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The immune system targets virus-infected cells by different means. One of the essential antiviral mechanisms is apoptosis in-
duced by ligation of tumor necrosis factor receptor 1 (TNFR1). This receptor can be activated by tumor necrosis factor alpha
(TNF-�), which upon binding to TNFR1 induces the assembly of first an inflammatory and later a proapoptotic signaling com-
plex. Here, we report that infection by human herpesvirus 6B (HHV-6B) inhibited poly(ADP-ribose) polymerase (PARP) cleav-
age, caspase 3 and 8 activation, and I�B� Ser-32 phosphorylation downstream of TNFR1, indicating inhibition of both the in-
flammatory and apoptotic signaling pathways. We identified a hitherto uncharacterized viral protein, U20, as sufficient for
mediating this inhibition. U20 was shown to locate to the cell membrane, and overexpression inhibited PARP cleavage, caspase 3
and 8 activation, I�B� Ser-32 phosphorylation, and NF-�B transcriptional activity. Moreover, small interfering RNA (siRNA)
knockdown of U20 demonstrated that the protein is necessary for HHV-6B-mediated inhibition of TNFR signaling during infec-
tion. These results suggest an important novel function of U20 as a viral immune evasion protein during HHV-6B infection.

Human herpesvirus 6B (HHV-6B) is a ubiquitous human be-
taherpesvirus with a seroprevalence of �95% in the adult

population in the Western world (28, 45). HHV-6B shares ap-
proximately 90% nucleotide similarity with HHV-6A but differs
from it in biological and clinical characteristics (9, 15, 16, 35, 36).
Primary infection with HHV-6B causes a mild febrile illness called
exanthem subitum, which is characterized by a few days with high
fever followed by the appearance of a rash (47). Primary infection
is most often seen within the first 2 years of life and is normally an
uncomplicated infection (28, 45). Following primary infection,
HHV-6B, like other herpesviruses, establishes lifelong latency in
the host (19, 25). The mechanism of latency is controversial, since
it has been suggested to occur by integration in the telomeric re-
peat region rather than by establishing a permanent episome, as is
known for other herpesviruses (2). In any case, latent HHV-6B
may be reactivated later in life and can cause severe disease, par-
ticularly in immunocompromised individuals. In addition to the
common lateral infection, HHV-6B may also be transmitted ver-
tically by congenital infection. The majority of these congenital
infections are the result of chromosomally integrated HHV-6B.
The frequency of this chromosomal integration may be as high as
1% of all newborns (12).

HHV-6B has been shown to infect a large range of cell types
both in vivo and in vitro, although not all infected cell types sustain
a productive infection. Productive HHV-6B infection occurs pri-
marily in CD4� T cells but may also occur in CD8� T cells and B
cells, although only to a mild extent in the latter case (26). Little is
known about the effects of HHV-6B in nonproductively infected
cells, but cytoplasmic transport from cell to cell is possible, cir-
cumventing tissue barriers (3).

Both HHV-6A and -6B are neurotropic, and both viruses have
been linked to diseases of the central nervous system, such as en-
cephalitis (48). In addition, evidence exists for an association be-
tween HHV-6B and mesial temporal lobe epilepsy (10, 11). A
number of studies have associated HHV-6A or -6B with different
T- and B-cell lymphomas (20, 21), although evidence for a direct
role of the viruses is complicated by their ubiquitous nature and

ability to integrate chromosomally (14). Possibly, HHV-6A or -6B
might act as a cofactor in certain oncogenic diseases by promoting
replication of other viruses, thereby helping the double-infected
cells to evade the immune system (8).

Upon viral infection, the host cell initiates a number of antivi-
ral responses, the most definitive being programmed cell death.
This program occurs through intracellular or extracellular in-
duced pathways. Whereas intracellular pathways often originate
from the mitochondria, the extracellular pathway is induced by
cytokines. One of these is tumor necrosis factor alpha (TNF-�),
which signals through TNF receptor 1 (TNFR1). The conse-
quences of the interaction between TNF-� and TNFR1 are com-
plex and may result in cell survival or cell death signaling, depend-
ing on the binding of different cytoplasmic adaptor proteins to
TNFR1. Ligation of soluble trimerized TNF-� to the TNFR1
trimer recruits the TNFR-associated death domain protein
(TRADD) to the death domain of TNFR1 (4, 27). TRADD func-
tions as a scaffold to assemble a signaling complex called complex
I (23, 43). This complex causes phosphorylation of I�Bs, leading
to NF-�B translocation to the nucleus and thereby transcription
of a wide array of proinflammatory genes, as well as genes involved
in both cell survival and cell death (24, 44). Approximately 60 min
after TNFR1 ligation, a new signaling complex, known as complex
II, is formed in the cytoplasm (27, 37). Complex II includes
FADD, which recruits procaspase 8, which is then cleaved to form
active caspase 8. This caspase activates the effector caspase 3,
which leads to the onset of apoptosis (37).
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Death receptors are likely to be targeted by viruses in order to
prevent cell death and proinflammatory responses. As HHV-6B
has evolved mechanisms to persist in host cells, we speculated
whether HHV-6B infection was able to prevent signaling through
death receptors. Here, we demonstrate that HHV-6B is able to
prevent apoptosis by interfering with TNFR1 signaling. We iden-
tify and characterize an HHV-6B gene product, U20, which is
sufficient to exert this effect. We show that U20 interferes with
downstream signaling of TNFR1 after ligand stimulation. Finally,
we demonstrate that U20 is necessary for HHV-6B-induced inhi-
bition of TNFR1 signaling, suggesting an immune evasive func-
tion of the hitherto uncharacterized U20 during HHV-6B infec-
tion.

MATERIALS AND METHODS
Cell cultures and virus. The human epithelial colon cancer cell line
HCT116 was grown in McCoy’s 5A medium, and the human acute T-lym-
phoblastic leukemia cell line MOLT3 was grown in Iscove’s modified
Dulbecco’s medium (IMDM). All media were supplemented with 10%
fetal calf serum (FCS), glutamine (0.2 g/liter), streptomycin (0.2 g/liter),
penicillin (0.2 g/liter), and HEPES (10 mM). Cell-free HHV-6B, strain
PL-1, was used for all experiments. The virus was propagated in MOLT3
cells, and the cells were freeze-thawed and centrifuged for 1 h at 300 � g.
The supernatants were centrifuged for 4 h at 20,000 � g. The pellet was
resuspended in medium, and the viral titer was determined by the 50%
tissue culture infective dose (TCID50), as previously described (30, 42).
For HHV-6B infection studies, a titer of 120 TCID50 was used.

Antibodies and reagents. Apoptosis analysis by Western blotting
(WB) was performed using the following antibodies: rabbit polyclonal
IgG anti-poly(ADP-ribose) polymerase (PARP) (Cell Signaling Tech-
nology, Beverly MA), rabbit polyclonal IgG anti-caspase 3 active form
(Abcam, Cambridge, United Kingdom), rabbit polyclonal IgG1 anti-
caspase 8 (Cell Signaling Technology), and mouse monoclonal IgG2a
anti-phosphor-I�B� (Santa Cruz Biotechnology, CA). Flow cytometry
analysis of TNFR1 was performed using a mouse monoclonal IgG2a
anti-TNFR1 antibody (Santa Cruz Biotechnonolgy). Scrambled and
U20 small interfering RNAs (siRNAs) were On-Targedplus four-pool
siRNAs (Dharmacon, Thermo Scientific, Denmark). The siRNAs were
introduced into the cells using an Amaxa Nucleofector Device I with
reagent V and program D-32 according to the manufacturers’ instruc-
tions. Camptothecin (CPT), cycloheximide (CHX), and recombinant
TNF-� were purchased from Sigma-Aldrich (Copenhagen, Denmark).

Plasmids and clones. All PCRs for cloning were performed on
cDNA generated from mRNA of HHV-6B-infected MOLT3 cells, as
previously described (18). The U20 open reading frame (ORF) was
amplified with the forward primer 5=-ATGATAACTGTTTTTGTCG
C-3= and the reverse primer 5=-TTACAAAGGCAACATTTCTA-3=. Gen-
eration of the pcDNA3.1/U20 plasmid was performed with Topo cloning
(Life Technologies Europe BV, Naerum, Denmark), and generation of the
pcDNA3/U20-FLAG plasmid was performed with HindIII and EcoRI
cloning (Roche). The stable U20-expressing HCT116 cell line was gener-
ated by transfection with pcDNA3.1/U20, followed by Geneticin G418
selection for 2 weeks and subsequent screening of U20 mRNA by reverse
transcription (RT)-PCR. Transfections used for confocal microscopy
were performed using FuGene-6 according to the manufacturer’s instruc-
tions. All other transfections were performed in suspension using the
Amaxa Nucleofector Device I with nucleofector solution V (Lonza Group
Ltd., Basel, Switzerland) and program D-32. The transfections were per-
formed according to the manufacturer’s instructions.

Western blotting. Cells used for WB were lysed in a 1% Triton lysis
buffer (LB) (Roche) supplemented with 1% phenylmethylsulfonyl fluo-
ride (PMSF), 1% NaF, and the Complete-Mini protease inhibitor cocktail
(Roche). Cell lysate fractionations were generated using the ProteoExtract
Subcellular Proteome Extraction Kit according to the manufacturer’s in-

structions (Merck KGaA, Damstadt, Germany). Quantification was per-
formed using Image J software (1). Regions of interest (ROIs) of a fixed
size were placed around each band in the gel and measured. Background
was measured outside the stained area and subtracted from the measure-
ments. The percentage of the band representing cleaved PARP was deter-
mined relative to the total amount in both bands.

Luciferase measurements. HCT116 cells (wt) and U20-S cells were
transfected with the WWP-Luciferase plasmid using the Amaxa transfec-
tion system. The cells were treated 48 h posttransfection (p.t.) with TNF-�
for 3 h, and luciferase intensity was measured with the Luciferase 1000
assay system (Promega, Madison, WI) on an Ascent Luminoskan.

Confocal microscopy. Cells used for confocal microscopy were grown
on poly-L-lysine-coated 12-mm glass slides (0.17-mm thickness) for the
indicated time periods. The cells were washed twice in phosphate-buff-
ered saline (PBS) and fixed in 4% formalin. After fixation, the cells were
washed twice in PBS, permeabilized in 0.2% Triton X-100, and blocked in
5% bovine serum albumin (BSA) in PBS. Antibodies were dissolved in
PBS and incubated for 1 h at room temperature. All images were taken
with a 63� oil immersion objective on a Zeiss LSM-710 confocal micro-
scope using the 405-nm line of a purple diode laser and the 543-nm line of
a green helium neon laser. Each experiment was performed with fixed
laser power, gain, and offset to ensure comparability.

Flow cytometry. Cells analyzed for surface expression of TNFR1 were
washed in 2% FCS in PBS, resuspended in AccuMax (Millipore, Billerica,
MA) for 5 min, washed in 2% FCS in PBS, stained with IgG2a isotype-
specific (UPC-10; Sigma) or TNFR1-specific (550514; BD Pharmingen,
Albertslund, Denmark) antibody for 30 min at 4°C, and washed in 2%
FCS in PBS. The cells were stained with anti-mouse biotin-conjugated
secondary antibody and washed in 2% FCS in PBS (B2763; Invitrogen),
followed by staining with phycoerythrin (PE)-conjugated streptavidin for
20 min at room temperature. After staining, the cells were resuspended in
1% paraformaldehyde and analyzed immediately on a Beckman Coulter
FC500 flow cytometer. Cells used for apoptosis analysis were washed in
2% FCS in PBS, resuspended in AccuMax for 5 min, washed in 2% FCS
in PBS, resuspended in 20 �l 7-aminoactinomycin D (7-AAD), washed in
2% FCS in PBS, and analyzed on a Beckman Coulter FC500 flow cyto-
meter.

RESULTS
HHV-6B infection inhibits TNFR1 signaling. We have previ-
ously reported that the cell line HCT116 can be nonproductively
infected by HHV-6B (31). HHV-6B-infected HCT116 cells (at 120
TCID50) were examined by confocal microscopy at 48 h postin-
fection (p.i.) using the 7C7 antibody, which recognizes an unchar-
acterized protein from HHV-6A and -6B. This gave rise to nuclear
and cytoplasmic staining (Fig. 1A). Approximately two-thirds of
the cells were infected, as measured by identification of 7C7-pos-
itive cells (n � 635), whereas no staining was visible in uninfected
cells (Fig. 1B). To further address the level of infection in this cell
system, HHV-6B-infected HCT116 cells were compared with in-
fected MOLT3 cells by flow cytometry with an antibody against
the viral glycoprotein gp60/110. HCT116 cells showed gp60/110
expression similar to that of MOLT3 cells, indicating that the
number of infected HCT116 cells is similar to this well-established
infection model (Fig. 1C).

We have previously observed that HHV-6B-infected cells ap-
peared to escape apoptosis (29). To determine whether HHV-6B
is able to rescue cells from extrinsically induced apoptosis, the
ability of HCT116 cells to undergo extrinsic apoptosis through
TNFR1 was first examined. HCT116 cells were treated with
TNF-� in combination with CHX. The addition of CHX blocks
NF-�B transcriptional activity, allowing TNF-�/CHX to stimu-
late complex II formation, which leads to rapid apoptosis. Cell
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lysates were subsequently examined by WB analyses of PARP
cleavage. This demonstrated that apoptosis can be induced rapidly
in HCT116 cells by TNF-�/CHX treatment (Fig. 1D and E). Im-
portantly, when the cells were infected with HHV-6B, a significant
reduction in TNF-�/CHX-induced apoptosis 48 h p.i. was ob-
served (Fig. 1F and G). To determine if the infection also inhibited
intrinsically induced apoptosis, cells were treated with CPT, a to-
poisomerase I inhibitor known to induce intrinsic apoptosis.
Treatment with CPT caused apoptosis in both wt cells and HHV-
6B-infected cells (Fig. 1H and I). Together, these data suggested
the possibility that HHV-6B inhibited TNF-�-induced apoptosis
by interfering with the signal transduction from TNFR1.

To rule out the possibility that the observed effects were due to

downregulation or rapid internalization of TNFR1, its surface ex-
pression was examined in mock-treated or HHV-6B-infected cells
48 h p.i. Flow cytometry analyses demonstrated similar levels of
surface-expressed TNFR1 when comparing mock-treated and
HHV-6B-infected cells (Fig. 2A). This indicated that the lack of
TNF-� response in HHV-6B-infected cells was not caused by
HHV-6B-induced TNFR1 downregulation. When the cells were
pretreated with TNF-� and CHX for 30 min prior to staining for
TNFR1 expression, the amount of receptor was reduced in both
wt and HHV-6B-infected (48 h p.i.) HCT116 cells (Fig. 2A and B).
This indicated that TNF-� did bind TNFR1 in both uninfected
and HHV-6B-infected cells. The decrease in TNFR1 staining
could be explained either by internalization of the receptor or by

FIG 1 HHV-6B infection inhibits TNF-�-induced apoptosis. (A) Confocal microscopy of HCT116 cells infected with HHV-6B for 48 h and stained with 7C7,
an HHV-6A/B-specific antibody. The arrows point to nuclear viral proteins, and the arrowheads point to cytoplasmic proteins. DAPI, 4=,6-diamidino-2-
phenylindole. (B) Quantification of 7C7-positive cells from confocal microscopy of HCT116 cells mock treated or infected with HHV-6B for 48 h and stained
with 7C7 antibody. (C) HCT116 and MOLT3 cells were infected with HHV-6B for 48 h and stained with isotype- or gp60/110-specific antibodies, followed by
flow cytometry analyses. The graph represents an average of four independent experiments. The error bars indicate standard deviations (SD). (D) Western blot
analyses with antibodies against PARP or GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (loading control). HCT116 cells were treated with TNF-� (25
ng/ml), CHX (10 �M), or a combination of both for 4 h, followed by Western blot analyses with antibodies against PARP or GAPDH. (E) Quantifications of
cleaved PARP from panel D. (F) Western blot analysis of lysates from mock-treated or HHV-6B-infected (48 h) HCT116 cells, followed by treatment with TNF-�
and CHX for 4 h. The Western blots were probed with antibodies against PARP or GAPDH. (G) Quantifications of cleaved PARP from panel F. (H) Western blot
analyses of lysates from mock-treated or HHV-6B-infected (48 h) HCT116 cells, followed by treatment with CPT for 18 h. The Western blots were probed with
antibodies against PARP or GAPDH. (I) Quantifications of cleaved PARP from panel H. Representatives of at least two experiments are shown.
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TNF-� blockage, since the antibody and TNF-� compete for
binding to the receptor.

To further understand how HHV-6B infection inhibited the sig-
naling cascade, we examined key proteins downstream of TNFR1.
Signals mediated through complex II cause cleavage of procaspase 3
into active caspase 3, which is essential for cleavage of a large number
of proteins destined for degradation during apoptosis. As expected,
caspase 3 was cleaved in wt cells upon TNF-�/CHX treatment. Im-
portantly, after this treatment, HHV-6B-infected cells had no detect-
able caspase 3 cleavage 24 h p.i. (Fig. 2C). The first caspase to be
activated in this pathway is caspase 8, which upon activation cleaves
caspase 3. When cells were treated with TNF-�/CHX, HHV-6B in-
fection inhibited the cleavage of procaspase 8 to active caspase 8, but
no inhibition was observed in mock-treated cells (Fig. 2C).

Signaling through the other TNFR1-induced pathway (com-
plex I) leads to I�B� phosphorylation by IKK�, which results in
NF-�B translocation to the nucleus and subsequent transcription
of antiapoptotic genes. To examine whether signaling through
complex I was also inhibited by HHV-6B infection, I�B� phos-
phorylation was analyzed following TNF-�/CHX treatment. In
HHV-6B-infected cells, I�B� phosphorylation was no longer de-

tectable, suggesting that HHV-6B infection inhibited signaling
through complex I (Fig. 2C). Together, these results indicate that
HHV-6B infection inhibits the TNFR1 signaling pathway.

To further analyze the activation of NF-�B following TNF-�
treatment, wt and HHV-6B-infected HCT116 cells were treated
with TNF-� for 30 min and fractionated into cytoplasmic and
nuclear lysates. WB analysis for the presence of the NF-�B subunit
p65 demonstrated that wt cells accumulated p65 in the nuclear
fraction after TNF-� treatment (Fig. 2D, lane 6), whereas accu-
mulation was significantly reduced in the HHV-6B-infected cells
(Fig. 2D, lane 8).

Viral glycoprotein U20 is sufficient for inhibiting TNF-�-
induced apoptosis. To address which HHV-6B proteins might be
responsible for inhibiting TNFR1 signaling, we cloned four hypo-
thetical antiapoptotic genes (U19, U20, U24, and U25) from a
region in HHV-6B that is homologous to a region in human cy-
tomegalovirus (HCMV) known to encode several antiapoptotic
proteins (5, 40, 46). To analyze if either of these proteins could
rescue cells from TNF-�-induced apoptosis, HCT116 cells were
transfected with plasmids encoding U19, U20, U24, U25, or mock
plasmid and treated with TNF-�/CHX for 4 h. Importantly,

FIG 2 HHV-6B infection inhibits proinflammatory and apoptotic TNFR1 signaling pathways. (A to C) HCT116 cells were mock treated or HHV-6B infected
(48 h) and then incubated in the presence or absence of TNF-� (25 ng/ml) and CHX (10 �M) for 4 h, followed by flow cytometry analyses with TNFR1- and
isotype-specific antibodies (A and B) or Western blot analyses with antibodies against PARP, cleaved caspase 8 (c-Casp-8), cleaved caspase 3 (c-Casp-3), p-I�B,
7C7 (HHV-6B infection control), and RCC1 (loading control) (C). (D) HCT116 cells were mock treated or infected with HHV-6B (48 h) and then incubated in
the presence or absence of TNF-� (25 ng/ml) for 30 min. Shown are Western blot analyses of cytoplasmic (CF) and nuclear (NF) fractions with antibodies against
p65 or the loading controls GAPDH and RCC1. Representatives of at least two experiments are shown.
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HCT116 cells transiently transfected with a U20-expressing plasmid
showed reduced resistance to TNF-�-induced apoptosis, as mea-
sured by PARP cleavage (Fig. 3A and B). To corroborate these
observations, transiently transfected U20-expressing HCT116
cells were examined by flow cytometry for the apoptosis marker
7-AAD. These data indicated a marked resistance to TNF-�-in-
duced apoptosis in U20-expressing cells (Fig. 3C). In contrast,
expression of U19, U24, and U25 did not inhibit TNF-�/CHX-
induced PARP cleavage (Fig. 3D and E), although they all ex-
pressed mRNA upon transfection, as measured by PCR amplifi-
cation (data not shown). To estimate the efficiency of transfection,
four independent transfections with a green fluorescent protein
(GFP) plasmid were performed. This indicated that the transfec-
tion efficiency was consistently around 75% (Fig. 3F).

U20 is a 75-kDa membrane-spanning early protein. To deter-
mine the kinetics of U20 ORF transcription during productive
HHV-6B infection, PCR using U20-specific primers amplifying
the entire U20 ORF was performed on cDNA generated from
HHV-6B-infected MOLT3 cells at various time points. Agarose
gel electrophoresis of the PCR product yielded a single band of the
expected size (Fig. 4A) that was verified to be U20 by sequencing.
To determine whether U20 is also transcribed during a nonpro-
ductive infection, HCT116 cells were HHV-6B infected and exam-
ined at different time points postinfection. These analyses dem-
onstrated that U20 was expressed in HCT116 cells with early
expression kinetics (Fig. 4B). Thus, U20 was transcribed during
both productive and nonproductive infections.

The U20 ORF exclusively appears in HHV-6A, -6B, and -7 and
has no known homologue in any of the other herpesviruses, in-
cluding the betaherpesvirus HCMV. Studies on the protein prod-
uct of the U20 ORF have not been reported for any of the three

viruses. Bioinformatic analysis (CLC-Bio, Aarhus, Denmark) (6,
7, 32–34) predicted U20 to be a membrane protein with a single
membrane-spanning �-helix (amino acids [aa] 319 to 340) and an
N-terminal signal peptide (aa 1 to 15) for endoplasmic reticulum
(ER) sorting to the plasma membrane (Fig. 4C). The prediction of
several highly probable N-glycosylation sites on the N-terminal
side of the membrane and none on the C-terminal side further
suggested that U20 is transported to the membrane with an N-ter-
minal extracellular part and a C-terminal intracellular part. Bioin-
formatic analysis also identified a very likely immunoglobulin
chain C-like fold spanning aa 182 to 288 on the extracellular side
and, furthermore, indicated a highly organized N-terminal part
and a highly disordered C-terminal part.

To examine the cellular localization of U20, HCT116 cells were
transfected with either mock plasmid or a plasmid expressing U20
with a C-terminal V5 epitope tag. Fractionation of the cell lysate
identified U20-V5 as a double band in the membrane/organelle
fraction, supporting the predicted localization of U20 as a mem-
brane protein (Fig. 4D). Confocal microscopy using an anti-V5
antibody demonstrated staining of ER/Golgi apparatus-like struc-
tures 24 h p.t., as well as distinct staining of small clusters in close
proximity to the outer cell membrane (Fig. 4E). Taken together,
these data indicate that U20 is a glycoprotein expressed on both
intracellular and extracellular membranes and oriented with a
large N-terminal extracellular part and a small C-terminal intra-
cellular part.

U20 is sufficient for inhibiting TNFR1 signaling. To extend
the data obtained with transient expression, a stably U20-express-
ing HCT116 cell line was generated (termed U20-S cells). The
stable clone expressed U20 mRNA (Fig. 5A) at a level comparable
with HHV-6B infection at 24 h p.i. (Fig. 5B). When treated with

FIG 3 HHV-6B-encoded protein U20 inhibits TNF-�-induced apoptosis. (A) HCT116 cells were transfected with plasmid alone (mock) or a plasmid carrying
U20 and left untreated or treated with TNF-� (25 ng/ml) and CHX (10 �M) for 4 h, followed by Western blot analysis with antibodies against PARP or GAPDH
(loading control). (B) Quantification of cleaved PARP from panel A. (C) HCT116 cells were transfected with plasmid alone or a plasmid carrying U20 and treated
with TNF-� and CHX for 4 h, followed by 7-AAD staining and flow cytometry analysis. The average percentages of apoptotic cells from three experiments are
shown. The error bars indicate SD. (D) HCT116 cells were transfected with plasmid alone or a plasmid carrying U19, U24, or U25 and left untreated or treated
with TNF-� and CHX for 4 h, followed by Western blot analysis with antibodies against PARP or GAPDH (loading control). (E) Quantification of cleaved PARP
from panel D. Representatives of at least two experiments are shown. (F) HCT116 cells were transfected with plasmid alone or a plasmid encoding GFP for 24 h,
followed by flow cytometry analyses. An average of four independent experiments is shown. The error bars indicate SD.
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TNF-�/CHX for 4 h followed by WB analysis of PARP cleavage,
the U20-S clone was resistant to TNF-�-induced apoptosis (Fig.
5C and D). To determine if the U20-S cells were able to block
intrinsic apoptosis, cells were treated with CPT for 24 h. Similar to
HHV-6B-infected cells, the U20-expressing clone was sensitive to
CPT-induced apoptosis (Fig. 5E and F).

To address the level at which the TNFR1 signaling pathway was
inhibited by U20, the presence of activated caspase 3 and 8, as well
as phosphorylated I�B (p-I�B), was examined following TNF-�/
CHX treatment. These analyses gave results similar to those ob-
tained with HHV-6B-infected cells, that is, neither caspase 3 or 8
cleavage nor I�B� Ser-32 phosphorylation was observed in cells

expressing U20 (Fig. 6A). Potential activation of caspase 3 was also
examined by confocal microscopy using an antibody specific for
cleaved caspase 3 (Fig. 6B). This further corroborated the finding
that U20 prevented caspase 3 cleavage and activation. To ensure
that the abrogation of TNF-�-induced signaling was not due to
loss of TNFR1, wt and U20-S cells were analyzed by flow cytom-
etry with antibodies against TNFR1. Wt and U20-S cells expressed
similar levels of TNFR1 (Fig. 6C).

To determine if U20 also inhibited NF-�B activation, similar to
HHV-6B infection, we treated HCT116 wt and U20-S cells with
TNF-� for 30 min and fractionated the cells into cytoplasmic and
nuclear lysates. As expected, the p65 subunit of NF-�B accumu-

FIG 4 U20 is a 75-kDa membrane-associated protein. (A) PCR with primers spanning the U20 ORF on cDNA from MOLT3 cells infected with HHV-6B for 0,
2, 4, 8, 12, 24, or 48 h. GAPDH served as a control. M, base pair marker. (B) Real-time PCR with U20 ORF-specific primers on cDNA from HCT116 cells infected
with HHV-6B for 0, 2, 4, 8, 12, or 24 h. The amount of U20 was quantified relative to �-actin and is presented as fold induction relative the 0-h measurement. (C)
Hypothetical model of U20. Shown are signal peptides (aa 1 to 15), the immunoglobulin-like domain (aa 182 to 288), and the transmembrane �-helix (aa 300
to 320). Predicted �-helices are shown in red, and predicted �-sheets are shown in blue. Predicted C-C bridges between Cys-115 and Cys-175 and between
Cys-209 and Cys 269 are indicated by broken lines. (D) HCT116 cells were transfected with plasmid alone or a plasmid carrying N-terminally V5-tagged U20.
Shown are Western blot analyses of cytoplasmic (CF), membrane (MF), and nuclear (NF) fractions with antibodies against V5 epitope or the loading controls
GAPDH, COX IV, and RCC1. (E) HCT116 cells were transfected with plasmid alone or a plasmid carrying N-terminally V5-tagged U20 and subjected to confocal
microscopy with an antibody against the V5 epitope (red) and DAPI (blue). Scale bars, 10 �m. The curved arrowhead points to U20 associated with the surface
membrane, and the full arrowheads point to U20 associated with intracellular membranes.
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lated in the nuclear fraction after TNF-� treatment (Fig. 6D, lane
3). Similar to our observations with HHV-6B, U20-expressing
cells did not accumulate p65 after treatment (Fig. 6D, lane 7).
Furthermore, p65 was not phosphorylated in U20-S cells, as ob-
served in wt cells after TNF-�/CHX treatment (Fig. 6E). To exam-
ine whether U20 downregulated NF-�B activity in the nucleus, a
luciferase expression plasmid driven by an NF-�B-dependent
promoter construct from RANTES was transfected into U20-S
and wt cells. In this system, TNF-� induced Luciferase transcrip-
tion in wt cells, indicating NF-�B signaling (Fig. 6F). This re-
sponse was, however, virtually abrogated in U20-S cells in the
presence or absence of TNF-� treatment (Fig. 6F). Thus, U20-S
was unable to assemble a signaling platform to activate NF-�B.
Taken together, these results demonstrated that U20 expression
inhibited TNFR1 signaling, similar to the data observed in HHV-
6B-infected cells.

A number of adaptor proteins are required for complex I for-
mation and thus for TNFR1 signaling. To determine if the adap-
tors TRADD, RIP1, TRAF2, and FADD were downregulated in
the U20-S cells, HCT116 wt and U20-S cells were examined by WB
in the presence or absence of TNF-�/CHX treatment. This dem-
onstrated that the expression levels of these adaptor proteins were
similar in HCT116 wt and U20-S cells (Fig. 6G).

U20 is sufficient for inhibiting TNF-�-induced apoptosis
during HHV-6B infection. To determine if U20 was predomi-
nantly responsible for TNF-� inhibition during HHV-6B infec-
tion, we used siRNA to knock down U20. To ensure that the
siRNA was able to inhibit U20, we first treated wt and U20-S cells
with U20 siRNA or scrambled siRNA as a control for 48 h, fol-
lowed by TNF-�/CHX treatment. The presence of siRNA against
U20 reversed the resistance of U20-S cells and made them sensi-

tive to TNF-�/CHX-induced PARP cleavage (Fig. 7A and B), in-
dicating that the siRNA was able to knock down U20 to a level
where its functions were abrogated. Next HCT116 cells were
transfected with U20 siRNA or scrambled siRNA. After 24 h, the
cells were infected with HHV-6B and incubated for an additional
48 h, followed by TNF-�/CHX treatment. Expression of U20
siRNA during infection clearly reduced the amount of cleaved
PARP, indicating that U20 was the primary protein responsible
for the inhibition of TNFR1 signaling (Fig. 7C and D).

DISCUSSION

Signaling through death receptors is one of the major mechanisms
used by the immune system to target and eliminate infected cells.
Disruption of death receptor signaling is therefore important for
viral immune evasion and continued progression of infection. Al-
though the mechanisms for signaling through TNFR1 have been
well described, it is still unclear exactly how persistent pathogens,
like herpesviruses, can circumvent this signaling.

We showed that TNFR1-mediated apoptosis measured by
PARP cleavage or 7-AAD exclusion was significantly inhibited by
infection with HHV-6B. The infection blocked signaling through
the proinflammatory pathway, as well as through the proapop-
totic pathway. We identified a protein encoded by the U20 ORF
that was necessary and sufficient for inhibiting TNFR1 down-
stream signaling. U20 mRNA appeared during HHV-6B infec-
tions with an early-like expression. This is in agreement with a
recently published microarray and PCR study of the expression
profiles of HHV-6B genes (41), which also identified U20 as an
early gene. U20 has not previously been investigated, but bioin-
formatic predictions suggested it was a membrane-spanning pro-
tein. We were able to demonstrate this by confocal microscopy, as

FIG 5 Stable expression of U20 inhibits TNF-�-induced apoptosis. (A) PCR with the U20 ORF spanning primers on cDNA from HCT116 wt or HCT116-U20S
cells. M, base pair markers. (B) Real-time PCR with primers against U20 or �-actin on mRNA extracted from HCT116 wt, U20-S, and HHV-6B-infected HCT116
wt (0, 24, and 48 h p.i.) cells. (C) HCT116 wt and U20-S cells were left untreated or treated with TNF-� (25 ng/ml) and CHX (10 �M) for 4 h, followed by Western
blotting with antibodies against PARP or GAPDH (loading control). (D) Quantification of cleaved PARP from panel C. (E) HCT116 wt and U20-S cells were left
untreated or treated with CPT for 18 h, followed by Western blot analyses with antibodies against PARP or GAPDH (loading control). (F) Quantification of
cleaved PARP from panel E.
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well as fractionation of cell lysate. Interestingly, we observed a U20
double band in the membrane fraction on WB. We do not know
the reason for this but speculate that it may represent U20 in the
outer cell membrane in a glycosylated form and U20 in the inter-
nal membrane in a less glycosylated or unglycosylated form.
Whether U20 may have a natural ligand is an interesting possibil-
ity. It possesses an immunoglobulin-like domain, which may sug-
gest the possibility of interaction with other proteins.

A possible mechanism for U20-mediated inhibition of TNFR1
signaling is interference due to physical interaction between the

proteins. Alternatively, U20 may bind one or more adaptor pro-
teins needed to form the TNFR1 signaling complexes. In favor of
the latter hypothesis, the Epstein-Barr virus (EBV)-encoded
membrane protein LMP-1 binds TRADD and assembles an alter-
native signaling complex (17). It is thus possible that HHV-6B has
evolved a similar functional mechanism for TNFR1 inactivation
and alternative signaling. In an attempt to address this possibility,
we expressed U20 with a V5-tagged C terminus to be able to mon-
itor its presence. However, we have not been able to coimmuno-
precipitate either TNFR1 or any adaptor proteins together with

FIG 6 U20 inhibits proinflammatory and apoptotic TNFR1 signaling pathways. (A) HCT116 wt and U20-S cells were incubated in the presence or absence of
TNF-� (25 ng/ml) and CHX (10 �M) for 4 h, followed by Western blot analyses with antibodies against PARP, cleaved caspase 8 (c-Casp-8), cleaved caspase 3
(c-Casp-3), p-I�B, or RCC1 (loading control). (B) Confocal microscopy with antibodies against cleaved caspase 3 (red) and DAPI (blue). Scale bars, 20 �m. (C)
HCT116 wt and U20-S cells were analyzed by flow cytometry with TNFR1- or isotype-specific antibodies. (D) HCT116 wt and U20-S cells were treated with
TNF-� (25 ng/�l) for 30 min, followed by Western blot analyses of cytoplasmic (CF) and nuclear (NF) fractions with antibodies against p65 or the loading
controls GAPDH and RCC1. (E) HCT116 wt and U20-S cells were incubated in the presence or absence of TNF-� (25 ng/ml) and CHX (10 �M) for 1 h, followed
by Western blot analyses with antibodies against phosphorylated p65 and GAPDH (loading control). (F) HCT116 wt and U20-S cells were transfected with a
RANTES-Luc reporter plasmid and treated with or without TNF-� (25 ng/ml) for 4 h, followed by luciferase measurement. (G) HCT116 wt and U20-S cells were
incubated in the presence or absence of TNF-� and CHX for 4 h, followed by Western blot analyses with antibodies against PARP, RIP1, TRAF2, TRADD, FADD,
or GAPDH (loading control). All data are representative of at least two experiments.
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U20-V5 (data not shown). This could be explained by interference
of the V5 tag with the binding capacity of the U20 C terminus.
Speaking against the possibility that U20 assembles an alternative
signaling complex, we did not observe p65 translocation to the
nucleus in U20-expressing cells, nor did we observe any increased
transcription from the RANTES reporter construct.

TNF-�-induced signaling through TNFR1 plays a major role
in inflammation and is therefore a significant factor in autoim-
mune disease (39). Infection with HHV-6B may impair proin-
flammatory responses through molecules like U20. Similar to
other herpesviruses, HHV-6B persists in the host in a latent form
throughout life. It is unknown to what extent viral proteins are
expressed during latent HHV-6B infection, but a low level of U20
expression could lead to a reduced impact of cytokines, like
TNF-�, in infected tissue. While this may reduce inflammation,
it may also increase the risk of immune evasion of infected and
transformed cells. The role of immunoevasins, like U20, might
therefore be deleterious or advantageous, depending on the
precise conditions. Besides its role during natural infection, the
anti-TNFR1 function of U20 may be exploited as a possible
therapeutic use.

HHV-6B has been suggested to participate as a cofactor to-
gether with EBV in the development of Hodgkin’s and Burkitt’s
lymphomas, although a clear relationship remains controversial.

Our data suggest a mechanism by which infection with HHV-6B
might increase cell survival. Infection of B cells with EBV can lead
to immortalization of the infected cell through LMP-1 and EBNA
proteins 1 to 4 (13, 17, 22, 38, 49). LMP-1 is known to prevent
death receptor signaling through binding of TRADD and assem-
bly of complex I on LMP-1 in intracellular vesicles, thereby stim-
ulating cell survival. In vivo coinfection of B cells with HHV-6B
and EBV might therefore increase the survival of immortalized
clones and increase the risk of developing lymphomas due to a
cooperative effect of LMP-1 and U20.

In summary, we have identified a novel viral immune evasion
strategy by HHV-6B. We have shown the HHV-6B protein U20 to
be responsible for the ability of the viral infection to interfere with
TNFR1 signaling. Our results demonstrate a mechanism by which
a virus prevents programmed death induced through the extrinsic
pathway. We suggest that HHV-6B infection through the activities
of U20 may interfere with the proinflammatory response and the
cellular defense against the virus.
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