor
to its human host [19,20,22] (Figure 1b). By contrast, the MCMV homolog M45 prevents
necroptosis in both human and murine cells [29]. Another example of a species-specific
PCD inhibitor is the HCMV UL37x1 protein, also known as viral mitochondrion-localized
inhibitor of apoptosis (vMIA). It prevents the execution of intrinsic apoptosis by targeting
BAX and BAK, the two effector proteins of mitochondrial outer membrane permeabiliza-
tion [30–34]. However, UL37x1 inhibits only BAX, but not BAK, in mouse cells [31,35].
For the same purpose, MCMV expresses two separate inhibitors: m38.5, a BAX-specific
inhibitor similar to HCMV UL37x1 [36,37], and m41.1, a BAK-specific inhibitor [35,38].

Other viral PCD inhibitors are more broadly active. For instance, the MCMV M36
protein inhibits caspase-8 activation in murine as well as in human cells [28,39], and the
same holds true for HCMV UL36. A recent study has demonstrated that a chimeric MCMV
expressing HCMV UL36 instead of M36 retains the ability to inhibit caspase-8-dependent
apoptosis in murine cells and infected mice [40]. However, the ability of UL36 to inhibit
necroptosis in murine cells has not yet been investigated.

Herein we show that UL36 interacts with murine MLKL (mMLKL), whereas M36
does not. Compared to its interaction with human MLKL (hMLKL), the interaction with
mMLKL is relatively weak. UL36 expression by a recombinant MCMV leads only to
a modest reduction of mMLKL levels at late times post-infection and does not prevent
necroptosis. We conclude that the ability of HCMV UL36 to inhibit MLKL is not conserved
in MCMV M36. Moreover, UL36 inhibits necroptosis in human but not in murine cells,
reflecting the high degree of adaptation of HCMV to its human host.

2. Materials and Methods
2.1. Cells and Viruses

NIH-3T3 (CRL-1658), SVEC4-10 (CRL-2181), HT-29 (HTB-38), were obtained from
ATCC. 10.1 cells are immortalized mouse embryonic fibroblasts [41]. HEK-293A cells were
purchased from Invitrogen (Karlsruhe, Germany). Cells were cultured at 37 ◦C and 5%
CO2 in Dulbecco’s modified eagle medium (DMEM) medium supplemented with 5% or
10% fetal calf serum.

The repaired MCMV Smith strain BAC pSM3fr-MCK-2fl was kindly provided by
Barbara Adler (University of Munich, Germany) [42]. MCMV mutants MCMV∆M45,
MCMV-M45HA, and MCMV-M45mutRHIM have been described [43]. The MCMV∆M36
and MCMV-UL36 mutants were kindly provided by Luka Cicin-Sain (Helmholtz Cen-
tre for Infection Research, Braunschweig, Germany) [40]. MCMV-UL36 M45mutRHIM
and MCMV∆M36 M45mutRHIM were generated by introducing point mutations within
the M45 RHIM domain, amino acid sequence 61–64 (IQIG to AAAA), as previously de-
scribed [26], into the MCMV-UL36 and MCMV∆M36 BACs by en passant mutagenesis [44].
WT and mutant MCMVs were grown and titrated on NIH-3T3 cells according to standard
procedures [45]. Viral titers were determined using the median tissue culture infective dose
(TCID50) method and infections were carried out with centrifugal enhancement (800× g,
30 min) when required [46].

2.2. Antibodies

Antibodies recognizing the following epitopes and proteins were used: HA (16B12,
Covance, Münster, Germany), HA (3F10; Roche), Flag (F3165, Sigma, Taufkirchen, Ger-
many), myc (4A6; Millipore, Darmstadt, Germany), IE1 (CROMA101; CapRi, Rijeka,
Croatia), GAPDH (14C10; Cell Signaling, Frankfurt, Germany), β-Actin (AC-15; Sigma),
mMLKL (AP14272B, Abgent, San Diego, CA). Mouse monoclonal antibodies against M45
and UL36 [47] were kindly provided by Stipan Jonjic (University of Rijeka, Croatia) and
Thomas Shenk (Princeton University, USA), respectively. Secondary antibodies coupled
to Alexa Fluor 488 (A-11034, A-11006, A-11029) and Alexa Fluor 555 (A-21424, A-21429,
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A-21434) were purchased from Invitrogen. Secondary antibodies coupled to horseradish
peroxidase were purchased from DakoCytomation or Jackson ImmunoResearch.

2.3. Plasmids

pcDNA3 (Invitrogen), pcDNA3 Flag-IFI16 (Addgene, Watertown, MA), and pEPkan-
S [44] were obtained from the indicated sources. pcDNA3 HA-UL36 was generated by
inserting the PCR-amplified UL36 sequence between the HindIII and BamHI restriction
sites of pcDNA3. pcDNA3 HA-M36 was generated in an analogous fashion. pcDNA3 Flag-
hMLKL full length and truncation mutants were generated by inserting the PCR-amplified
sequences between the EcoRI and XhoI sites of pcDNA3. pcDNA3 Flag-mMLKL full length
and truncation mutants were generated by inserting the PCR-amplified sequences between
the BamHI and XhoI restriction sites.

2.4. Transfection

HEK-293A cells were transfected by combining 8 µg of plasmid DNA and 32 µL of
polyethylenimine transfection reagent (Sigma). Murine fibroblasts were transfected using
Lipofectamine 2000 (ThermoFisher, Dreieich, Germany) according to the manufacturer’s
protocol. For virus reconstitution, NIH-3T3 cells were transfected using 3 µg of BAC DNA
and 10 µL Polyfect (Qiagen, Hilden, Germany).

2.5. Cell Viability Assay

Murine SVEC4-10 endothelial cells or 10.1 cells (5 × 103) were seeded in 96-well plates
and infected with MCMV at a MOI of 5 TCID50/cell in 100 µL media. Cell viability was
determined at 24 h post infection (hpi) by measuring intracellular ATP levels with a Cell
Titer-Glo Luminescent Cell Viability Assay kit (Promega, Madison, WI) and a FLUOstar
Omega luminometer (BMG Labtech, Ortenberg, Germany). Cell were either treated 1 h
prior to infection with cell death inhibitors Z-VAD-FMK (R&D Systems, Abingdon, UK),
GSK’872 (Merck, Darmstadt, Germany), or DMSO (control) and remained on the cells for
the duration of the assay, or were treated 6 hpi with 30 ng/mL TNF-α (R&D Systems),
1 µM BV6 (Selleckchem, Houston, TX, USA), 75 µM Z-VAD-FMK, GSK’872 (3 µM), and
DMSO (as control) and remained on the cells for the duration of the assay. Significance
was calculated using two-way ANOVA. Viability of human HT-29 cells was determined
essentially as described [48]. Cells (5 × 103) were seeded in 96-well plates and infected
with MCMVs at an MOI of 5 PFU/cell in DMEM containing 1% FCS. Six hpi cells were
treated with 30 ng/mL TNF-α, 1 µM BV6, 75 µM Z-VAD-FMK, 3 µM GSK’872, or DMSO
(as control) were added. Cell viability was determined 24 hpi as described above.

2.6. Immunodetection

For immunoblot analysis of whole cell lysates, cells were lysed in boiling 2x SDS-PAGE
sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10% β-mercaptoethanol).
For immunoprecipitation, cells were lysed with lysis buffer containing 1% Nonidet P-40
(ThermoFisher) and cOmplete Mini Protease Inhibitor Cocktail (Roche, Penzberg, Ger-
many). After pre-clearing, proteins of interest were precipitated by using specific antibodies
combined with protein A or G Sepharose beads (GE Healthcare, Braunschweig, Germany).
HA-tagged proteins were pulled-down with anti-HA affinity matrix (Roche). Precipitates
were washed six times and then eluted by boiling in SDS-PAGE sample buffer. Samples
were separated on denaturing SDS-PAGE gels and transferred electrophoretically onto
nitrocellulose (GE Healthcare) by semi-dry blotting. Densitomerty was measured with
NIH ImageJ [49].

Immunofluorescence staining and analysis was performed as described [43]. Fluores-
cence was detected by Nikon A1 confocal laser scanning microscope.
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3. Results
3.1. HCMV UL36 Interacts with Human and Murine MLKL

The HCMV UL36 protein functions as a viral inhibitor of caspase-8-dependent apopto-
sis [23]. Recently, it has been shown that UL36 also inhibits necroptosis by interacting with
hMLKL [24]. UL36 interacts with both human and murine caspase-8 and inhibits apoptosis
in human and murine cells [23,40]. Thus, we wanted to test whether UL36 can also interact
with both human and murine MLKL. For this purpose, HEK-293A cells were co-transfected
with plasmids encoding Flag-tagged human or murine MLKL and HA-tagged UL36. HA
or Flag-tagged proteins were immunoprecipitated, and co-precipitating proteins were
detected by immunoblot. Under these conditions, hMLKL and mMLKL co-precipitated
with UL36 and vice versa (Figure 2a,b).

Figure 2. HCMV UL36 co-precipitates and co-localizes with human and murine MLKL. (a) HEK-293A cells were co-
transfected with plasmids expressing HA-tagged UL36 and either Flag-tagged mMLKL or Flag-tagged hMLKL. HA-UL36
was immunoprecipitated, and co-precipitating Flag-tagged MLKLs were detected by Western blot. Flag-tagged IFI16
was used as a negative control. (b) HEK-293A cells were transfected with plasmids as described above. Flag-tagged
proteins were immunoprecipitated, and co-precipitating HA-UL36 was detected by Western blot. (c) HEK-293A cells were
co-transfected with plasmids expressing HA-tagged M36 or UL36 and Flag-tagged mMLKL or hMLKL. HA-tagged proteins
were immunoprecipitated, and co-precipitating Flag-tagged MLKLs were detected by Western blot. (d) NIH-3T3 cells were
transfected with plasmids encoding HA-UL36 (Red), and Flag-tagged hMLKL or mMLKL (Green). At 24 h post-transfection,
the proteins were detected by immunofluorescence using tag-specific antibodies. Nuclei were stained with Hoechst 33342
(Blue). Scale bar, 10 µm.
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Interestingly, we regularly observed higher UL36 protein levels in cells expressing
hMLKL compared to those expressing mMLKL (Figure 2a,b). Additionally, more UL36
protein co-precipitated with hMLKL (Figure 2b), suggesting a stronger interaction of UL36
with hMLKL than with mMLKL.

To test whether M36, the MCMV homolog of HCMV UL36, is capable of interacting
with MLKL, HEK-293A cells were transfected with plasmids encoding Flag-tagged mMLKL
or hMLKL and HA-tagged M36 or UL36. HA-tagged proteins were immunoprecipitated.
While both human and murine MLKL proteins co-precipitated with UL36, they did not
co-precipitate with M36 (Figure 2c), suggesting that the interaction with MLKL is a property
of UL36 not shared by M36.

Next, we tested by immunofluorescence whether UL36 and mMLKL co-localize in
transfected cells. NIH-3T3 cells were transfected with plasmids expressing HA-UL36,
and Flag-tagged mMLKL or hMLKL. HA-UL36 co-localized with both MLKLs proteins.
However, the distribution of the MLKL proteins changed in the presence of UL36. While
hMLKL and mMLKL were quite evenly distributed throughout the cytoplasm in the
absence of UL36, hMLKL and (to a lesser extent) mMLKL accumulated in perinuclear
clusters in the presence of UL36 (Figure 2d).

3.2. UL36 Interacts with the N-Terminal Domain of MLKLs

MLKL is composed of an N-terminal four-helix bundle domain, which enables MLKL
to form oligomers and translocate to the plasma membrane, and a C-terminal pseudok-
inase domain containing the phosphorylation site [50]. Upon induction of necroptosis,
RIPK3 phosphorylates MLKL, triggering the conversion of the inactive cytoplasmic MLKL
protein to an oligomeric form that translocates to the plasma membrane and causes its
permeabilization. Both N-terminal and C-terminal domains are essential for MLKL to elicit
its function [51–54]. As it is unknown to which part of MLKL UL36 binds, we generated
Flag-tagged mMLKL and hMLKL truncation mutants (Figure 3a,d).

HEK-293A were co-transfected with HA-UL36 and MLKL expression plasmids, and
HA or Flag-tagged proteins were immunoprecipitated. Co-precipitating proteins were
detected by immunoblot analysis (Figure 3b,c,e,f). UL36 co-precipitated with full-length
hMLKL and the truncation mutants 100–472, but not with the other truncation mutants,
indicating that the first 100 amino acids are dispensable for the interaction (Figure 3b,c).
The N-terminal part of hMLKL (1–190) did not co-precipitate with UL36, suggesting that
hMLKL amino acid residues 191 and 199 are needed for the interaction with UL36. By
contrast, UL36 co-precipitated with full-length mMLKL and with the truncation mutants
100–465 and 200–465, but not with 300–465, indicating that its interaction with UL36
depends on a domain between amino acids 201 and 299 (Figure 3e,f). These data suggest
that UL36 interacts with different domains of human and murine MLKL, respectively.

Interestingly, the MLKL truncation mutants lacking the entire N-terminal four-helix
bundle were expressed at much lower levels in transfected cells (Figure 3) as compared to
the full-length protein, suggesting that these truncated proteins are less stable.

3.3. UL36 Has a Higher Affinity to hMLKL Than to mMLKL

The results shown in Figures 2 and 3 suggested that UL36 might interact more strongly
with hMLKL than with mMLKL. To test whether UL36 has a higher affinity to hMLKL,
we performed a competitive binding and immunoprecipitation assay. HEK-293A cells
were co-transfected with constant amounts of HA-UL36 myc-mMLKL plasmids and in-
creasing amounts of a Flag-hMLKL plasmid. HA-UL36 was immunoprecipitated and
co-precipitating MLKL proteins were detected by immunoblot (Figure 4).

Under these conditions, even small amounts of hMLKL bound strongly to UL36,
and hMLKL outcompeted mMLKL for binding to UL36. Interestingly, the steady-state
levels of UL36 increased in both lysates and IP samples when hMLKL was expressed at
higher concentrations. These data indicate that UL36 has a stronger affinity to hMLKL than
mMLKL. They also suggest that UL36 levels are increased in the presence of hMLKL.
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Figure 3. HCMV UL36 interacts with the N-terminal domain of MLKL. (a) Schematic depiction of hMLKL, consisting of
an N-terminal four-helix bundle and a C-terminal pseudokinase domain, and truncation mutants. Hatched regions were
deleted. (b) HEK-293A cells were co-transfected with plasmids expressing HA-tagged UL36 and Flag-tagged hMLKL
truncation mutants. HA-UL36 was immunoprecipitated, and co-precipitating Flag-MLKLs were detected by Western
blot. Flag-tagged IFI16 served as a negative control. (c) HEK-293A cells were transfected with plasmids as in (b). Flag-
MLKLs were immunoprecipitated, and co-precipitating HA-UL36 was detected by Western blot. (d) Schematic depiction of
mMLKL truncation mutants. (e) HEK-293A cells were co-transfected with plasmids expressing HA-UL36 and Flag-mMLKL
truncation mutants. HA-UL36 was immunoprecipitated, and co-precipitating Flag-MLKLs were detected by Western blot.
Flag-IFI16 served as a negative control. (f) HEK-293A cells were transfected with plasmids as in (e). Flag-MLKLs were
immunoprecipitated, and co-precipitating HA-UL36 was detected by Western blot. + indicates transfection with pcDNA
HA-UL36.

3.4. UL36 Promotes Proteasomal Degradation of mMLKL in Infected Cells

UL36 has been shown to bind and degrade hMLKL in a proteasome-dependent
manner [24]. To test whether UL36 does the same with mMLKL in murine cells, murine
SVEC4-10 endothelial cells were infected at an MOI of 5 with a chimeric MCMV expressing
UL36 instead of M36 (MCMV-UL36) [40]. The expression of UL36 in the MCMV-UL36
infected cells resulted in a modest reduction of mMLKL levels at 48 h post-infection (hpi)
(Figure 5a).

To test whether the reduced mMLKL levels were a result of proteasomal or lysosomal
degradation, we treated infected cells for 6 h before harvest with a proteasome inhibitor
(MG-132) or a lysosomal inhibitor (NH4Cl). At 48 hpi, mMLKL levels were reduced
in untreated cells and cells treated with NH4Cl, but were largely unchanged in cells
treated with MG-132 (Figure 5b). These data suggested that UL36 promotes proteasomal
degradation of mMLKL, similar to what has been described for UL36 in HCMV-infected
human cells [24]. However, the reduction of mMLKL in cells infected with MCMVUL36
was quite modest, with substantial amounts of mMLKL remaining within infected cells.
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Figure 4. HCMV UL36 has stronger affinity to human than to murine MLKL. HEK-293A cells were
co-transfected with 2.6 µg of plasmid expressing HA-tagged UL36, 2.6 µg of plasmids expressing
myc-tagged mMLKL and increasing concentration (from 0 µg to 2.6 µg, black triangles) of plasmid
expressing Flag-tagged hMLKL. HA-tagged UL36 was immunoprecipitated, and co-precipitating
myc-tagged mMLKL and Flag-tagged hMLKL were detected by Western blot. Empty vector (EV)
plasmid was used to normalize the total amount of transfected DNA. + indicates transfection with
HA-UL36 and myc-mMLKL plasmids, respectively.

Figure 5. UL36 expression reduces mMLKL levels in MCMV-infected cells. (a) SVEC4-10 cells were infected with MCMV
WT or MCMV-UL36. mMLKL, UL36, and M45 (infection control) levels were determined at different hours post-infection
(hpi) by Western blot. (b) SVEC4-10 cells were infected with MCMV-UL36. Six hours before harvest, cells were treated with
a lysosomal acidification inhibitor (NH4Cl) or a proteasome inhibitor (MG-132) or left untreated. mMLKL, UL36, and M45
levels were determined by immunoblot at 24 and 48 hpi. mMLKL levels relative to those of a housekeeping gene product
were determined by densitometry and normalized to mock infected cells. + indicates treatment and – lack of treatment with
the respective inhibitor.
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3.5. A Chimeric MCMV-UL36 Virus Prevents Necroptosis in Humans but Not in Murine Cells

UL36 can prevent caspase-8-dependent apoptosis and MLKL-dependent necroptosis
in human cells [23,24]. A previous study has used the chimeric virus MCMV-UL36 to shown
that UL36 can substitute for M36 in MCMV for the prevention of caspase-8-dependent
apoptosis in infected cells [40]. Since UL36 interacts with mMLKL (Figure 2a,b) and
reduces mMLKL levels (Figure 5), we interrogated whether UL36 also inhibits mMLKL-
dependent necroptosis in murine cells. We first tested whether MCMV-UL36 can block
apoptosis in SVEC4-10 endothelial cells. This cell line is highly sensitive to MCMV-induced
necroptosis [27,55], but apoptosis induction requires appropriate stimulation, e.g., with
TNFα and the Smac mimetic BV6 (T + B) [28,56]. As T + B treatment can induce both
apoptosis and necroptosis, we used the caspase inhibitor z-VAD-fmk (V) to block apoptosis
and promote necroptosis. The RIPK3 inhibitor GSK’872 (G) was used to block necroptosis.
First, we used a set of MCMV mutants (Figure 6a) to confirm the ability of UL36 to inhibit
TNFα-induced apoptosis in MCMV-infected cells.

Murine SVEC4-10 infected with MCMV∆M36 showed a significant reduction (p < 0.001)
in cell viability when treated with T + B for apoptosis induction (Figure 6b). Apoptosis
was inhibited by zVAD-fmk treatment (T + B + V). Cells infected with MCMV-UL36 were
resistant to apoptosis induction (Figure 6b), indicating that UL36 functionally replaces
M36 and prevents apoptosis in murine endothelial cells. As expected, SVEC4-10 cells were
highly sensitive to infection-induced necroptosis when infected with an MCMV mutant
lacking the viral necroptosis inhibitor, M45 (MCMV∆M45). Necroptosis could be inhibited
with GSK’872 (Figure 6b).

Next, we wanted to find out whether UL36 can prevent necroptosis of murine cells.
As MCMV already encodes a potent inhibitor of necroptosis, M45, whose activity depends
on a RIP homotypic interaction motif (RHIM), we used a recombinant MCMV with a
mutant RHIM (MCMV-M45mutRHIM). Murine SVEC4-10 cells infected with MCMV-
M45mutRHIM lost viability due to necroptosis, as confirmed by treatment with necroptosis
inhibitor GSK’872 (Figure 6c). When we mutated the M45 RHIM in MCMV-UL36, infected
SVEC4-10 endothelial cells remained sensitive to necroptosis (Figure 6c). Similar results
were obtained with MCMV-infected 10.1 fibroblasts (Supplementary Figure S1). These
findings suggested that UL36 is unable to prevent necroptosis in murine cells. However, it
remained possible that UL36 expression levels were insufficient. To exclude this possibility,
we infected human HT-29 cells with the same set of MCMV mutants. In general, human
cells are not permissive for the full replication cycle of MCMV, but they allow the expression
of viral immediate-early and early gene products [57–59]. HT-29 cells are less sensitive than
SVEC4-10 cells to infection-induced necroptosis, and therefore external stimulation (T + B)
was used to induce apoptosis or necroptosis. As expected, HT-29 cells infected with MCMV-
M45mutRHIM were sensitive to necroptosis, while those infected with MCMV∆M36 were
sensitive to apoptosis (Figure 6d). When M36 was substituted by UL36 (MCMV-UL36),
infected cells remained resistant to apoptosis induction, confirming that UL36 can rescue
the loss of M36. Moreover, UL36 also rescued the loss of M45′s anti-necroptotic function
(M45mutRHIM) in infected HT-29 cells (Figure 6d), indicating that UL36 expression by
MCMV-UL36 is sufficient for the inhibition of necroptosis in human cells.

Taken together, the results of this study indicate that the HCMV UL36 protein is a
species-specific necroptosis inhibitor. While UL36 interacts strongly with hMLKL (Figure 4)
and is fully capable of inhibiting necroptosis in human cells (Figure 6d), consistent with
recently published data [24], its interaction with mMLKL is less pronounced (Figure 4),
and inhibition of necroptosis in murine cells was not detectable (Figure 6c).
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Figure 6. UL36 inhibits necroptosis in human but not in murine cells. (a) Schematic of MCMV mutants, generated with
BioRender (accessed on September 1, 2021). (b) SVEC4-10 cells were infected with MCMVs (MOI 5) and treated 6 hpi with
TNFα (T, 30 ng/mL), the SMAC mimetic BV6 (B, 1 µM), the caspase inhibitor zVAD-fmk (V, 75 µM), and the RIPK3 inhibitor
GSK’872 (3 µM). Cell viability was determined by measuring ATP levels at 24 hpi. Values were normalized by group to
cells treated with both inhibitors (T+B+V+G). (c) SVEC4-10 cells were treated with a caspase inhibitor (zVAD-fmk, 50 µM),
a RIPK3 inhibitor (GSK’872, 5 µM), or vector (DMSO, 0.1%), and infected 1 h post-treatment with MCMV mutants. Cell
viability was determined by measuring ATP levels at 24 hpi. For MCMV-UL36-M45mutRHIM two independent clones
were used. Values were normalized by group to V+G treated cells (d) HT-29 cells were MCMVs infected and treated
6 hpi as in B. Cell viability was determined by measuring ATP levels at 24 hpi. Values were normalized by group to
T+B+V+G-treated cells. For MCMV-UL36-M45mutRHIM two independent clones were used. Arrowheads indicate the
samples to be compared.

4. Discussion

Herpesviruses have several proteins involved in escaping cellular antiviral defenses,
and in particular in inhibiting programmed cell death [18,60]. In some cases, the inhibitory
function of these proteins is species-specific, in other cases not. Here we show that the
HCMV UL36 protein, which inhibits necroptosis in human cells, is incapable of preventing
necroptosis in murine cells. The fact that UL36 inhibited necroptosis in human dermal
fibroblasts [24] and HT-29 epithelial cells (Figure 6d) but not in murine endothelial cells
(Figure 6c) or fibroblasts (Supplementary Figure S1) argues for a species-specific rather
than a cell type-specific effect.

UL36 has been shown to block apoptosis by inhibiting caspase-8 activation in both
human and mouse cells [40]. A recent study demonstrated that UL36 also blocks necrop-
tosis by targeting MLKL, an effector protein of necroptosis, and degrading it via the
proteasome [24]. The finding that UL36 acts as a dual cell death pathway inhibitor was
reminiscent of the HSV-1 protein ICP6, which also inhibits both apoptosis and necropto-
sis [19–22]. However, UL36 and ICP6 are unrelated proteins, and their mechanisms of
necroptosis inhibition are different: while ICP6 prevents RHIM-dependent activation of
RIPK3, UL36 interacts and degrades MLKL [24]. While HCMV and HSV-1 use a single
protein to block both apoptosis and necroptosis, UL36 and ICP6 [19,23,24,40], respectively,
MCMV uses two separate proteins for this purpose: M36, a homolog of UL36, and M45,
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a homolog of ICP6, to block apoptosis and necroptosis, respectively [25–28,61]. It is also
interesting to note that UL45, the HCMV homolog of ICP6 and M45, does not possess a
RHIM and does not have a known role in cell death inhibition [62,63]. UL45 also differs
from M45 and ICP6 in that it does not possess a conserved induced protein aggregation
motif (IPAM) [64]. Nevertheless, it shares one of M45′s functions, the ability to inhibit
NF-κB activation. The mechanisms, however, are not identical. While M45 interacts with
RIPK1 and NEMO and induces their aggregation and degradation by aggrephagy [64–66],
UL45 cooperates with the viral deubiquitinase UL48 to inhibit RIPK1-dependent NF-κB
signaling [67].

Since human and murine MLKL proteins are highly conserved (62% amino acid
identity and 84% similarity) and have the same function, we interrogated whether UL36
retains the ability to block necroptosis in murine cells. MLKL is the terminal effector of
necroptosis, and it is activated by RIPK3. RIPK3 phosphorylates MLKL thereby initiat-
ing its oligomerization and translocation to the plasma membrane. Oligomerized MLKL
permeabilizes the membrane and leads to necrotic cell death [50]. Although human and
murine MLKL have similar sequences and structures, their interaction with RIPK3s is
species-dependent. For example, hRIPK3 does not bind mMLKL and vice versa [68]. The
species specificity of the RIPK3-MLKL interaction is primarily determined by sequence
differences in the phosphorylation sites and the flanking sequences around the phospho-
rylation sites in hRIPK3 and mRIPK3 [68]. UL36 is thought to interact with and inhibit
the unphosphorylated pool of hMLKL [24], therefore, it was reasonable to assume that
UL36 could interact with mMLKL, regardless of the differences between mMLKL and
hMLKL. By co-immunoprecipitation and immunofluorescence experiments, we verified
that UL36 co-precipitates and co-localizes with mMLKL. This interaction was specific
because the murine homolog, M36, did not interact with mMLKL. However, the interaction
was stronger when UL36 was co-transfected with hMLKL (Figures 2 and 3). Indeed, when-
ever UL36 and hMLKL were expressed together, the expression levels of UL36 increased,
suggesting that hMLKL stabilizes the viral protein. Furthermore, as soon as hMLKL was
expressed together with UL36, the interaction levels between UL36 and the murine protein
decreased while those with the human protein increased (Figure 4). When we analyzed
the requirement of specific MLKL domains for the interaction with UL36, we found that
it differed between human and murine MLKL, suggesting a possible different regulatory
mechanism (Figure 3). While studying the role of UL36 in necroptosis during infection,
using an MCMV chimera, we noted that mMLKL expression levels were slightly decreased
and were restored in the presence of a proteasome inhibitor (Figure 5). However, this level
of degradation was apparently not sufficient to prevent the necroptosis in murine cells. In
fact, neither during TNFα-induced cell death nor in cells susceptible to MCMV-induced
necroptosis was it possible to observe an effect of UL36 on necroptosis. In contrast, UL36
significantly reduced necrosis in MCMV-infected human cells (Figure 6). Based on these
data we concluded that the interaction of UL36 with mMLKL is weak and insufficient to
prevent MLKL-mediated necroptosis in murine cells.

Many members of the Herpesviridae family are highly species-specific. Some of them
replicate only in cells of their own or a closely related species [69]. Others can replicate
in cells of a foreign species but cannot establish a productive infection in a foreign host
organism. Numerous different factors contribute to the species barrier. After entering
a cell, viruses need to overcome many hurdles to ensure their replication, such as cell-
intrinsic defense mechanisms and the innate immune response. To this end, viruses have
evolved proteins to inhibit or evade cellular defenses. As a result of a long co-evolution
over thousands or millions of years, some viruses have become so adapted to their host
that they can efficiently undermine cellular defenses, such as programmed cell death,
only in cells of their natural host species. This seems to be of particular relevance to
necroptosis inhibitors: HSV-1 ICP6 and HSV-2 ICP10 inhibit necroptosis in human but
not murine cells [19,20,22]. The same is true for HCMV UL36, as we show in the present
study. Moreover, a similar species-specific effect was observed in the PCD inhibitor MC159



Viruses 2021, 13, 2134 12 of 15

of Molluscum contagiosum virus, a human poxvirus [48]. Necroptosis inhibitors should
therefore be considered as host range factors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13112134/s1, Figure S1: UL36 does not prevent necroptosis in murine fibroblasts.

Author Contributions: Conceptualization, E.M., W.B.; investigation, E.M., C.C., R.B. and G.F.;
writing—original draft preparation, E.M., W.B.; writing—review and editing, E.M., G.F. and W.B.;
supervision, W.B.; funding acquisition, W.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by funding from Deutsche Forschungsgemeinschaft (BR 1730/3-
2 to W.B.). The HPI is supported by the Free and Hanseatic City of Hamburg and the German Federal
Ministry of Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material. The
datasets generated and analyzed during the course of this study are available from the corresponding
author upon request without restrictions.

Acknowledgments: We thank Luka Cicin-Sain for providing MCMV∆M36 and MCMV-UL36, and
Stipan Jonjic and Thomas Shenk for antibodies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Pellet, P.E.; Roizman, B. Herpesviridiae. In Fields Virology, 6th ed.; Fields, B.N., Knipe, D.M., Howley, P.M., Eds.; Wolters Kluwer

Health/Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; pp. 1802–1822.
2. Arvin, A.; Campadelli-Fiume, G.; Mocarski, E.; Moore, P.S.; Roizman, B.; Whitley, R.; Yamanishi, K. (Eds.) Human Herpesviruses:

Biology, Therapy, and Immunoprophylaxis; Cambridge University Press: Cambridge, UK, 2007.
3. O’Connor, C.M.; Sen, G.C. Innate Immune Responses to Herpesvirus Infection. Cells 2021, 10, 2122. [CrossRef]
4. Walsh, D.; Mohr, I. Viral Subversion of the Host Protein Synthesis Machinery. Nat. Rev. Microbiol. 2011, 9, 860–875. [CrossRef]
5. Luo, H. Interplay between the Virus and the Ubiquitin-Proteasome System: Molecular Mechanism of Viral Pathogenesis. Curr.

Opin. Virol. 2016, 17, 1–10. [CrossRef]
6. Imre, G. Cell Death Signalling in Virus Infection. Cell. Signal. 2020, 76, 109772. [CrossRef]
7. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;

et al. Molecular Mechanisms of Cell Death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef]

8. Orzalli, M.H.; Kagan, J.C. Apoptosis and Necroptosis as Host Defense Strategies to Prevent Viral Infection. Trends Cell Biol. 2017,
27, 800–809. [CrossRef]

9. Bertheloot, D.; Latz, E.; Franklin, B.S. Necroptosis, Pyroptosis and Apoptosis: An Intricate Game of Cell Death. Cell. Mol. Immunol.
2021, 18, 1106–1121. [CrossRef] [PubMed]

10. Holbrook, J.; Lara-Reyna, S.; Jarosz-Griffiths, H.; McDermott, M.F. Tumour Necrosis Factor Signalling in Health and Disease.
F1000Research 2019, 8, F1000Faculty Rev-111. [CrossRef] [PubMed]

11. Lee, E.-W.; Seo, J.; Jeong, M.; Lee, S.; Song, J. The Roles of FADD in Extrinsic Apoptosis and Necroptosis. BMB Rep. 2012, 45,
496–508. [CrossRef] [PubMed]

12. Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled Demolition at the Cellular Level. Nat. Rev. Mol. Cell Biol. 2008, 9,
231–241. [CrossRef] [PubMed]

13. Orozco, S.; Oberst, A. RIPK3 in Cell Death and Inflammation: The Good, the Bad, and the Ugly. Immunol. Rev. 2017, 277, 102–112.
[CrossRef]

14. Grootjans, S.; Vanden Berghe, T.; Vandenabeele, P. Initiation and Execution Mechanisms of Necroptosis: An Overview. Cell Death
Differ. 2017, 24, 1184–1195. [CrossRef]

15. Zhang, J.; Yang, Y.; He, W.; Sun, L. Necrosome Core Machinery: MLKL. Cell. Mol. Life Sci. CMLS 2016, 73, 2153–2163. [CrossRef]
16. He, S.; Han, J. Manipulation of Host Cell Death Pathways by Herpes Simplex Virus. Curr. Top. Microbiol. Immunol. 2020.

[CrossRef]
17. Mocarski, E.S.; Guo, H.; Kaiser, W.J. Necroptosis: The Trojan Horse in Cell Autonomous Antiviral Host Defense. Virology 2015,

479–480, 160–166. [CrossRef]

https://www.mdpi.com/article/10.3390/v13112134/s1
https://www.mdpi.com/article/10.3390/v13112134/s1
http://doi.org/10.3390/cells10082122
http://doi.org/10.1038/nrmicro2655
http://doi.org/10.1016/j.coviro.2015.09.005
http://doi.org/10.1016/j.cellsig.2020.109772
http://doi.org/10.1038/s41418-017-0012-4
http://doi.org/10.1016/j.tcb.2017.05.007
http://doi.org/10.1038/s41423-020-00630-3
http://www.ncbi.nlm.nih.gov/pubmed/33785842
http://doi.org/10.12688/f1000research.17023.1
http://www.ncbi.nlm.nih.gov/pubmed/30755793
http://doi.org/10.5483/BMBRep.2012.45.9.186
http://www.ncbi.nlm.nih.gov/pubmed/23010170
http://doi.org/10.1038/nrm2312
http://www.ncbi.nlm.nih.gov/pubmed/18073771
http://doi.org/10.1111/imr.12536
http://doi.org/10.1038/cdd.2017.65
http://doi.org/10.1007/s00018-016-2190-5
http://doi.org/10.1007/82_2020_196
http://doi.org/10.1016/j.virol.2015.03.016


Viruses 2021, 13, 2134 13 of 15

18. Brune, W.; Andoniou, C.E. Die Another Day: Inhibition of Cell Death Pathways by Cytomegalovirus. Viruses 2017, 9, 249.
[CrossRef] [PubMed]

19. Guo, H.; Omoto, S.; Harris, P.A.; Finger, J.N.; Bertin, J.; Gough, P.J.; Kaiser, W.J.; Mocarski, E.S. Herpes Simplex Virus Suppresses
Necroptosis in Human Cells. Cell Host Microbe 2015, 17, 243–251. [CrossRef] [PubMed]

20. Huang, Z.; Wu, S.-Q.; Liang, Y.; Zhou, X.; Chen, W.; Li, L.; Wu, J.; Zhuang, Q.; Chen, C.; Li, J.; et al. RIP1/RIP3 Binding to HSV-1
ICP6 Initiates Necroptosis to Restrict Virus Propagation in Mice. Cell Host Microbe 2015, 17, 229–242. [CrossRef] [PubMed]

21. Dufour, F.; Sasseville, A.M.-J.; Chabaud, S.; Massie, B.; Siegel, R.M.; Langelier, Y. The Ribonucleotide Reductase R1 Subunits of
Herpes Simplex Virus Types 1 and 2 Protect Cells against TNFα- and FasL-Induced Apoptosis by Interacting with Caspase-8.
Apoptosis Int. J. Program. Cell Death 2011, 16, 256–271. [CrossRef] [PubMed]

22. Yu, X.; Li, Y.; Chen, Q.; Su, C.; Zhang, Z.; Yang, C.; Hu, Z.; Hou, J.; Zhou, J.; Gong, L.; et al. Herpes Simplex Virus 1 (HSV-1) and
HSV-2 Mediate Species-Specific Modulations of Programmed Necrosis through the Viral Ribonucleotide Reductase Large Subunit
R1. J. Virol. 2016, 90, 1088–1095. [CrossRef]

23. Skaletskaya, A.; Bartle, L.M.; Chittenden, T.; McCormick, A.L.; Mocarski, E.S.; Goldmacher, V.S. A Cytomegalovirus-Encoded
Inhibitor of Apoptosis That Suppresses Caspase-8 Activation. Proc. Natl. Acad. Sci. USA 2001, 98, 7829–7834. [CrossRef] [PubMed]

24. Fletcher-Etherington, A.; Nobre, L.; Nightingale, K.; Antrobus, R.; Nichols, J.; Davison, A.J.; Stanton, R.J.; Weekes, M.P. Human
Cytomegalovirus Protein PUL36: A Dual Cell Death Pathway Inhibitor. Proc. Natl. Acad. Sci. USA 2020, 117, 18771–18779.
[CrossRef] [PubMed]

25. Upton, J.W.; Kaiser, W.J.; Mocarski, E.S. DAI Complexes with RIP3 to Mediate Virus-Induced Programmed Necrosis That Is
Targeted by Murine Cytomegalovirus vIRA. Cell Host Microbe 2012, 11, 290–297. [CrossRef] [PubMed]

26. Upton, J.W.; Kaiser, W.J.; Mocarski, E.S. Cytomegalovirus M45 Cell Death Suppression Requires Receptor-Interacting Protein
(RIP) Homotypic Interaction Motif (RHIM)-Dependent Interaction with RIP1. J. Biol. Chem. 2008, 283, 16966–16970. [CrossRef]

27. Upton, J.W.; Kaiser, W.J.; Mocarski, E.S. Virus Inhibition of RIP3-Dependent Necrosis. Cell Host Microbe 2010, 7, 302–313.
[CrossRef]

28. Ménard, C.; Wagner, M.; Ruzsics, Z.; Holak, K.; Brune, W.; Campbell, A.E.; Koszinowski, U.H. Role of Murine Cytomegalovirus
US22 Gene Family Members in Replication in Macrophages. J. Virol. 2003, 77, 5557–5570. [CrossRef] [PubMed]

29. Omoto, S.; Guo, H.; Talekar, G.R.; Roback, L.; Kaiser, W.J.; Mocarski, E.S. Suppression of RIP3-Dependent Necroptosis by Human
Cytomegalovirus. J. Biol. Chem. 2015, 290, 11635–11648. [CrossRef] [PubMed]

30. Poncet, D.; Larochette, N.; Pauleau, A.-L.; Boya, P.; Jalil, A.-A.; Cartron, P.-F.; Vallette, F.; Schnebelen, C.; Bartle, L.M.; Skaletskaya,
A.; et al. An Anti-Apoptotic Viral Protein That Recruits Bax to Mitochondria *. J. Biol. Chem. 2004, 279, 22605–22614. [CrossRef]

31. Arnoult, D.; Bartle, L.M.; Skaletskaya, A.; Poncet, D.; Zamzami, N.; Park, P.U.; Sharpe, J.; Youle, R.J.; Goldmacher, V.S.
Cytomegalovirus Cell Death Suppressor vMIA Blocks Bax- but Not Bak-Mediated Apoptosis by Binding and Sequestering Bax at
Mitochondria. Proc. Natl. Acad. Sci. USA 2004, 101, 7988–7993. [CrossRef] [PubMed]

32. Goldmacher, V.S.; Bartle, L.M.; Skaletskaya, A.; Dionne, C.A.; Kedersha, N.L.; Vater, C.A.; Han, J.; Lutz, R.J.; Watanabe, S.;
McFarland, E.D.C.; et al. A Cytomegalovirus-Encoded Mitochondria-Localized Inhibitor of Apoptosis Structurally Unrelated to
Bcl-2. Proc. Natl. Acad. Sci. USA 1999, 96, 12536–12541. [CrossRef] [PubMed]

33. Karbowski, M.; Norris, K.L.; Cleland, M.M.; Jeong, S.-Y.; Youle, R.J. Role of Bax and Bak in Mitochondrial Morphogenesis. Nature
2006, 443, 658–662. [CrossRef] [PubMed]

34. Norris, K.L.; Youle, R.J. Cytomegalovirus Proteins vMIA and m38.5 Link Mitochondrial Morphogenesis to Bcl-2 Family Proteins.
J. Virol. 2008, 82, 6232–6243. [CrossRef] [PubMed]

35. Cam, M.; Handke, W.; Picard-Maureau, M.; Brune, W. Cytomegaloviruses Inhibit Bak- and Bax-Mediated Apoptosis with Two
Separate Viral Proteins. Cell Death Differ. 2010, 17, 655–665. [CrossRef] [PubMed]

36. Jurak, I.; Schumacher, U.; Simic, H.; Voigt, S.; Brune, W. Murine Cytomegalovirus m38.5 Protein Inhibits Bax-Mediated Cell Death.
J. Virol. 2008, 82, 4812–4822. [CrossRef] [PubMed]

37. Schmiedeke, J.K.; Hartmann, A.-K.; Ruckenbrod, T.; Stassen, M.; Reddehase, M.J.; Lemmermann, N.A. The Anti-Apoptotic
Murine Cytomegalovirus Protein vMIA-m38.5 Induces Mast Cell Degranulation. Front. Cell. Infect. Microbiol. 2020, 10, 439.
[CrossRef] [PubMed]

38. Handke, W.; Luig, C.; Popovic, B.; Krmpotic, A.; Jonjic, S.; Brune, W. Viral Inhibition of BAK Promotes Murine Cytomegalovirus
Dissemination to Salivary Glands. J. Virol. 2013, 87, 3592–3596. [CrossRef] [PubMed]

39. McCormick, A.L.; Skaletskaya, A.; Barry, P.A.; Mocarski, E.S.; Goldmacher, V.S. Differential Function and Expression of the Viral
Inhibitor of Caspase 8-Induced Apoptosis (vICA) and the Viral Mitochondria-Localized Inhibitor of Apoptosis (vMIA) Cell Death
Suppressors Conserved in Primate and Rodent Cytomegaloviruses. Virology 2003, 316, 221–233. [CrossRef] [PubMed]

40. Chaudhry, M.Z.; Kasmapour, B.; Plaza-Sirvent, C.; Bajagic, M.; Casalegno Garduño, R.; Borkner, L.; Lenac Roviš, T.; Scrima, A.;
Jonjic, S.; Schmitz, I.; et al. UL36 Rescues Apoptosis Inhibition and In Vivo Replication of a Chimeric MCMV Lacking the M36
Gene. Front. Cell. Infect. Microbiol. 2017, 7, 312. [CrossRef] [PubMed]

41. Harvey, D.M.; Levine, A.J. P53 Alteration Is a Common Event in the Spontaneous Immortalization of Primary BALB/c Murine
Embryo Fibroblasts. Genes Dev. 1991, 5, 2375–2385. [CrossRef] [PubMed]

42. Jordan, S.; Krause, J.; Prager, A.; Mitrovic, M.; Jonjic, S.; Koszinowski, U.H.; Adler, B. Virus Progeny of Murine Cytomegalovirus
Bacterial Artificial Chromosome PSM3fr Show Reduced Growth in Salivary Glands Due to a Fixed Mutation of MCK-2. J. Virol.
2011, 85, 10346–10353. [CrossRef] [PubMed]

http://doi.org/10.3390/v9090249
http://www.ncbi.nlm.nih.gov/pubmed/28869497
http://doi.org/10.1016/j.chom.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25674983
http://doi.org/10.1016/j.chom.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25674982
http://doi.org/10.1007/s10495-010-0560-2
http://www.ncbi.nlm.nih.gov/pubmed/21107701
http://doi.org/10.1128/JVI.02446-15
http://doi.org/10.1073/pnas.141108798
http://www.ncbi.nlm.nih.gov/pubmed/11427719
http://doi.org/10.1073/pnas.2001887117
http://www.ncbi.nlm.nih.gov/pubmed/32690704
http://doi.org/10.1016/j.chom.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22423968
http://doi.org/10.1074/jbc.C800051200
http://doi.org/10.1016/j.chom.2010.03.006
http://doi.org/10.1128/JVI.77.10.5557-5570.2003
http://www.ncbi.nlm.nih.gov/pubmed/12719548
http://doi.org/10.1074/jbc.M115.646042
http://www.ncbi.nlm.nih.gov/pubmed/25778401
http://doi.org/10.1074/jbc.M308408200
http://doi.org/10.1073/pnas.0401897101
http://www.ncbi.nlm.nih.gov/pubmed/15148411
http://doi.org/10.1073/pnas.96.22.12536
http://www.ncbi.nlm.nih.gov/pubmed/10535957
http://doi.org/10.1038/nature05111
http://www.ncbi.nlm.nih.gov/pubmed/17035996
http://doi.org/10.1128/JVI.02710-07
http://www.ncbi.nlm.nih.gov/pubmed/18417572
http://doi.org/10.1038/cdd.2009.147
http://www.ncbi.nlm.nih.gov/pubmed/19816509
http://doi.org/10.1128/JVI.02570-07
http://www.ncbi.nlm.nih.gov/pubmed/18321965
http://doi.org/10.3389/fcimb.2020.00439
http://www.ncbi.nlm.nih.gov/pubmed/32984069
http://doi.org/10.1128/JVI.02657-12
http://www.ncbi.nlm.nih.gov/pubmed/23302869
http://doi.org/10.1016/j.virol.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/14644605
http://doi.org/10.3389/fcimb.2017.00312
http://www.ncbi.nlm.nih.gov/pubmed/28770171
http://doi.org/10.1101/gad.5.12b.2375
http://www.ncbi.nlm.nih.gov/pubmed/1752433
http://doi.org/10.1128/JVI.00545-11
http://www.ncbi.nlm.nih.gov/pubmed/21813614


Viruses 2021, 13, 2134 14 of 15

43. Krause, E.; de Graaf, M.; Fliss, P.M.; Dölken, L.; Brune, W. Murine Cytomegalovirus Virion-Associated Protein M45 Mediates
Rapid NF-κB Activation after Infection. J. Virol. 2014, 88, 9963–9975. [CrossRef]

44. Tischer, B.K.; Smith, G.A.; Osterrieder, N. En Passant Mutagenesis: A Two Step Markerless Red Recombination System. Methods
Mol. Biol. Clifton NJ 2010, 634, 421–430. [CrossRef]

45. Brune, W.; Hengel, H.; Koszinowski, U.H. A Mouse Model for Cytomegalovirus Infection. 2001. Available online: https:
//currentprotocols.onlinelibrary.wiley.com/doi/10.1002/0471142735.im1907s43 (accessed on 19 October 2021). [CrossRef]
[PubMed]

46. Kangro, H.O.; Mahy, B.W.J. Virology Methods Manual; Academic Press: San Diego, CA, USA, 1996. [CrossRef]
47. Patterson, C.E.; Shenk, T. Human Cytomegalovirus UL36 Protein Is Dispensable for Viral Replication in Cultured Cells. J. Virol.

1999, 73, 7126–7131. [CrossRef] [PubMed]
48. Hüttmann, J.; Krause, E.; Schommartz, T.; Brune, W. Functional Comparison of Molluscum Contagiosum Virus VFLIP MC159

with Murine Cytomegalovirus M36/vICA and M45/vIRA Proteins. J. Virol. 2015, 90, 2895–2905. [CrossRef] [PubMed]
49. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675.

[CrossRef]
50. Petrie, E.J.; Sandow, J.J.; Jacobsen, A.V.; Smith, B.J.; Griffin, M.D.W.; Lucet, I.S.; Dai, W.; Young, S.N.; Tanzer, M.C.; Wardak,

A.; et al. Conformational Switching of the Pseudokinase Domain Promotes Human MLKL Tetramerization and Cell Death by
Necroptosis. Nat. Commun. 2018, 9, 2422. [CrossRef]

51. Cai, Z.; Jitkaew, S.; Zhao, J.; Chiang, H.-C.; Choksi, S.; Liu, J.; Ward, Y.; Wu, L.-G.; Liu, Z.-G. Plasma Membrane Translocation of
Trimerized MLKL Protein Is Required for TNF-Induced Necroptosis. Nat. Cell Biol. 2014, 16, 55–65. [CrossRef] [PubMed]

52. Hildebrand, J.M.; Tanzer, M.C.; Lucet, I.S.; Young, S.N.; Spall, S.K.; Sharma, P.; Pierotti, C.; Garnier, J.-M.; Dobson, R.C.J.; Webb,
A.I.; et al. Activation of the Pseudokinase MLKL Unleashes the Four-Helix Bundle Domain to Induce Membrane Localization
and Necroptotic Cell Death. Proc. Natl. Acad. Sci. USA 2014, 111, 15072–15077. [CrossRef]

53. Petrie, E.J.; Birkinshaw, R.W.; Koide, A.; Denbaum, E.; Hildebrand, J.M.; Garnish, S.E.; Davies, K.A.; Sandow, J.J.; Samson, A.L.;
Gavin, X.; et al. Identification of MLKL Membrane Translocation as a Checkpoint in Necroptotic Cell Death Using Monobodies.
Proc. Natl. Acad. Sci. USA 2020, 117, 8468–8475. [CrossRef]

54. Rodriguez, D.A.; Weinlich, R.; Brown, S.; Guy, C.; Fitzgerald, P.; Dillon, C.P.; Oberst, A.; Quarato, G.; Low, J.; Cripps, J.G.; et al.
Characterization of RIPK3-Mediated Phosphorylation of the Activation Loop of MLKL during Necroptosis. Cell Death Differ.
2016, 23, 76–88. [CrossRef] [PubMed]

55. Brune, W.; Ménard, C.; Heesemann, J.; Koszinowski, U.H. A Ribonucleotide Reductase Homolog of Cytomegalovirus and
Endothelial Cell Tropism. Science 2001, 291, 303–305. [CrossRef] [PubMed]

56. Daley-Bauer, L.P.; Roback, L.; Crosby, L.N.; McCormick, A.L.; Feng, Y.; Kaiser, W.J.; Mocarski, E.S. Mouse Cytomegalovirus M36
and M45 Death Suppressors Cooperate to Prevent Inflammation Resulting from Antiviral Programmed Cell Death Pathways.
Proc. Natl. Acad. Sci. USA 2017, 114, E2786–E2795. [CrossRef] [PubMed]

57. Jurak, I.; Brune, W. Induction of Apoptosis Limits Cytomegalovirus Cross-Species Infection. EMBO J. 2006, 25, 2634–2642.
[CrossRef] [PubMed]

58. Schumacher, U.; Handke, W.; Jurak, I.; Brune, W. Mutations in the M112/M113-Coding Region Facilitate Murine Cytomegalovirus
Replication in Human Cells. J. Virol. 2010, 84, 7994–8006. [CrossRef]

59. Ostermann, E.; Loroch, S.; Qian, Z.; Sickmann, A.; Wiebusch, L.; Brune, W. Activation of E2F-Dependent Transcription by the
Mouse Cytomegalovirus M117 Protein Affects the Viral Host Range. PLoS Pathog. 2018, 14, e1007481. [CrossRef]

60. Guo, H.; Kaiser, W.J.; Mocarski, E.S. Manipulation of Apoptosis and Necroptosis Signaling by Herpesviruses. Med. Microbiol.
Immunol. 2015, 204, 439–448. [CrossRef]

61. Mack, C.; Sickmann, A.; Lembo, D.; Brune, W. Inhibition of Proinflammatory and Innate Immune Signaling Pathways by a
Cytomegalovirus RIP1-Interacting Protein. Proc. Natl. Acad. Sci. USA 2008, 105, 3094–3099. [CrossRef]

62. Lembo, D.; Brune, W. Tinkering with a Viral Ribonucleotide Reductase. Trends Biochem. Sci. 2009, 34, 25–32. [CrossRef]
63. Hahn, G.; Khan, H.; Baldanti, F.; Koszinowski, U.H.; Revello, M.G.; Gerna, G. The Human Cytomegalovirus Ribonucleotide

Reductase Homolog UL45 Is Dispensable for Growth in Endothelial Cells, as Determined by a BAC-Cloned Clinical Isolate of
Human Cytomegalovirus with Preserved Wild-Type Characteristics. J. Virol. 2002, 76, 9551–9555. [CrossRef]

64. Muscolino, E.; Schmitz, R.; Loroch, S.; Caragliano, E.; Schneider, C.; Rizzato, M.; Kim, Y.-H.; Krause, E.; Juranić Lisnić, V.;
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