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ABSTRACT To identify novel antiapoptotic proteins en-
coded by DNA viruses, we searched viral genomes for proteins
that might interfere with Fas and TNFR1 apoptotic signaling
pathways. We report here that equine herpesvirus type 2 E8
protein and molluscum contagiosum virus MC159 protein
both show sequence similarity to the death effector domains
(DEDs) of the Fas/TNFR1 signaling components FADD and
caspase-8. Yeast two-hybrid analysis revealed that E8 protein
interacted with the caspase-8 prodomain whereas MC159
protein interacted with FADD. Furthermore, expression of
either E8 protein or MC159 protein protected cells from Fas-
and TNFR1-induced apoptosis indicating that certain herpes-
viruses and poxviruses use DED-mediated interactions to
interfere with apoptotic signaling pathways. These findings
identify a novel control point exploited by viruses to regulate
Fas- and TNFR1-mediated apoptosis.

Apoptosis, or programmed cell death, is an intrinsic biochem-
ical pathway that plays an essential role in normal development
and tissue homeostasis (1). Functioning as central effector
molecules of mammalian apoptosis are a growing family of
aspartate-specific cysteine proteases termed caspases (2, 3).
These proteases are synthesized as proenzymes that must first
undergo proteolytic processing to become active enzymatic
complexes. Recent studies suggest that the extensive N-
terminal prodomains associated with certain caspases function
to directly link proenzyme processing and activation to specific
apoptotic signaling pathways (4-6). Upon binding to their
respective ligands, Fas and TNFR1 receptors trigger apoptosis
by recruiting the cytosolic adaptor molecule FADD (MORT1)
to the plasma membrane (7-10). FADD contains a death
effector domain (DED) that binds to the N-terminal prodo-
main of caspase-8 (FLICE, MACH, Mch5), which itself con-
tains two DEDs. Although it is uncertain how the binding of
FADD to the caspase-8 prodomain results in the processing
and activation of the protease, interactions between the DED
of FADD and one or both prodomain DEDs may change the
conformation of pro-caspase-8 and allow the proenzyme to be
activated by autocleavage (4, 5). Thus, DEDs function as
protein-binding domains that directly link both Fas and
TNFR1 apoptotic signaling pathways to the activation of
caspase-8. The recent observation of DEDs in the prodomain
of caspase-10 (Mch4) suggests that these regulatory domains
play a role in the processing and activation of other caspases

(6).
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Apoptosis is an effective antiviral defense mechanism used
by the host to eliminate virus-infected cells and can be
triggered by activated cytotoxic T cells, proinflammatory
cytokines such as tumor necrosis factor (TNF), and by viral
disruption of cellular metabolism and cell cycle regulation
(11). To counter the host apoptotic response, many DNA
viruses encode proteins that interfere with key regulatory steps
in apoptotic signaling pathways. Antiapoptotic proteins en-
coded by viruses include Bcl-2 homologs (e.g., adenovirus E1B
19K) that function by an unknown mechanism to prevent
activation of apoptotic caspases (12-14), as well as inhibitors
of the caspases themselves (e.g., cowpox CrmA and baculovi-
rus P35) (15-18). Infection of cells with mutant viruses lacking
these genes often results in premature apoptotic death and
reduced yields of progeny virus, indicating that antiapoptotic
proteins are necessary for efficient virus replication (19-21).
In addition, suppression of apoptotic cell death is important for
viral persistence (22) and may be required for the establish-
ment of certain latent infections (23). Thus, understanding the
mechanisms that viruses use to inhibit apoptosis should pro-
vide further insight into apoptotic signaling pathways as well as
virus replication and persistence.

To identify novel viral proteins that might interfere with
apoptosis, we studied two DNA viruses that do not encode any
known antiapoptotic proteins such as Bcl-2 homologs or direct
inhibitors of caspase activity. Here we show that equine
herpesvirus type 2 (EHV-2) E8 is a DED-containing protein
that binds to the caspase-8 prodomain and blocks Fas- and
TNFR1-induced apoptosis. Furthermore, we show that the
MCI159 protein encoded by molluscum contagiosum virus
(MCV), amember of the poxvirus family, is a DED-containing
antiapoptotic protein that binds to FADD. These findings
suggest that the E§ and MC159 proteins function during virus
infection to evade the host apoptotic response and identify
novel sites for viral intervention in Fas and TNFR1 apoptotic
signaling pathways.

MATERIALS AND METHODS

Expression Vectors. EHV-2 E8 (24) and MCV 159L (25)
open reading frames were amplified by PCR from viral DNAs
and cloned into the pCI expression plasmid (Promega) to
construct pCI-E8 and pCI-MC159. Baculovirus ORF P35 was
subcloned from pPRM-35K-ORF (26) into pCI to construct
pCI-P35. pCI-mut Fas expressing a truncated Fas (from pa-
tient 5) was described previously (27).

Abbreviations: DED, death effector domain; EHV-2, equine herpes-

virus type 2; MCV, molluscum contagiosum virus; TNF, tumor
necrosis factor; B-gal, B-galactosidase; X-Gal, 5-bromo-4-chloro-3-
indolyl B-D-galactoside.
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FiG. 1.

EHV-2 E8 and MCV MCI159 are DED-containing proteins. E§ and MC159 DEDs are aligned with the DEDs of FADD and caspase-8.

Solid black and gray shading indicate identical and conserved residues, respectively. Dots indicate gaps in the sequence to allow optimal alignment.

Cell Death Assays. HeLa cells were cotransfected with 350
ng of pPCMV B-gal vector (Stratagene) and 700 ng of either pCI,
pCI-E8, pCI-MC159, or pCI-P35 expression vectors using
LipofectAMINE (Life Technologies, Gaithersburg, MD).
Cells were treated 28 h after transfection with either 500 ng/ml
anti-human Fas mAb CH11 (Oncor) and 5 pg/ml cyclohexi-
mide or 20 ng/ml recombinant (Escherichia coli) human
TNF-a (Boehringer Mannheim) and 15 pg/ml cycloheximide
for 16 h. Control cells received cycloheximide treatment alone.
Cells were fixed and stained for B-galactosidase (B-gal) ex-
pression as described (28). The total number of flat, blue-
staining cells in five random fields of view were counted.
Protection from Fas- and TNF-induced apoptosis was mea-
sured as the ratio of the number of flat, blue-staining cells in
treated to control wells.

MCFT7 cells were cotransfected with 100 ng of pCMV B-gal
vector and 1 pg of either pCl, pCI-ES8, pCI-MC159, or pCI-P35
expression vectors using Lipofectin (Life Technologies). Cells
were treated 24 h after transfection with either 150 ng/ml
anti-human Fas mAb CH11 and 1 ug cycloheximide (control
cells received cycloheximide treatment alone) or 40 ng/ml
recombinant human TNF-a for 12 h. For UV-irradiation
treatment of cells, 6-well dishes were placed on a UV transil-
luminator (FisherBiotech) for 5 min and then incubated for
12 h. Cells were then fixed and stained for B-gal expression.
The total number of flat and round blue-staining cells in five
to seven fields of view were counted. Protection from Fas-,
TNF-, and UV-induced apoptosis was measured as the ratio of
flat, blue-staining cells to the total number of blue cells in
treated to control wells.

Jurkat cells were electroporated with the murine class I
expression vector H-2 L9-pSRa and either pCI, pCI-ES,

PCI-MC159, or pCI-mutant Fas (mFas) at a ratio of 3:1 (20
ng DNA total) and incubated for 16 h as described (27).
Viable cells were isolated on Ficoll (Pharmacia) gradients
and treated with 30 ng/ml anti-human Fas mAb CHI1 in
triplicate wells for 7 h; parallel control cultures received no
antibody treatment. Transfected viable cells staining nega-
tive for annexin-V (an early marker of apoptosis) and
positive for H-2 LY were counted by flow cytometry. Per-
centage protection from Fas-induced apoptosis was calcu-
lated as the ratio of transfected viable cells in treated to
control cultures.

Yeast Two-Hybrid Analysis. Caspase-8 (DED-A, residues
3-80; DED-B, residues 133-209; DED A+ B, residues 3-209)
(6), murine FADD, E8, and E8 DED (residues 93-171) were
subcloned into yeast two-hybrid vectors. A bait vector (LexA
fusion protein), a prey vector (B42 fusion protein), and the
B-gal expression plasmid p18-34 were transformed together
into the yeast strain EGY191 (29). For filter assays, colonies
were patched onto Sc, -ura, -trp, -his plates containing 2%
galactose. Cells were lifted in duplicate using nitrocellulose
filters (Schleicher & Schuell) and lysed in liquid nitrogen. For
the detection of B-gal, each filter was placed in Z buffer (60
mM Na,HPO4/40 mM NaH,PO,/10 mM KCl/1 mM
MgSO,4/50 mM 2-mercaptoethanol) containing 1.25 mg/ml
5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal). Four
colonies from each transformation were assayed. For liquid
assays, cells were grown in Sc, -ura, -trp, -his media containing
2% raffinose to an ODgg of 0.2 and induced with a 2% final
concentration of galactose for 6 h. Cells (1.5 ml) were pelleted
and resuspended in 300 ul Z buffer. Cells (100 ul) were lysed
in 0.7 ml Z buffer containing 35 units of Lyticase (Boehringer
Mannheim) for 1 h. To assay B-gal activity, 160 ul o-

Table 1. Interactions between viral and cellular DED-containing proteins by yeast two-hybrid analysis

Filter assay Liquid assay

DNA-binding hybrid Activation hybrid (intensity of blue color) (B-gal activity, Miller units)

LexA-caspase-§ DED A + B B42-E8 +++ 163 £ 2.6
LexA-caspase-§ DED A + B B42-E8 DED ++ 16.3 2.9
LexA-caspase-8 DED A + B B42 — 75*+08
LexA-E8 DED B42-caspase-8 DED A + B ++ 44 = 8.0
LexA-E8 DED B42-caspase-8 DED B +++ 162 + 44
LexA-E8 DED B42-caspase-8 DED A — 2120
LexA-E8 DED B42 — 21 +33
LexA-E8 DED B42-FADD — 1505
LexA-E8 DED B42 — 1415
LexA-MC159 B42-FADD ++++ 6890 = 1627
LexA-MC159 B42-caspase-8 DED A + B — 31+0.1
LexA-MC159 B42-caspase-8 DED B + 61 +8.9
LexA-MC159 B42-caspase-8 DED A — 39 £19
LexA-MC159 B42 — 27 1.0

Data represent four independent experiments. + -+ + +, Intense blue color; + + +, strong blue color; + -+, medium blue color;

+, light blue color; —, white.
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nitrophenyl B-D-galactoside (4 mg/ml) was added to the
reaction, and the absorbance was measured at ODy4yy and
expressed as Miller units. Three colonies from each transfor-
mation were assayed in duplicate.

RESULTS

E8 and MC159 Are DED-Containing Viral Proteins. The
EHV-2 and MCV genomes do not encode homologs of known
antiapoptotic proteins such as Bcl-2 or inhibitors of caspase
activity (24, 25). We therefore performed a computer search
of the EHV-2 and MCV genomes to identify homologs of
cellular proteins involved in apoptosis. Both EHV-2 E8 and
MCV MC159 proteins showed homology to Fas/TNFRI1 sig-
naling proteins FADD and caspase-8 (Fig. 1). The C terminus
of the 171-aa ES8 protein shows a striking similarity to cellular
DEDs. Residues 93-171 share 31% identity (42% similarity)
with the DED of FADD (residues 4-81) and 23 and 20%
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identity (38 and 32% similarity) with the two DEDs present in
the caspase-8 prodomain (DED-A, residues 3-80 and DED-B,
residues 133-209, respectively). A short region from the ami-
no-half of E8 (residues 58—72) also shows homology to the C
terminus of cellular DEDs (data not shown). The 241-aa
MC159 protein is also a viral DED-containing protein. MC159
contains two tandemly arranged DEDs (DED-A, residues
1-79 and DED-B, residues 97-175), each of which are homol-
ogous to the DEDs of FADD and caspase-8. The overall level
of similarity between the viral DEDs and that of FADD or
caspase-8 is comparable to the levels of similarity that exist
between cellular DED-containing family members. Thus, ES
and MC159 proteins are viral members of the DED-containing
family of apoptotic signaling proteins.

E8 and MC159 Proteins Interact with the Caspase-8 Prodo-
main and FADD, Respectively. Because DEDs are thought to
mediate binding between DED-containing cellular proteins,
and binding of FADD to the caspase-8 prodomain has been

fngt jegr fefr

anti-Fas TNF uv

Fic. 2. E8 and MC159 block Fas- and TNFR1-induced apoptosis. HeLa, Jurkat, and MCF7 cells were transfected with the indicated plasmids
and treated with either anti-Fas antibody, TNF, or U V-irradiation. (4) HeLa cells were fixed and stained for B-gal expression following treatment
and then viewed by phase-contrast microscopy. (B—D) The percentage of viable cells was determined by measuring the number of cells surviving
after treatment with various apoptotic inducers compared with the number of cells receiving no treatment.
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demonstrated previously by yeast two-hybrid analysis (4), we
examined the ability of E8 and MC159 to interact with these
cellular proteins. Yeast two-hybrid interactions were assessed
by an X-Gal filter blue /white assay and by a quantitative liquid
B-gal assay (Table 1). Full-length E8 protein (residues 1-171)
and its C-terminal DED (residues 93-171) each interacted with
the caspase-8 prodomain (DED A+B, residues 3-209). More-
over, the isolated E§ DED strongly interacted with DED-B
(residues 133-209) of the caspase-8 prodomain, demonstrating
that E8§ DED is sufficient to mediate protein interactions with
an isolated cellular DED. No interaction was observed be-
tween E8 DED and DED-A (residues 3—-80). In addition, E8
DED did not interact with FADD, even though both FADD
and the prodomain of caspase-8 were expressed at comparable
levels in the assay (data not shown). Analysis of MC159
binding revealed a striking difference in binding specificity.
Unlike E8, MC159 interacted strongly with FADD and showed
little or no binding to the prodomain of caspase-8. These
findings demonstrate that although viral DED-containing
proteins share similar sequences, they show marked differ-
ences in their ability to interact with the two cellular DED
family members, FADD and caspase-8.

E8 and MC159 Proteins Block Fas- and TNFR1-Induced
Apoptosis. Since E§ and MC159 bound to the caspase-8
prodomain and FADD, respectively, we postulated that the
DED-containing viral proteins might function to block Fas-
and TNFR1-induced apoptosis. To determine whether E8 and
MCI159 have antiapoptotic activity, HeLa cells were cotrans-
fected with plasmids expressing 3-gal and either E§ or MC159
and then treated 28 h after transfection with either anti-Fas
antibody or TNF in the presence of cycloheximide. Whereas
treated cells that were cotransfected with the control vector
and plasmid expressing 3-gal underwent apoptosis with round-
ing up, membrane blebbing, and lifting off from the plate,
many of the treated cells that were cotransfected with either E§
or MC159 and B-gal remained flat and attached to the plate
(Fig. 24). E8 and MC159 protected HeLa cells to a similar
degree as baculovirus P35, which has been shown previously to
be an effective inhibitor of Fas- and TNF-induced apoptosis
(30). Comparison of the number of viable, blue-staining flat
cells in treated wells with those in untreated control wells
showed high levels (>75%) of protection from Fas- or TNF-
induced apoptosis for E§, MC159, or baculovirus P35 proteins,
whereas the vector alone afforded little or no (<10%) pro-
tection (Fig. 2B).

E8 and MC159 also effectively blocked Fas- and TNFR1-
induced apoptosis in two other cell lines, Jurkat T cells and
MCF7 breast carcinoma cells (Fig. 2 C and D). E8 and MC159
protected Jurkat cells to nearly the same level as a truncated
Fas mutant, which acts as a dominant-negative inhibitor of
Fas-induced apoptosis (27). In MCF7 cells, E§ and MC159
blocked Fas- and TNFR1-induced apoptosis nearly as well as
P35. However, in striking contrast to P35, E§ and MC159 did
not block U V-induced apoptotic death. Therefore, the antiapo-
ptotic activity of E8 and MC159 appears to be restricted to
blocking Fas and TNFR1 death signals.

DISCUSSION

We have identified herpesvirus and poxvirus proteins that
specifically block Fas and TNFR1 signaling pathways. TNF and
Fas previously have been shown to be important for lysis of
virus-infected cells. TNF is directly cytotoxic to cells infected
with both DNA and RNA viruses (31, 32), and overexpression
of the cytokine by a recombinant vaccinia virus leads to rapid
virus clearance from infected mice with little or no cytopathic
effects (33). Although the role of Fas in the elimination of
virus-infected cells is less well studied than TNF, Fas-induced
apoptosis has been shown in vitro to interfere with the repli-
cation of herpes simplex virus (34). In addition, Fas and
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FiG. 3. Model for E§ and MC159 inhibition of Fas and TNFR1
signaling pathways. Fas and TNFR1 cell surface receptors induce
apoptosis through the binding of FADD to the prodomain of
caspase-8. E8 and MC159 proteins bind to the caspase-8 prodomain
and FADD, respectively, and may block Fas- and TNFR1-induced
apoptosis by interfering with the ability of pro-caspase-8 to bind to
FADD. In contrast, CrmA and P35 antiapoptotic proteins directly
inhibit caspase-8 enzymatic activity.

perforin lytic pathways are major mechanisms of virus-specific
T cell-mediated cytotoxicity (35). Thus, the ability of ES and
MCI159 proteins to inhibit Fas and TNFR1 apoptotic signaling
pathways may provide a selective advantage for EHV-2 and
MCYV replication in their respective hosts.

EHV-2 belongs to the gammaherpesvirus subfamily (36).
These viruses establish latent infections in lymphocytes and
usually persist for the lifetime of the host. Inhibition of
apoptosis by gammaherpesviruses is thought to be important
because all known members of this subfamily that have been
sequenced, except for EHV-2, encode Bcl-2 homologs (24, 37).
Because the EHV-2 ES8 protein blocks Fas- and TNFRI1-
induced apoptosis, it may have a role analogous to the viral
Bcl-2 homologs in blocking the host apoptotic response and
preventing the premature destruction of virus-infected cells.
Although little is known of EHV-2 infection in the horse,
E8-mediated interference with Fas and TNFR1 signaling
pathways in both lymphocytes and epithelial cells may be
critical for the chronic, frequently asymptomatic infection
caused by the virus (38).

Poxviruses encode members of the serpin family including
SPI-1 and the caspase inhibitor SPI-2 (e.g., cowpox CrmA) that
interfere with Fas- and TNFR1-induced apoptosis (39, 40). In
addition, several poxviruses encode soluble TNF receptors
that interfere with activation of the TNFR1 apoptotic signaling
pathway by direct binding to TNF (41, 42). Surprisingly, MCV
does not encode homologs of either of these types of apoptotic
inhibitors (25). Infection of humans with MCV results in the
formation of hyperplastic cutaneous lesions that can persist for
months to years and typically show no inflammatory reaction
(43). Our finding that MC159 blocks Fas and TNFR1 signaling
pathways in two epithelial cell lines suggests that this protein
may play an important role in the persistent infection of
epithelial cells by MCV. Interestingly, MCV encodes another
DED-containing protein called MC160 that has homology to
both MC159 and cellular DEDs. Experiments are in progress
to determine whether MC160 has antiapoptotic activity.

Our findings identify FADD and pro-caspase-8 as targets for
viral intervention in Fas and TNFRI1 signaling pathways.
Caspase-8 and FADD are also involved in apoptosis mediated
by the DR3 receptor (44), suggesting that E§ and MC159 might
also block this apoptotic signaling pathway. The binding of
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DED-containing E§ and MC159 proteins to the prodomain of
caspase-8 and FADD, respectively, is consistent with a model
of apoptotic suppression that involves direct interaction with
the cellular DED-containing proteins that mediate Fas and
TNFR1 death signals (Fig. 3). The binding of FADD to the
caspase-8 prodomain has been suggested to result in the
processing and activation of the proenzyme to an active
heterodimeric enzyme complex (4, 5). We propose that the
binding of E8 to pro-caspase-8 or MC159 to FADD blocks Fas-
and TNFR1-induced apoptosis by interfering with the ability
of pro-caspase-8 to bind to FADD. The mechanism used by E8
and MCI159 to block apoptosis is therefore different from that
used by the cowpox CrmA (15, 45, 46) and baculovirus P35
(16-18) proteins, which inhibit Fas- and TNFRI1-induced
death by directly inhibiting active caspase-8 (ref. 47; data not
shown). These findings demonstrate that DED-containing
proteins can function as negative regulators of both Fas and
TNFR1 signaling pathways and identify the DED-mediated
pro-caspase-8/FADD interaction as a novel site of apoptotic
regulation.

We thank A. Davison for EHV-2 DNA, V. Dixit for the MCF7 cell
line, P. Friesen for plasmid pPRM-35K-ORF, E. Golemis for yeast
strain EGY191, J. Sisler for oligonucleotide synthesis and DNA
sequencing, C. Zacharchuk for plasmid H-2 Ld-pSRe, and S. Straus for
critical reading of the manuscript. D.M. is a Howard Hughes Medical
Institute—National Institutes of Health Scholar.
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