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Viral subversion of apoptosis regulation plays an important role in the
outcome of host ⁄ virus interactions. Although human cytomegalovirus
(HCMV) encodes several immediate early (IE) antiapoptotic proteins (IE1,
IE2, vMIA and vICA), no proapoptotic HCMV protein has yet been identiﬁed. Here we show that US28, a functional IE HCMV-encoded chemokine receptor, which may be involved in both viral dissemination and
immune evasion, constitutively induces apoptosis in several cell types. In
contrast, none of nine human cellular chemokine receptors, belonging to
three different subfamilies, induced any signiﬁcant level of apoptosis.
US28-induced cell death involves caspase 10 and caspase 8 activation, but
does not depend on the engagement of cell-surface death receptors of the
tumour necrosis factor receptor ⁄ CD95 family. US28 cell-death induction is
prevented by coexpression of C-FLIP, a protein that inhibits Fas-associated death domain protein (FADD)-mediated activation of caspase 10
and caspase 8, and by coexpression of the HCMV antiapoptotic protein
IE1. The use of US28 mutants indicated that the DRY sequence of its
third transmenbrane domain, required for constitutive G-protein signalling,
and the US28 intracellular terminal domain required for constitutive US28
endocytosis, are each partially required for cell-death induction. Thus, in
HCMV-infected cells, US28 may function either as a chemokine receptor, a
phospholipase C activator, or a proapoptotic factor, depending on expression levels of HCMV and ⁄ or cellular antiapoptotic proteins.

Programmed cell death (PCD) or apoptosis is a genetically regulated cell suicide process, central to the
control of cell proliferation and differentiation and to
the elimination of damaged and infected cells [1,2].
Conversely, viral subversion of PCD regulation plays
an important role in the dissemination and pathogene-

sis of several viral infections [3,4]. The human cytomegalovirus (HCMV) causes severe disease in newborns
and immunocompromised hosts. In vivo, HCMV and
murine CMV induce apoptosis in various cell types
through different mechanisms that may favour either
viral clearance or disease development [5–8].

Abbreviations
CHO, Chinese hamster ovary cells; DED, death effector domains; FADD, Fas-associated death domain protein; GFP, green fluorescent
protein; GPRC, G-protein-coupled receptor; GRK, G-protein kinase; HCMV, human cytomegalovirus; IC, intracytoplasmic domain; IE,
immediate early; InsP, inositol phosphate; PCD, programmed cell death; PI, propidium iodide; PKC, protein kinase C; PLC, phospholipase C;
PTX, pertussis toxin; SMC, smooth muscle cells; TM, transmembrane domain; TNFR, tumour necrosis factor receptor.
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HCMV encodes several immediate early (IE) proteins, with antiapoptotic properties, namely IE1, IE2,
vMIA and vICA [9–11]. IE1 and IE2 each inhibit
apoptosis induced by tumour necrosis factor (TNF)a
or by E1B-19 kDa protein-deﬁcient adenovirus, and
IE2, but not IE1, protects smooth muscular cells
(SMC) from p53-mediated apoptosis [12]. vMIA
blocks apoptosis at the mitochondria level without
sharing structural homology with Bcl-2 protein family
members. vICA inhibits Fas-mediated apoptosis by
binding to the pro-domain of caspase 8 and preventing
its activation. Despite the presence of several antiapoptotic proteins encoded by CMV, no HCMV gene product that causes apoptosis induction has been identiﬁed.
HCMV contains four open reading frames US27,
US28, UL33 and UL78 that encode G-protein-coupled
receptors (GPCR) [13]. US28, one of the earliest viral
genes transcribed in both latently and productively
HCMV-infected cells, is a functional CC chemokine
receptor that can promote different functions in vitro
[14,15]. US28 allows CMV-infected SMC migration,
which could provide a molecular mechanism for
CMV’s implication in the progression of vascular disease [16]. US28 withdraws CC chemokines from the
infected cell microenvironment [17], suggesting a
potential involvement in immune evasion, and enhances cellular fusion induced by different viral envelopes,
suggesting that it could participate in cell-to-cell diffusion of CMV and other viruses [18]. US28 acts also as
a coreceptor for HIV [18–21].
It has been shown that US28 induces phospholipase C (PLC) and NF-jB activation constitutively,
independent of the binding of any ligand [22,23]. US28
can also undergo rapid receptor endocytosis and recycling in a ligand-independent fashion. The US28 C-terminal domain is constitutively phosphorylated by
GRK family proteins, then b-arrestin recruitment
attenuates constitutive signalling and allows constitutive receptor endocytosis and recycling via a clathrinmediated mechanism [23–25].
Here we show that US28 constitutively induces
apoptosis in different cell types by triggering activation of initiator caspase 8 and caspase 10, independent of cellular TNF family death receptor activation,
via a pathway that appears partially dependent on
the integrity of the third US28 transmembrane
domain (TM) required for constitutive PLC activation
and on the presence of the US28 intracellular C-terminal domain required for its internalization. Thus,
depending on its expression level and on the expression level of HCMV-encoded or cellular antiapoptotic
proteins, US28 may provide HCMV-infected cells
with a broad functional repertoire, by acting either as
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a chemokine receptor, a PLC activator, or as a proapoptotic protein.

Results
US28 expression induces apoptosis
Adherent human 293T cells were transiently transfected
with an HCMV expression vector encoding either the
HCMV CC chemokine receptor US28 from the laboratory strain AD169, or the human CC chemokine receptor CCR-5. As a negative control, we used
an empty vector (Rc ⁄ CMV). As a positive control for
apoptosis induction, cells were transfected with a vector encoding human Bax, a major proapoptotic member of the Bcl-2 ⁄ Bax protein family, which acts
downstream of cell-surface signalling by inducing
outer membrane permeabilization of mitochondria
[26]. We assessed cell death using both optical microscopy analysis of cell adherence loss (Fig. 1A) and
ﬂow cytometry analysis of nuclear DNA loss (hypodiploidy) (Fig. 1B), a typical feature of apoptosis.
Both Bax and US28 expression induced cell death
within 48 h, whereas transfection of CCR-5 or the
empty vector Rc ⁄ CMV did not affect cell survival
(Fig. 1A,B). Using ﬂow cytometry analysis of hypodiploidy, we then performed a comparative kinetic
analysis of cell death following expression of US28,
Bax, the human chemokine receptors CCR-5 and
CXCR-4, or the aminopeptidase CD26, which has no
chemokine receptor activity (Fig. 1C). Bax expression
led to rapid induction of apoptosis that was already
signiﬁcant 18 h after transfection and resulted in
> 50% cell death by 72 h (Fig. 1C). US28 expression
induced a slower kinetics of cell death that was signiﬁcant at 48 h, resulting in > 35% cell death by 72 h
(Fig. 1C). In contrast, neither CCR-5, CXCR-4,
CD26, nor the empty vector Rc ⁄ CMV induced any
signiﬁcant apoptosis during 72 h after transfection. At
48 h post-transfection, we compared the effect of
US28 expression on cell death induction versus that
of nine other human chemokine receptors representing three different receptor subfamilies: CCR-1, -3, -4
and -5, CXCR-1, -2, -4 and -6, and CX3CR-1.
Human chemokine receptors induced either no, or
only moderate, apoptosis (Fig. 1D), suggesting that
the capacity of US28 to trigger cell death was somehow unique among chemokine receptors. Although
we did not analyse the expression levels for all the
different chemokine receptors, these constructs have
been extensively used in other studies from our laboratories and showed receptor expression and functionality [14,18,27] (personal communication). We also
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS
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Fig. 1. Induction of apoptosis by US28 expression. Subconfluent 293T cells were transfected using the calcium phosphate precipitate
method with vectors expressing either the HCMV chemokine receptors US28, various cellular chemokine receptors, the proapoptotic Bax
protein as a positive control for apoptosis induction, and the aminopeptidase CD26 or the empty Rc ⁄ CMV vector as negative controls (Control). Cell death was assessed 48 h after transfection by (A) light microscopy (·150), and (B) flow cytometry analysis of DNA loss (PI staining) in adherent cells (numbers indicate the percentage of hypodiploid cells). (C) Kinetics of apoptosis (DNA loss) following transfection with
Bax, US28, CD26, or the cellular chemokine receptors CCR-5 and CXCR-4. (D) Apoptosis (DNA loss) induced 48 h after transfection by Bax,
US28, CD26, and nine different cellular chemokine receptors (CCR-1, -3, -4, -5, CXCR-1, -2, -4, -6 and CX3CR-1). Results are means ± SD of
one representative experiment of two (C) or three (D).

analysed cell death induced by US28 ampliﬁed from
two other HCMV strains, the clinical isolate
VHL ⁄ E and the laboratory isolate Toledo (Fig. 2A).
Seventy-two hours after transfection, US28–VHL ⁄ E
induced cell death at a level comparable with that
of US28–AD169 ( 30%), whereas US28 from the
laboratory isolate Toledo induced higher levels of
cell death ( 45%) (Fig. 2A). Expression levels of
US28 in ﬁbroblasts infected with different HCMV
isolates (AD169, Toledo and TB40 ⁄ E) do not show
signiﬁcant differences [28] and, most importantly,
are even higher ( 1 · 106 sites per cell) than
expression levels obtained with transient transfection
( 2 · 105 sites per cell). Hence, cell death induction
by US28, expressed at even higher levels in HCMVinfected cells, appears to be a general property of
HCMV.
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

Cellular localization and expression level of US28
It has been shown previously that epitope-tagged versions of the US28 receptor and US28–GFP fusion protein do not modify the cellular localization of the
native receptor [24]. We used N-terminally tagged
US28 and CCR-5 to compare their cell-surface expression levels, and US28–GFP and CCR-5–GFP to compare their whole cellular expression levels and
localization. Concerning cell-death induction, tagged
chemokine receptors and GFP-fused receptors behaved
like native ones (Table 1). Flow cytometry analysis
using a tag-speciﬁc antibody for tagged chemokine
receptors, indicated that 16 h after transfection, before
the onset of US28-induced cell death, US28 and CCR5 were expressed at similar levels:  25% of the whole
cell population expressed the receptors at the surface
4165
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Fig. 2. Effects of US28 from different CMV isolates on cell death,
and effects of different expression levels of US28 on cell death. (A)
Subconfluent 293T were transfected using the calcium phosphate
method by expression vectors of US28–AD169, US28–VHL ⁄ E and
US28–Toledo. Flow cytometry analysis of DNA loss (PI staining)
(numbers indicate the percentage of hypodiploid cells) was performed 72 h post transfection. (B) Transfection as in (A) of different
amounts (from 0 to 2 lg for 4 wells of 24-well plates) of expression
vector of US28. Cell were detached 72 h later, and anlysed for
DNA loss (PI staining). (C) Transfection as in (A) of different
amounts (from 0 to 2 lg for 4 wells of 24-well plates) of expression
vector US28–GFP, and as control, of 2 lg of CCR-5–GFP vector.
Cell were detached 72 h later, and analysed using flow cytometry
for DNA loss (PI staining), and GFP expression. Results are means
± SD of triplicates in two independent experiments (A–C).

B

C

[24,25]. Using US28 and US28–GFP, we then explored
the effect of different amounts of transfected DNA on
both US28 whole-cell expression and cell-death induction levels in 293T cells. Transfection of 2 lg of each
vector induced 30–35% of cell death after 72 h, and
US28–GFP expression (% of GFP + cells) appeared
to be  60% (Fig. 2B.C). Comparaison of PCD
induced by US28–GFP and CCR-5–GFP when transfected cells express similar level of GFP indicates that
a high expression level of US28, compared with that
of CCR-5, was not directly responsible for US28-mediated cell-death induction.
Apoptosis appeared only in US28–GFP expressing
cells, which represented > 50% of the whole GFP +
population (Fig. S1). This suggests that US28 does not
trigger cell death by a diffusable factor, because survival of untransfected cells is not affected by neighbouring US28-expressing cells. Nuclei were stained with
Hoescht 24 and 48 h post transfection of 293T cells.
After 24 h no apoptotic nuclei were detected (Fig. S2).
After 48 h, some US28–GFP+, but not CCR-5–
GFP+, cells showed shrinkage with apoptotic nuclei.
This could be partially inhibited in presence of the pan
caspase inhibitor z-VAD-fmk (Fig. S2).
US28 induces cell death in different cell types

(Table 1 and data not shown). This implies that differences in cell-death induction did not result from differences in cell-surface expression. However, ﬂow
cytometry analysis 16 h post transfection of GFP-fused
receptors reveals that the overall cellular level of US28
expression is greater than that of CCR-5 (52.8 versus
35.1), suggesting that US28 is expressed mostly in the
intracellular compartment, as previously described
4166

Because US28–GFP induced cell death only in the
US28–GFP+ cells, we investigated US28–GFP-mediated cell death in different cell lines using ﬂow cytometry analysis of hypodiploidy in the GFP+ cell
population. US28–GFP expression 72 h post transfection, was 70.88, 22.8 and 6.60% in 293T, HeLa and
Cos cells, respectively, and cell death appeared,
respectively, in 40.87, 64.34 and 42.44% of US28–
GFP+ cells (Table 2). In each case the pan caspase
inhibitor z-VAD-fmk partially inhibited cell death.
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

O. Pleskoff et al.

HCMV chemokine receptor US28 induces apoptosis

Table 1. Comparative analysis of cell-surface expression or wholecell expression, and cell-death induction, by epitope-tagged US28
or CCR-5 and by US28–GFP or CCR-5–GFP fusion proteins.

Vectorsa
Rc ⁄ CMV-Tag
Tag-US28
Tag-CCR-5
Rc ⁄ CMV
GFP
US28–GFP
CCR-5–GFP

Surface
expressionb
(% myc +
cells)

Whole
expressionc
(% of GFP +
cells)

% US28-mediated
apoptosisd

0.6
73.4
52.8
35.1

20.0
115.0
21.6
12.9
7.2
114.2
24

5.5
24.3
28.8

±
±
±
±
±
±
±

1.0
0.8
2.1
8.1
0.9
11.6
5.8

as a control) (Fig. 3A). Addition of the US28 ligands,
CC chemokine RANTES or the CX3C chemokine
fractalkine (50 nm), did not modify US28-induced
apoptosis (data not shown). This suggests that US28mediated death signalling is not a default pathway
triggered in the absence of ligand. A protein tyrosine
kinase (PTK) pathway has been shown to be necessary
for SMC migration induced by US28, which, LIKE
cell death, is not sensitive to PTX [16]. The tyrosine
PTK inhibitor, Genistein, and the phosphoinositol
3-kinase inhibitor, LY 294002, reduced US28 cell
death (Fig. 3A), suggesting that the US28 cell-death
pathway uses various kinase families, some of which
may be necessary for US28-induced SMC migration.

a

293T cells were transfected with US28, CCR-5 or the empty
Rc ⁄ CMV vector, each carrying an N-terminal myc tag, or with GPF,
US28–GFP, CCR-5–GFP, or the empty Rc ⁄ CMV vector. b Flow
cytometry analysis of cell-surface expression was performed 16 h
after transfection using a monoclonal antibody specific for the myc
tag. Results are from one representative experiment. c Flow cytometry analysis of the whole cell expression was performed 16 h
after transfection. Results are from one representative experiment.
d
Flow cytometry analysis of apoptosis (nuclear DNA loss) was
assessed 48 h after transfection using PI staining. Results in are
means ± SD of at least two independent experiments.

US28-induced apoptosis is repressed by protein
kinase inhibitors
Signal transduction following ligand binding to CC
chemokine receptors, including US28, involves activation of Pertussis toxin (PTX)-sensitive Gai proteins [7,
41]. PTX had no proapoptotic activity on mock transfected cells, and no inhibitory effect on cell death
induced by US28 expression in the absence of any
added CC chemokine (or on Bax-induced death, used

US28-induced apoptosis is repressed by the
HCMV immediate early protein IE1, and depends
on caspase 10 and caspase 8 activation
Execution of PCD involves two pathways that usually
operate together and amplify each other [32, 38]. One is
triggered by the activation of initiator caspases, such as
caspase 10 and caspase 8, downstream of the engagement of cell-surface death receptors of the CD95 ⁄
tumour necrosis factor receptor (TNFR) family, leading to the recruitment of the adapter protein FADD,
and subsequently to caspase-dependent death [29]. The
other, triggered by various proapoptotic stimuli, including p53 activation, requires a mitochondria-dependent
step, under the control of antiapoptotic and proapoptotic members of the Bcl-2 ⁄ Bax protein family, which
can induce either caspase-dependent or caspase-independent death [26]. Bax represents an example of a
proapoptotic protein that induces mitochondriadependent, caspase-independent PCD [30]. To further

Table 2. Cell death induction using US28–GFP in 293T, Cos-7 and HeLa cells.
Whole populationb

Cells death in GFP + populationc

Cellsa

Vectors

% of cell death

% of GFP + cells

–

293T

GFP
CCR5-GFP
US28-GFP
CCR5-GFP
US28-GFP
CCR5-GFP
US28-GFP

2.15 ± 0.26
7.22 ± 1.76
34.26 ± 3.48
–
–
–
–

99.54
42.34
70.83
10.00
22.88
4.51
6.60

2.16
17.05
48.51
9.00
64.34
11.60
42.44

HeLa
Cos-7

±
±
±
±
±
±
±

0.11
6.00
4.51
1.66
7.48
0.40
1.21

+ Z-VAD
±
±
±
±
±
±
±

0.26
3.67
5.78
1.40
12.23
2.40
14.38

–
–
24.76 ± 3.8
–
28.49 ± 6.5
–
11.76 ± 4.6

a

Cells were transfected using the calcium phosphate method. Per cent GFP + cells obtained with the empty Rc ⁄ CMV vector:
1.87 ± 2.39% for 293T cells, 2.13 ± 0.40% for HeLa cells, and 2.59 ± 0.86% for Cos-7 cells. b Flow cytometry analysis of whole-cell GFP
expression and of cell death induction was assessed 72 h after transfection. Results are from a representative experiment. c Analysis for
red (x-axis) and green (y-axis) fluorescence allows to determine the percentage of GFP + apoptotic cells. The pan caspases-inhibitor z-VADfmk was used at the concentration of 50 lM.
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Fig. 3. Inhibition of US28-induced apoptosis. (A) 293T cells were
transfected with vectors expressing Bax or US28. PTX, an inhibitor
of Gai protein subunits, LY294002, an inhibitor of phosphatidylinositol 3-kinase, and Genistein a inhibitor of tyrosine protein kinases
were added 4 h after transfection. All compounds were used at
maximal nontoxic concentrations as determined in preliminary
experiments. (B) 293T cells were cotransfected with either Bax or
US28, and either Bcl-XL, which protects against Bax-induced apoptosis, P35, a baculovirus-encoded pan-caspase inhibitor, or the
HCMV encoded immediate early proteins IE1, or IE2. Percentages
of inhibition of apoptosis were assessed as described in Experimental procedures. Results are means ± SD from one of three representative experiments.

explore the pathway involved in US28-mediated cell
death, we examined the effect of coexpressing various
proteins with US28: Bcl-XL, an antiapoptotic member
of the Bcl-2 family that prevents mitochondria-dependent death, p35, a baculovirus-encoded pan-caspase
inhibitor [31] and two different HCMV-encoded antiapoptotic proteins, IE1 and IE2 that have been reported to prevent TNFR-mediated apoptosis [11]. IE2, but
not IE1, also prevents p53-mediated death [12]. As controls, we examined the effect of coexpressing these
proteins on Bax-induced death.
Bcl-XL expression almost completely prevented Baxinduced cell death, as previously described [26], but
had no effect on US28-induced cell death (Fig. 3B).
4168
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p35, as expected, had little effect on Bax-mediated cell
death, but reduced US28-mediated death. Neither IE1
nor IE2 showed any effect on Bax-mediated cell death,
while IE1, but not IE2, reduced US28-mediated cell
death (Fig. 3B). These results suggest that US28, in
contrast to Bax, may induce a caspase-dependent,
mitochondria-independent death pathway, which can
be blocked either by HCMV-IE1 expression or by
caspase inhibitors.
To further explore the potential role of caspase activation in US28-mediated death signalling, we used the
pan-caspase inhibitory peptide, z-VAD-fmk. US28induced cell death was inhibited in a dose-dependent
manner by z-VAD-fmk (Fig. 4A). Flow cytometry
analysis using tagged US28 indicated that this inhibitory effect was not due to downregulation of US28
surface expression (data not shown). This was further
conﬁrmed by investigating the effect of z-VAD-fmk
on the capacity of US28, like that of CCR-5, to function as a coreceptor for R5-tropic HIV1 strains [18–
21]. Using a cell-fusion assay, involving cocultures of
control, US28- or CCR-5-expressing HeLa P4 reporter
cells and HIV1 ADA envelope-expressing HeLa cells,
we found that z-VAD-fmk induced a 100% increase
in the ability of US28 to function as an HIV coreceptor, while reducing by  30% that of CCR-5
(Fig. 4B). Although we found that the level of US28
surface expression was similar to that of CCR-5
(Table 1), US28–HIV coreceptor function has been
reported to be less than half as efﬁcient as that of
CCR-5 in HeLa P4 cells [18,19]. In the presence of a
pan-caspase inhibitor, US28 was a more efﬁcient coreceptor for HIV than CCR-5 (Fig. 4B), suggesting that
the HIV coreceptor activity of US28 may have been
underestimated previously because of its proapoptotic
activity [18–21].
We further explored the caspase activation pathway
triggered by US28 expression using selective caspase
inhibitory peptides. Inhibitors of death receptorcoupled initiator caspases 10 and 8 and inhibitors of
downstream executionary caspases 3 and 6 showed
inhibitory effects similar to that of z-VAD-fmk
(Fig. 4C). In contrast, inhibition of caspase 9, the initiator caspase activated downstream of mitochondria
permeabilization, or inhibition of caspase 1, a proinﬂammatory caspase, had no effect on US28-induced
cell death (Fig. 4C). A comparative kinetic study of
the time window in which caspase 10 and 8 inhibitors
prevent cell death following US28 expression indicated
that the inhibitory effect of the caspase 10 inhibitor
was lost several hours before that of the caspase 8
inhibitor (Fig. 4D). This suggests that caspase 10 activation may either occur upstream of caspase 8 activaFEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS
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Fig. 4. Inhibition of US28-induced apoptosis by caspase inhibitors. (A) Apoptosis was assessed in 293T cells 48 h after US28 transfection, in
the presence of various concentrations of the pan-caspase inhibitor, z-VAD-fmk. (B) HeLa P4 cells, stably expressing CD4, were transfected
by the calcium phosphate method with US28, CCR-5 or empty (Control) vectors and cocultured with HeLaEnv ⁄ ADA cells, stably expressing
HIV envelope, in the presence or absence of z-VAD-fmk. Syncytia formation is an indicator of HIV-coreceptor activity and receptor surface
expression. (C) Apoptosis was assessed in 293T cells 48 h after US28 transfection in the presence or absence, of either the pan-caspase
inhibitor z-VAD-fmk, or of various selective caspase inhibitors. (D) Kinetic analysis of the inhibitory effect of caspase 8 and caspase 10 inhibitors on apoptosis induced by US28 transfection in 293T cells. Percentages of inhibition of apoptosis in (A, C, D), and numbers of syncytia in
(B) were determined as described in Experimental procedures. Results are means ± SD from one representative experiment out of three (A)
or two (B–D).

tion in response to US28 expression, or be more effective in inducing death. We assessed caspase 3 and 8
activities 24 h post transfection, by caspase 3-mediated
cleavage of z-MCA-VDQMDGWK(DNP)-NH2, and
caspase 8-mediated cleavage of z-IETD-AFC, over a
time course of 90 min (Fig. S3). Caspase 3 and 8 activities were signiﬁcantly higher in US28-expressing cells
than in controls (Rc ⁄ CMV) (Fig. S3), whereas 16 h
after transfection both activities were weak and similar
in US28-expressing cells and controls (data not
shown). Taken together, these data imply that US28
triggers a death pathway that depends on activation of
initiator caspases 10 and 8, leading rapidly to executionary caspase activity without requiring a mitochondria-dependent step.
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

US28 cell-death induction is prevented by
C-FLIP expression, but not by death receptor
neutralization
Activation of caspases 10 and 8 downstream of death
signalling by cell-surface receptors of the TNFR family
occurs through recruitment of these caspases to death
effector domains (DED) containing adapter proteins
[29,32,33]. This process is inhibited by cellular members of the FLIP family and their viral homologues
[34]. We established HeLa cells stably expressing cellular C-FLIP to explore the effect of C-FLIP on US28–
GFP cell-death induction. As shown in both Table 2
and Fig. 5A, expression of US28 in wild-type HeLa
cells induced 3 days after US28 transfection, cell death
4169
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induced cell death also appeared strongly reduced in
the breast cancer cell line MCF-7 (Fig. 5A), defective
in the expression of the apoptosis effector caspase 3
[35], which is necessary for US28-mediated apoptosis.
The death receptor family is composed of different
death ligand ⁄ receptor pairs of the TNF ⁄ TNFR family,
such as CD95 (Fas) ⁄ CD95L, TNF ⁄ TNFR1, TNF ⁄
TNFR2, TRAIL ⁄ TRAILR1 and TRAIL ⁄ TRAILR2
[29]. Decoy receptors have previously been shown to
block the interaction between these ligands and their
receptors, and ligand-mediated cell death. Treatment
of US28-tranfected 293T cells with the decoy receptors
CD95-Fc, which neutralizes CD95L, TNFR1-Fc,
which neutralizes TNF, or TRAILR2-Fc, which neutralizes TRAIL, did not prevent cell death observed
3 days after US28 transfection (Fig. 5B). These data
suggest that US28 triggers a cell-death pathway that
can be blocked by C-FLIP expression, but which is
independent of the engagement of members of the
TNF receptor family by their ligands.
Role of constitutive activity and the C-terminal
cytoplasmic domain of US28 in induction of
apoptosis

Fig. 5. US28 cell death is inhibited by C-FLIP expression and does
not involve members of the TNFR family. (A) Subconfluent HeLa
cells, or C-FLIP stably expressing HeLa cells, or as control MCF-7
cells, were transfected using the calcium phosphate method with
vectors expressing, US28–GFP or the control vector Rc ⁄ CMV vector. Cell were detached 72 h later, and analysed for red PI staining
(DNA loss), and GFP fluorescence. Results are the percentage of
apoptotic US28–GFP+ cells. (B) Subconfluent 293T cells were
transfected by the calcium phosphate method with vectors expressing, US28–GFP or the control vector Rc ⁄ CMV vector, in presence
or absence of decoy receptors (30 lgÆmL)1) that block receptor–
ligand interactions. Shown are the percentages of US28-dying cells
as assessed by PI straining. *Difference between US28 cell death
induction in HeLa and HeLa–C-FLIP cells are statistically significant
(t-test, P < 0.001). Triplicate samples were run at each time point
and data represent means ± SD of two independent experiments
(A), and of one representative experiment of two (B).

in  60% of US28–GFP+ HeLa cells (Fig. 5A). In
contrast, in HeLa–C-FLIP cells, US28 expression
induced death in only  35% cells (Fig. 5A), indicating
that C-FLIP reduces US28-induced cell death. US284170

Previously, we have shown that US28 constitutively
activates several intracellular pathways, resulting in an
increase in inositol phosphate (InsP) accumulation as
well as NF-jB-driven transcription [22]. Our results
indicated that these effects are mediated via US28 coupling to G proteins of the q ⁄ 11 family [22]. Interestingly,
several studies have demonstrated that enhancement of
Gq activity can lead to apoptosis induction via the activation of a protein kinase C (PKC)-dependent pathway
[36–38]. To investigate whether the activation of this signalling route plays a role in US28-mediated cell death,
we tested the apoptotic effect induced by a signalling
deﬁcient mutant, referred to as US28–R129A. US28–
R129A carries a mutation in the DRY sequence at the
bottom of TM-3, a motif that is highly conserved in
class A G-protein-coupled receptors (GPCRs) and plays
a pivotal role in G-protein activation [39].
US28–R129A appears unable to induce InsP turnover in HEK293T cells (see Fig. 6A in comparison to
US28-wild type), although its level of expression at the
cell surface is similar to US28–WT, as determined by
125
I-labelled-CX3CL1 ⁄ fractalkine binding (Fig. 6B).
Interestingly, US28–R129A-induced apoptosis was signiﬁcantly reduced (Fig. 6C) indicating that activation
of Gq ⁄ 11 proteins is involved in US28-mediated cell
death. However, the residual apoptotic effect of US28–
R129A clearly denotes that additional pathways play a
role in the effects observed with US28–WT.
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Fig. 6. Cell-death induction by the US28 mutants R129A and D300. (A) InsP accumulation induced by US28, US28–R129A and US28–D300,
was evaluated in 293T cells, as described in Experimental procedures. (B) Surface expression of the different US28 mutants was monitored
in HEK 293T cells by binding of 125I-labelled fractalkine ⁄ CX3CL1. Data are normalized as binding sites per cell. (C) Cell-death induction by
US28, US28–R129A or US28–D300, was evaluated 72 h post transfection in 293T cells as in Fig. 1B. Results are means ± SD of three independent experiments.

Previous studies have shown that the US28 receptor
undergoes constitutive endocytosis and recycling at the
cell surface [24]. This phenomenon depends on constitutive phosphorylation of serines in the C-terminus
of US28 by GRKs and consequent recruitment of
b-arrestin-2 to the plasma membrane [23,40]. We have
previously shown that deletion of the C-terminal of
US28 generates a receptor (US28-D300) which is
unable to constitutively internalize and is fully localized at the cell membrane [25]. As can be seen in
Fig. 6A, US28-D300 constitutively couples to Gaq ⁄ 11
proteins, similarly to WT receptor, indicating that constitutive activity and internalization proﬁles are distinct
properties of US28. Consistent with the idea that this
receptor mutant does not undergo constitutive internalization, its expression levels at the cell surface are
signiﬁcantly higher than US28-WT (Fig. 6B). The
apoptotic effect induced by US28-D300 is reduced in
comparison with WT (Fig. 6C), especially if considering that the receptor mutant has higher expression
levels. These results indicate that the C tail of US28,
responsible for receptor internalization proﬁles, is also
involved in cell-death induction.

Discussion
To our knowledge, our ﬁndings provide the ﬁrst identiﬁcation of a virally encoded chemokine receptor which
constitutively induces cell death. Apoptosis triggered
by the HCMV CC chemokine receptor US28 depends
on caspase activation and appears independent of both
the mitochondria-dependent death pathway and the
engagement by their ligands of death receptors of the
TNFR family. US28-induced cell death appears unique
among chemokine receptors, because nine human
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

chemokine receptors belonging to three different subfamilies do not induce signiﬁcant constitutive death.
Although engagement of the human chemokine receptor CXCR-4 by its chemokine (SDF-1) and ⁄ or viral
ligand (HIV envelope) has been reported to induce
apoptosis in some cell types, no constitutive death
induction by a chemokine receptor in the absence of
ligand has yet been identiﬁed.
Our results were obtained in cells transfected with
US28, a system that allowed us to analyse the behaviour of different US28 mutants and compare it with
other human chemokine receptors. A critique often
made to this type of studies is that receptor expression
levels are often not physiological in transfected cells.
However, this is not the case for US28, because infection of permissive cells with HCMV results in even
higher levels of US28 than in our study [28], due to
the strength of CMV promoters for early genes.
In vitro, survival of HCMV-infected cells may result
from neutralization of US28-induced cell death by the
different HCMV antiapoptotic proteins (IE1, IE2,
vMIA, vICA). However, cell death induced by US28
could be responsible of CMV apoptosis observed
in vivo in various cells.
Our ﬁnding that US28 constitutively induces apoptosis might explain our inability to obtain stable US28
expression in a variety of cell lines, including the Chinese hamster ovarian (CHO) cell line, four human
myeloid cell lines (THP1, U937, HL60 and K562), the
HEK293T cell line, and one human glioma cell line
permissive for CMV infection (U373-MG) (unpublished results). We also observed that the only HeLa
clone, which we previously obtained and reported as
stably expressing US28 [19], could not be maintained
for long periods in culture, while we easily obtained
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and maintained stable CCR-3 or CCR-5 transfectants
(data not shown). However, we were able to stably
express US28 in the murine NIH 3T3 and SVEC
cells, suggesting that the cell-death-inducing activity
of US28 is strongly dependent on the cellular
environment. Two different US28 stably expressing
HEK293 cell lines and one US28 stably expressing
K562 cell line have been described by others [41,42].
After obtaining one US28-expressing HEK293 cell line
[41], we found it behaved like our previously reported
HeLa clone, namely we could not maintain it in culture (data not shown).
Our ﬁndings using US28 mutants suggest that both
US28 constitutive signalling through Gq ⁄ 11 proteins
and US28 receptor internalization play a role in apoptosis induction. Results suggest that the two signalling
pathways are independent and additive. Interestingly,
the involvement of such pathways in apoptosis has
been previously reported in other models of cell-death
induction. Indeed, several studies have demonstrated
that enhancement of Gq activity induces apoptosis of
cultured cells and cardiac myocytes in transgenic mice
[36,37]. Moreover, transfection of a constitutively active mutant of Gaq into COS-7 and CHO cells was
found to induce apoptosis through a PKC-dependent
pathway [38]. Also, increasing evidence indicates that
GPCRs can modulate several intracellular signals
through mechanisms that are independent from G-protein activation. In particular, GPCR interaction with
arrestin proteins is actively involved in signal transduction, in particular activation of the nonreceptor tyrosine kinase SRC and mitogen-activated protein kinase
[43,44].
Our ﬁndings indicate that apoptosis induced by
US28 expression can be repressed by concomitant
expression of either the antiapoptotic HCMV-encoded
immediate early protein IE1, the cellular protein
C-FLIP, or by the use of synthetic caspase inhibitors.
Interestingly, both IE1, and FLIP proteins prevent
apoptosis induction by ligand-mediated engagement of
two cell-surface death receptors, TNFR and CD95 that
trigger death via recruitment of DED-containing adapter proteins which lead to recruitment and activation
of caspase 10 and ⁄ or caspase 8. C-FLIP represses such
death signalling through direct interference with adapter protein-mediated recruitment and activation of
caspase 10 and 8. To investigate the possible involvement of TNF family ligand and death receptors in
US28 cell death, we used soluble recombinant CD95,
TNFR2 and TRAIL extracellular domains fused to
the immunoglobulin Fc domain, which inhibit apoptosis induced by CD95L, TNF and TRAIL, respectively,
by acting as soluble decoy receptors. All these decoy
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receptors failed to protect cells from US28-induced cell
death, suggesting that US28-induced cell death does
not depend on such death receptor engagement by
their ligands. Caspase-mediated cell death induction
independent of TNFR family death receptors has also
been reported in a process called Anoikis, which is a
caspase-dependent apoptosis induced by loss of integrin-mediated adhesion to extracellular matrix in the
absence of any other death-inducing stimuli [45].
Our ﬁnding that US28-induced apoptosis is prevented by IE1 expression suggests that HCMV might
function, at least partially, according to the adenovirus
paradigm of viral-mediated regulation of cell survival
and cell death. Expression of an adenovirus gene product required for viral replication, e.g. E1A, induces
cell death thereby aborting infection unless additional antiapoptotic viral gene products, e.g. E1B, are
expressed that allow infected cell survival [46]. Accordingly, US28, one of the earliest HCMV gene products
expressed in both latently and productively infected
cells [47,48], might lead to apoptosis as a default pathway, unless IE1 is also expressed, allowing repression
of cell-death induction. In contrast to the adenovirus
E1A protein, however, the HCMV US28 protein does
not appear to be required for the HCMV cycle, at
least in vitro [17].
In vivo, the function of US28 as a chemokine receptor has been proposed to provide HCMV with several
potential advantages, including viral dissemination
through RANTES-mediated chemotaxis of infected
cells [16], immune evasion via the clearance of proinﬂammatory chemokines from the environment of infected cells [17], and possibly activation of the infected
cell for its latency or replication by constitutive PLC
signalling [41]. Our ﬁnding that US28 can induce constitutive death implies that repression of apoptosis
induction might be a prerequisite for its function as a
chemokine receptor or cellular activator, and also raises the question of the potential role that US28-mediated death induction may play in HCMV ⁄ host
interactions. US28-induced apoptosis of infected cells
could contribute to viral dissemination, once active
viral replication has been achieved, but also to the
immune control of systemic infection by stimulating
antiviral CD8 T-cell responses through ingestion of
these apoptotic cells by dendritic cells [49].
All b and most of c herpesviruses encode chemokine
receptor homologues [15]. Our ﬁnding that one of
them, US28, is involved in constitutive death induction, raises the question of whether this represents an
exception or rather a particular example of a general
strategy of viral subversion of chemokine receptor
functions. It should be noted that proof of the concept
FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS
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of constitutive receptor-mediated cell-death induction
is difﬁcult to obtain, because extreme ligand promiscuity may be an alternative mechanism allowing viral
chemokine receptors to signal in the presence of as yet
unknown chemokines. Whatever the mechanism(s)
involved, the virally encoded chemokine receptor US28
might provide infected cells with unique functional
properties, which differ from those conferred by their
human cellular homologues.
Finally, viral chemokine receptor death signalling
might represent an opportunity for therapy. Indeed,
our ﬁnding that the expression of IE1 can repress
US28-induced apoptosis could enhance interest in current strategies which focus on IE1 as a drug target in
HCMV-related disorders [50].

Experimental procedures
Reagents
The pan-caspase inhibitor z-VAD-fmk was purchased from
Bachem (Voisins-le-Bretonneux, France). The selective caspase
inhibitors, z-WEHD-fmk (caspase 1), z-DEVD-fmk (caspase
3), z-VEID-fmk (caspase 6), z-IEYD-fmk (caspase 8),
z-LEHD-fmk (caspase 9) and z-AEVD-fmk (caspase 10), and
chemokines RANTES and Fractalkine were from R&D
Laboratories (Abingdon, UK). Pertussis toxin was purchased
from Sigma Chemical Co. (St. Louis, MO), Genistein from
Alexis Corp (San Diego, CA), and LY-294002 from Calbiochem (La Jolla, CA). Human CD95-Fc immunoglobulin
fusion protein, which binds CD95L, TRAILR2-Fc, which
binds TRAIL, and TNFR1-Fc, which binds TNFa and
lymphotoxin a, were provided by P. Schneider.

Cells
All cell lines were grown in Dulbecco’s modiﬁed Eagle’s
medium containing 10% decomplemented fetal bovine
serum and antibiotics (60 mgÆmL)1 penicillin and
100 mgÆmL)1 streptomycin). HeLa-tat-Env ⁄ ADA cells stably express HIV R5-tropic ADA strain envelope protein,
and HeLa P4 cells stably express CD4 and long-terminal
repeat (LTR)-LacZ. P4 cells were cultured in the presence
of G418 neomycin, and HeLa-tat-Env ⁄ ADA cells in presence of methotrexate.

Expression vectors
Expression vectors of US28–ad169, US28–VHL ⁄ E, US28–
Toledo, and cellular chemokine receptors have been described elsewhere [14,18,27,51]. Bax, Bcl-XL, and p35
expression plasmids were obtained by cloning the cDNAs
into pcDNA3. Bax and Bcl-XL cDNAs were provided by
S. Korsmeyer (Departments of Pathology and Medicine,
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Harvard Medical School, Boston, MA) and p35 cDNA by
J. Abrams (Departments of Pharmacology and Biochemistry, University of Texas South-Western Medical, Dallas,
TX). Expression vectors for CMV IE1 and IE2 were
obtained from R. LaFemina (Department of Antiviral
Research, Merck Research Laboratories, West Point, PA).
C-FLIP expression vector was obtained by J. Tschopp
(Department of Biochemistry, University of Lausanne,
Epalinges, Switzerland) [52].

US28 mutants, US28–GFP and CCR-5–GFP fusion
proteins
US28–WT and US28–R129A from CMV–AD169 strain
and US28–R129A subcloned in pcDEF3 have been previously described [53]. The C-terminus truncation mutant
US28-D300 was generated by PCR according to previous
literature [25] and subcloned in pcDEF3 vector. Enhanced
green ﬂuorescent protein (EGFP) fusion constructs were
created using the pEGFP-N1 vector (Clontech Laboratories, Palo Alto, CA) by ligation of PCR fragments ampliﬁed
from US28 and CCR-5 between XhoI and HindIII sites.

Detection of tagged chemokine receptors and
EGFP
For ﬂow cytometry analysis of myc-tagged receptors, 293T
cells were analysed 16 h after transfection with tagged
chemokine receptor vectors after cell detachment with phosphate-buffered saline (NaCl ⁄ Pi) containing 1 mm EDTA.
Cells (105) were pelleted and incubated for 1 h at 4C
with Cy3-conjugated anti-Myc IgG, 9E10 (Sigma) at
0.5–2 lgÆmL)1 in NaCl ⁄ Pi +1% bovine serum albumin
(washing buffer). After washing, cells were analysed using a
FACScan ﬂow cytometer (Becton Dickinson, Mountain
View, CA).

Measurement of apoptosis
293T cells were seeded in 24-well plates (2 · 104 cells per
well), incubated overnight at 37 C in complete medium,
then transfected by the calcium phosphate technique
(0.5 lg of plasmid DNA per well, or 0.3 lg of each plasmid
DNA per well in cotransfection experiment). Adherent cells
were recovered at indicated time points post transfection by
incubation in NaCl ⁄ Pi containing 1 mm EDTA, and
washed in NaCl ⁄ Pi. DNA content loss (hypodiploidy) was
assessed by ﬂow cytometry analysis of propidium iodide
(PI) (2 lgÆmL)1) (Sigma) staining in the presence of 1%
saponin, using a FACScan ﬂow cytometer (Becton Dickinson). Caspase inhibitors or other inhibitory molecules were
added to cells 4 h after transfection. Because expression
vectors were under the control of the CMV enhancer ⁄ promoter, the effect of inhibitors on this enhancer ⁄ promoter
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was veriﬁed in parallel using cells transfected with a control CMV vector expressing LacZ (pCMV-LacZ) and
b-galactosidase activity was assessed as previously described [54]. None of the inhibitors affected b-galactosidase
expression.
In others cell lines, cell-death induction was monitored
after transfection of US28–GFP or CCR-5–GFP fusion
proteins, or GFP alone, 3 days after transfection in 24-well
plates by determining the amount of DNA loss (hypodiploidy) in GFP+ cells by ﬂow cytometry analysis.

HIV-Env syncytia formation assay
Brieﬂy, HeLa P4 cells (105 cells per well), stably transfected
with CD4 and a lacZ gene under the control of the HIVLTR, were seeded in six-well plates and transfected with 3 lg
of DNA per well using the calcium phosphate technique.
Syncytia formation was assessed 48 h after transfection using
HeLa-Tat-Env-ADA cells, as previously described [18,19].
b-Galactosidase activity, generated upon syncytia formation,
was quantiﬁed as described previously [54].

Insositol phosphate accumulation
293T cells were plated in 24-well plates in Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% fetal bovine
serum and transfected by the calcium phosphate method.
Eight hours after transfection, the medium was replaced
with inositol-free Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% dialysed fetal bovine serum and myo[2-3H]inositol (3 lCiÆmL)1). After overnight incubation, the
labelling medium was aspirated, cells were washed for
10 min with Dulbecco’s modiﬁed Eagle’s medium containing 25 mm Hepes (pH 7.4) and 20 mm LiCl, then incubated
for 1 h in the same medium. Incubation was stopped by
aspiration of the medium and addition of cold 10 mm formic acid. After 90 min incubation on ice, InsP were isolated
by anion exchange chromatography (Dowex AG1-X8 columns, Bio-Rad) and measured by liquid scintillation.

Binding experiments
Labelling of fractalkine ⁄ CX3CL1 (residues 1–72; Peprotech,
Rocky Hill, USA) with 125I using the IODOGEN method
(Pierce, Rockford, IL) was performed as described previously
[55]. Two days after transfection, HEK293T cells were incubated with 0.6 nm 125I-labelled fractalkine in binding buffer
(50 mm Hepes pH 7.4, 1 mm CaCl2, 5 mm MgCl2 and 0.5%
bovine serum albumin) for 3 h at 4 C. After incubation,
cells were washed four times at 4 C with binding buffer supplemented with 0.5 m NaCl. Nonspeciﬁc binding was determined in the presence of 0.1 lm cold chemokine. Data were
analysed with the program graphpad prism (San Diego,
CA).
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le Sida (ECS), Université Paris 7-Valorization, and
Fondation pour la Recherche Médicale (FRM) (JCA),
and postdoctoral fellowships from SIDACTION and
ANRS (OP) and Vrije University talent programme
(PC), and by the Royal Netherlands Academy of Arts
and Sciences (MJS).

References
1 Meier P, Finch A & Evan G (2000) Apoptosis in development. Nature 407, 796–801.
2 Vaux DL & Korsmeyer SJ (1999) Cell death in development. Cell 96, 245–254.
3 Ameisen JC, Estaquier J & Idziorek T (1994) From
AIDS to parasite infection: pathogen-mediated
subversion of programmed cell death as a mechanism for immune dysregulation. Immunol Rev 142,
9–51.
4 Roulston A, Marcellus RC &Branton PE (1999) Viruses
and apoptosis. Annu Rev Microbiol 53, 577–628.
5 Buggage RR, Chan CC, Matteson DM, Reed GF &
Whitcup SM (2000) Apoptosis in cytomegalovirus
retinitis associated with AIDS. Curr Eye Res 21, 721–729.
6 Fleck M, Kern ER, Zhou T, Podlech J, Wintersberger
W, Edwards CK & Mountz JD (1998) Apoptosis
mediated by Fas but not tumor necrosis factor
receptor prevents chronic disease in mice infected
with murine cytomegalovirus. J Clin Invest 102,
1431–1443.
7 Hansen PR, Holm AM, Svendsen UG, Olsen PS &
Andersen CB (1999) Apoptosis in acute pulmonary allograft rejection and cytomegalovirus infection. Apmis
107, 529–533.
8 Krogerus L, Soots A, Loginov R, Bruggeman C,
Ahonen J & Lautenschlager I (2001) CMV accelerates
tubular apoptosis in a model of chronic renal allograft
rejection. Transplant Proc 33, 254.
9 Goldmacher VS, Bartle LM, Skaletskaya A, Dionne
CA, Kedersha NL, Vater CA, Han JW, Lutz RJ,
Watanabe S, Cahir McFarland ED et al. (1999) A cytomegalovirus-encoded mitochondria-localized inhibitor of
apoptosis structurally unrelated to Bcl-2. Proc Natl
Acad Sci USA 96, 12536–12541.

FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

O. Pleskoff et al.

10 Skaletskaya A, Bartle LM, Chittenden T, McCormick
AL, Mocarski ES & Goldmacher VS (2001) A cytomegalovirus-encoded inhibitor of apoptosis that suppresses
caspase-8 activation. Proc Natl Acad Sci USA 98, 7829–
7834.
11 Zhu H, Shen Y & Shenk T (1995) Human cytomegalovirus IE1 and IE2 proteins block apoptosis. J Virol 69,
7960–7970.
12 Tanaka K, Zou JP, Takeda K, Ferrans VJ, Sandford
GR, Johnson TM, Finkel T & Epstein SE (1999) Effects
of human cytomegalovirus immediate-early proteins on
p53-mediated apoptosis in coronary artery smooth muscle cells. Circulation 99, 1656–1659.
13 Rigoutsos I, Novotny J, Huynh T, Chin-Bow ST,
Parida L, Platt D, Coleman D & Shenk T (2003)
In silico pattern-based analysis of the human cytomegalovirus genome. J Virol 77, 4326–4344.
14 Beisser PS, Goh CS, Cohen FE & Michelson S (2002)
Viral chemokine receptors and chemokines in human
cytomegalovirus trafﬁcking and interaction with the
immune system. CMV chemokine receptors. Curr Top
Microbiol Immunol 269, 203–234.
15 Murphy PM (2001) Viral exploitation and subversion of
the immune system through chemokine mimicry. Nat
Immunol 2, 116–122.
16 Streblow DN, Soderberg-Naucler C, Vieira J, Smith P,
Wakabayashi E, Ruchti F, Mattison K, Altschuler Y &
Nelson JA (1999) The human cytomegalovirus chemokine receptor US28 mediates vascular smooth muscle
cell migration. Cell 99, 511–250.
17 Bodaghi B, Jones TR, Zipeto D, Vita C, Sun L,
Laurent L, Arenzana-Seisdedos F, Virelizier JL &
Michelson S (1998) Chemokine sequestration by viral
chemoreceptors as a novel viral escape strategy:
withdrawal of chemokines from the environment of
cytomegalovirus-infected cells. J Exp Med 188,
855–866.
18 Pleskoff O, Treboute C & Alizon M (1998) The cytomegalovirus-encoded chemokine receptor US28 can
enhance cell–cell fusion mediated by different viral proteins. J Virol 72, 6389–6397.
19 Pleskoff O, Treboute C, Brelot A, Heveker N,
Seman M & Alizon M (1997) Identiﬁcation of a
chemokine receptor encoded by human cytomegalovirus as a cofactor for HIV-1 entry. Science 276,
1874–1878.
20 Ohagen A, Li L, Rosenzweig A & Gabuzda D (2000)
Cell-dependent mechanisms restrict the HIV type 1 coreceptor activity of US28, a chemokine receptor homolog
encoded by human cytomegalovirus. AIDS Res Hum
Retroviruses 16, 27–35.
21 Casarosa P, Menge WM, Minisini R, Otto C, van Heteren J, Jongejan A, Timmerman H, Moepps B, Kirchhoff F, Mertens T et al. (2003) Identiﬁcation of the ﬁrst
nonpeptidergic inverse agonist for a constitutively active

FEBS Journal 272 (2005) 4163–4177 ª 2005 FEBS

HCMV chemokine receptor US28 induces apoptosis

22

23

24

25

26

27

28

29

30

31
32
33

34

viral-encoded G protein-coupled receptor. J Biol Chem
278, 5172–5178.
Casarosa P, Bakker RA, Verzijl D, Navis M, Timmerman H, Leurs R & Smit MJ (2001) Constitutive signaling of the human cytomegalovirus-encoded
chemokine receptor US28. J Biol Chem 276, 1133–
1137.
Miller WE, Houtz DA, Nelson CD, Kolattukudy PE &
Lefkowitz RJ (2003) GRK phosphorylation and beta
arrestin recruitment regulate the constitutive signaling
activity of the human cytomegalovirus US28 GPCR.
J Biol Chem 278, 21663–21671.
Fraile-Ramos A, Kledal TN, Pelchen-Matthews A,
Bowers K, Schwartz TW & Marsh M (2001)
The human cytomegalovirus US28 protein is located
in endocytic vesicles and undergoes constitutive
endocytosis and recycling. Mol Biol Cell 12, 1737–
1749.
Waldhoer M, Casarosa P, Rosenkilde MM, Smit MJ,
Leurs R, Whistler JL & Schwartz TW (2003) The carboxyl terminus of human cytomegalovirus-encoded 7
transmembrane receptor US28 camouﬂages agonism by
mediating constitutive endocytosis. J Biol Chem 278,
19473–19482.
Gross A, McDonnell JM & Korsmeyer SJ (1999)
BCL-2 family members and the mitochondria in
apoptosis. Genes Dev 13, 1899–1911.
Labrosse B, Brelot A, Heveker N, Sol N, Schols D, De
Clercq E & Alizon M (1998) Determinants for sensitivity
of human immunodeﬁciency virus coreceptor CXCR4 to
the bicyclam AMD3100. J Virol 72, 6381–6388.
Minisini R, Tulone C, Luske A, Michel D, Mertens T,
Gierschik P & Moepps B (2003) Constitutive inositol
phosphate formation in cytomegalovirus-infected human
ﬁbroblasts is due to expression of the chemokine receptor homologue pUS28. J Virol 77, 4489–4501.
Zimmermann KC, Bonzon C & Green DR (2001) The
machinery of programmed cell death. Pharmacol Ther
92, 57–70.
Xiang J, Chao DT & Korsmeyer SJ (1996) BAXinduced cell death may not require interleukin 1 betaconverting enzyme-like proteases. Proc Natl Acad Sci
USA 93, 14559–14563.
Goyal L (2001) Cell death inhibition: keeping caspases
in check. Cell 104, 805–808.
Green DR (2000) Apoptotic pathways: paper wraps
stone blunts scissors. Cell 102, 1–4.
Wang J, Chun HJ, Wong W, Spencer DM & Lenardo
MJ (2001) Caspase-10 is an initiator caspase in death
receptor signaling. Proc Natl Acad Sci USA 98, 13884–
13888.
Krueger A, Baumann S, Krammer PH & Kirchhoff S
(2001) FLICE-inhibitory proteins: regulators of death
receptor-mediated apoptosis. Mol Cell Biol 21, 8247–
8254.

4175

HCMV chemokine receptor US28 induces apoptosis

35 Kurokawa H, Nishio K, Fukumoto H, Tomonari A,
Suzuki T & Saijo N (1999) Alteration of caspase-3
(CPP32 ⁄ Yama ⁄ apopain) in wild-type MCF-7, breast
cancer cells. Oncol Rep 6, 33–37.
36 Adams JW, Pagel AL, Means CK, Oksenberg D, Armstrong RC & Brown JH (2000) Cardiomyocyte apoptosis induced by Galphaq signaling is mediated by
permeability transition pore formation and activation of
the mitochondrial death pathway. Circ Res 87, 1180–
1187.
37 Adams JW, Sakata Y, Davis MG, Sah VP, Wang Y,
Liggett SB, Chien KR, Brown JH & Dorn GW (1998)
Enhanced Galphaq signaling: a common pathway mediates cardiac hypertrophy and apoptotic heart failure.
Proc Natl Acad Sci USA 95, 10140–10145.
38 Althoefer H, Eversole-Cire P & Simon MI (1997) Constitutively active Galphaq and Galpha13 trigger apoptosis through different pathways. J Biol Chem 272, 24380–
24386.
39 Fourmy D, Escrieut C, Archer E, Gales C, Gigoux V,
Maigret B, Moroder L, Silvente-Poirot S, Martinez J,
Fehrentz JA et al. (2002) Structure of cholecystokinin
receptor binding sites and mechanism of activation ⁄ inactivation by agonists ⁄ antagonists. Pharmacol
Toxicol 91, 313–320.
40 Mokros T, Rehm A, Droese J, Oppermann M, Lipp
M & Hopken UE (2002) Surface expression and
endocytosis of the human cytomegalovirus-encoded
chemokine receptor US28 is regulated by agonist-independent phosphorylation. J Biol Chem 277, 45122–
45128.
41 Billstrom MA, Johnson GL, Avdi NJ & Worthen GS
(1998) Intracellular signaling by the chemokine receptor
US28 during human cytomegalovirus infection. Virol
72, 5535–5544.
42 Gao JL & Murphy PM (1994) Human cytomegalovirus open reading frame US28 encodes a functional
beta chemokine receptor. J Biol Chem 269, 28539–
28542.
43 Ferguson SS (2001) Evolving concepts in G proteincoupled receptor endocytosis: the role in receptor
desensitization and signaling. Pharmacol Rev 53,
1–24.
44 Pierce KL & Lefkowitz RJ (2001) Classical and new
roles of beta-arrestins in the regulation of G-proteincoupled receptors. Nat Rev Neurosci 2, 727–733.
45 Frisch SM & Screaton RA (2001) Anoikis mechanisms.
Curr Opin Cell Biol 13, 555–562.
46 Debbas M & White E (1993) Wild-type p53 mediates
apoptosis by E1A, which is inhibited by E1B. Genes
Dev 7, 546–754.
47 Beisser PS, Laurent L, Virelizier JL & Michelson S
(2001) Human cytomegalovirus chemokine receptor
gene US28 is transcribed in latently infected THP-1
monocytes. J Virol 75, 5949–5957.

4176

O. Pleskoff et al.

48 Zipeto D, Bodaghi B, Laurent L, Virelizier JL &
Michelson S (1999) Kinetics of transcription of human
cytomegalovirus chemokine receptor US28 in different
cell types. J General Virol 80, 543–547.
49 Arrode G, Boccaccio C, Lule J, Allart S, Moinard N,
Abastado JP, Alam A & Davrinche C (2000) Incoming human cytomegalovirus pp65 (UL83) contained in
apoptotic infected ﬁbroblasts is cross-presented to
CD8 (+) T cells by dendritic cells. J Virol 74, 10018–
10024.
50 Detrick B, Nagineni CN, Grillone LR, Anderson KP,
Henry SP & Hooks JJ (2001) Inhibition of human cytomegalovirus replication in a human retinal epithelial cell
model by antisense oligonucleotides. Invest Ophthalmol.
Vis Sci 42, 163–169.
51 Kuhn DE, Beall CJ & Kolattukudy PE (1995) The cytomegalovirus US28 protein binds multiple CC chemokines with high afﬁnity. Biochem Biophys Res Commun
211, 325–330.
52 Thome M & Tschopp J (2001) Regulation of lymphocyte proliferation and death by FLIP. Nat Rev Immunol
1, 50–58.
53 Bakker RA, Casarosa P, Timmerman H, Smit MJ &
Leurs R (2004) Constitutively active Gq ⁄ 11-coupled
receptors enable signaling by co-expressed G(i ⁄ o)-coupled receptors. J Biol Chem 279, 5152–5161.
54 Mammano F, Trouplin V, Zennou V & Clavel F (2000)
Retracing the evolutionary pathways of human immunodeﬁciency virus type 1 resistance to protease inhibitors: virus ﬁtness in the absence and in the presence of
drug. J Virol 74, 8524–8531.
55 Gruijthuijsen YK, Casarosa P, Kaptein SJ, Broers JL,
Leurs R, Bruggeman CA, Smit MJ &Vink C (2002) The
rat cytomegalovirus R33-encoded G protein-coupled
receptor signals in a constitutive fashion. J Virol 76,
1328–1338.

Supplementary material
The following material is available online:
Fig. S1. Detection of GFP-fused chemokine receptors
and cell-death induction. Subconﬂuent 293T cells were
transfected by the calcium phosphate method with vectors expressing (A) the control Rc ⁄ CMV vector, (B)
the GFP, and (C) CCR-5–GFP or (D) US28–GFP
fusion proteins. Cells were detached 72 h later, and
analysed using ﬂow cytometry for DNA loss (PI staining) (x-axis), and green GFP ﬂuorescence (y-axis). The
percentages of living GFP + cells are indicated on the
right and the percentages of apoptotic GFP + cells on
the left.
Fig. S2. Fluorescent microscope analysis of GFP and
GFP-fused chemokine receptors US28 and CCR-5.
Cells were examined 48 h post transfection after strain-
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ing with HOESCHT 33342, in the presence or in
absence of z-VAD-fmk in US28–GFP transfected cells.
The arrow indicates typical nuclear chromatin condensation and fragmentation in dying cells.
Fig. S3. Caspase 3 and 8 activation by US28. Caspase
3 and 8 activation is expressed as raw ﬂuorescence
units as a result of z-MCA-VDQMDGWK(DNP)NH2 and z-IETD-AFC hydrolysis, respectively. 293T
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cells (2 · 106) were transfected with 10 lg of US28
expression vector or the empty vector Rc ⁄ CMV as a
control. Transfected cells were incubated 24 h later
with each substrate at 25 C for 0 min (immediately
following mixing) and 90 min later. No signiﬁcative
difference was obtained at time 0. Duplicate samples
were run at each time point and data represent means
± SD of two experiments.
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