Cell, Vol. 87, 845-855, November 29, 1996, Copyright (11996 by Cell Press

CAR1, a TNFR-Related Protein,
Is a Cellular Receptor for Cytopathic Avian
Leukosis—-Sarcoma Viruses and Mediates Apoptosis

Jurgen Brojatsch,* John Naughton,*

Melissa M. Rolls,* Kurt Zingler,t

and John A. T. Young*

*Department of Microbiology and Molecular Genetics
Harvard Medical School

Boston, Massachusetts 02115

tDepartment of Microbiology and Immunology
University of California School of Medicine

San Francisco, California 94143

Summary

Viral envelope (Env)-receptor interactions have been
implicated in the cell death associated with infection
by subgroups B and D avian leukosis-sarcoma viruses
(ALVs). A chicken protein, CAR1, was identified that
permitted infection of mammalian cells by these viral
subgroups. CAR1 bound to a viral Env fusion protein,
comprising an ALV-B surface Env protein and the Fc
region of an immunoglobulin, indicating that it is a
specific viral receptor. CAR1 contains two extracellu-
lar cysteine-rich domains characteristic of the TNFR
family and a cytoplasmic region strikingly similar to
the death domain of TNFR1 and Fas, implicating this
receptor in cell killing. Chicken embryo fibroblasts
susceptible to ALV-B infection and transfected quail
QT6 cells expressing CAR1 underwent apoptosis in
response to the Env-Ig fusion protein, demonstrating
that this cytopathic ALV receptor can mediate cell
death.

Introduction

Avian leukosis—sarcoma viruses (ALVs) are divided into
cytopathic and noncytopathic subgroups. In contrast to
infection by noncytopathic viral subgroups (A, C, and E),
which does not lead to cell killing, infection by cytopathic
viral subgroups (B, D, and F) can lead to the death of
as much as 30%-40% of target cells during the acute
phase of infection (Weller et al., 1980; Weller and Temin,
1981). Cells killed by cytopathic ALVs contain approxi-
mately 300-400 copies of unintegrated viral DNA per
cell, whereas noncytopathic ALV infections do not lead
to accumulation of unintegrated viral DNA (Weller et al.,
1980; Weller and Temin, 1981). Also, addition of antisera
to prevent viral reinfection abrogates the viral cytopathic
effect (CPE; Weller et al., 1980). These observations
have led to a proposal that the cell killing associated
with cytopathic ALV infections might be due to massive
viral superinfection (Weller et al., 1980; Weller and
Temin, 1981). Indeed, infected cells that survive this
transient period of cell killing are resistant to viral super-
infection because the cognate receptors are functionally
down-regulated (reviewed by Weiss, 1993). Multiple
rounds of viral infection have also been implicated in
the CPE associated with other retroviruses, including
HIV-1 (Somasundaran and Robinson, 1987; Stevenson
et al., 1988; Pauza et al., 1990; Robinson and Zinkus,

1990), spleen necrosis virus (Keshet and Temin, 1979),
and the feline leukemia virus FeLV-FAIDS (Donahue et
al., 1991). In the case of HIV-1, however, superinfection
is not required for cell killing (Bergeron and Sodroski,
1992; Laurent-Crawford and Hovanessian, 1993).

CPE determinants have been mapped to the envelope
(Env) glycoproteins of several retroviruses, including
ALV-B (Dorner and Coffin, 1986), HIV-1 (reviewed by
Siliciano, 1996), avian hemangioma virus (Reshick-
Roguel et al., 1989), Cas-Br-E-murine leukemia virus
(Paquette et al., 1989), feline leukemia virus C (Riedel
et al., 1988), and the feline leukemia virus FeLV-FAIDS
(Donahue et al., 1991). The CPE determinants of the
ALV-B Env subunit surface (SU) also specify usage of
the subgroup B viral receptor on chicken cells (Dorner
and Coffin, 1986). This observation suggests that Env—
receptor interactions might contribute directly to cell
killing.

Cytopathic ALV-B and ALV-D and noncytopathic
ALV-E are predicted to share a cellular receptor encoded
by the chicken tv-b locus (reviewed by Weiss, 1993). A
set of five different alleles of tv-b has been identified:
tv-b*', tv-bs%2, and tv-b® permitinfection by all three viral
subgroups; tv-b*® allows infection by ALV-B and ALV-D,
but not ALV-E; and tv-b" does not permit entry by any
of these viruses (reviewed by Weiss, 1993).

To understand the mechanism of cell killing induced
by cytopathic subgroups of ALV, we have cloned a
chicken gene, presumably tv-bs3, which encodes a cellu-
lar receptor for the subgroup B and D viruses. This
receptor is amember of the tumor necrosis factor recep-
tor (TNFR) family, and interaction of this protein with a
subgroup B SU-Ig fusion protein promotes the death of
avian cells. This result indicates that cytopathic ALV
Env-receptor interactions might contribute directly to
virus-induced cell death.

Results

Isolation of Genomic and cDNA Clones That Permit
Infection by Cytopathic Subgroups of ALV

A gene transfer approach was used in an attempt to
isolate the chicken tv-b¥® locus, predicted to encode
cellular receptors for the cytopathic subgroups B and D
ALV (Weiss, 1993). Mouse 3T3 cells were cotransfected
with pMPHis plasmid DNA conferring histidinol resis-
tance (Young et al., 1993) and with genomic DNA from
chicken embryo fibroblasts (CEFs) homozygous for tv-
b%. To identify which of the approximately 3,300 histidi-
nol-resistant colonies were susceptible to ALV-B infec-
tion, we challenged them with the subgroup B-specific
virus RCASH-B encoding hygromycin B phosphotrans-
ferase (Young et al., 1993). The resultant 19 hygromycin
B-resistant colonies were challenged with another sub-
group B-specific virus, RCASB-Neo, conferring resis-
tance to G418. A single primary transfectant, designated
11B, was infected by both subgroup B viruses. The pres-
ence of approximately six copies of RCASH-B proviral
DNA in the population of cells derived from transfectant
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11B confirmed the occurrence of multiple infection
events, consistent with receptor-mediated viral entry
(data not shown). Southern blot analysis (Southern,
1975) demonstrated the presence of chicken genomic
DNA in this transfectant (data not shown), as it contained
multiple copies of B5/B6 avian repeat DNA (Stumph et
al., 1981).

To segregate the putative ALV-B susceptibility gene
from other transfected DNA sequences, we performed
a second round of transfection and selection. Geno-
mic DNA from primary transfectant 11B was cotrans-
fected with pPur plasmid DNA encoding puromycin
N-acetyltransferase into mouse 3T3 cells. The resulting
20,000 colonies were challenged with RCASB-Neo and
RCASH-B, leading to 14 colonies resistant to G418 and
hygromycin B.

The primary transfectant 11B contained multiple cop-
ies of pMPHIS plasmid DNA (data not shown), raising
the possibility that plasmid sequences were linked to
the ALV-B susceptibility locus. Indeed, Southern blot
analysis demonstrated that 7 of 12 secondary transfec-
tants contained a shared locus with a unique copy of
PMPHIS plasmid DNA (Figure 1A). Thus, this plasmid
DNA appeared to be linked to the susceptibility locus
and was used as a molecular tag for cloning.

To isolate the chicken DNA sequences linked to this
plasmid, a genomic DNA library prepared from second-
ary transfectant C12 was screened by hybridization with
a probe specific for the histidinol dehydrogenase gene.
The BK-1c clone was isolated (Figure 1A), and derivative
restriction fragments were used as hybridization probes
to isolate the overlapping genomic DNA clone BK-9 (Fig-
ure 1A). Southern blot analysis using probes derived
from both of these clones revealed a 7.5 kb stretch of
chicken genomic DNA shared between several indepen-
dent secondary transfectants (Figure 1A). Human 293
cells transfected with the BK-9 genomic DNA clone
could be infected by RCASH-B, indicating that the re-
gion of the shared chicken locus contained within this
clone encodes the ALV-B susceptibility factor (data not
shown).

To identify RNA transcripts encoding this factor,
Northern blot analysis was performed using three
probes derived from the shared region. A single 2.3 kb
RNA transcript hybridized with all three probes (Figure
1B). Therefore, a cDNA library constructed from CEFs
was screened with these probes. One clone, designated
7.6-2, which hybridized with all three probes, was iso-
lated and conferred susceptibility to ALV-B infection
upon COS-7 cells (Figure 1C). Furthermore, this clone
increased by approximately 10-fold the susceptibility of
these cells to infection by subgroup D viruses (Figure
1C), which are moderately mammal-tropic (Bova et al.,
1988). These results indicate that the cloned gene is
probably tv-b%, predicted to encode a factor allowing
infection specifically by ALV-B and ALV-D (Weiss, 1993).
As expected, the transfected COS-7 cells were not effi-
ciently infected by subgroup A, C, or E viruses (Figure
1C), which do not use receptors encoded by this allele
of tv-b (Weiss, 1993).

Preliminary studies have demonstrated that the candi-
date tv-b gene may be expressed ubiquitously in
chicken tissues. Northern blot analysis using the 7.6-2

cDNA clone as a probe revealed an approximately 2.3
kb RNA species in several different chicken tissues in-
cluding bursa, gizzard, liver, heart, and lung (data not
shown). However, these transcripts appear to be much
less abundant than those observed in CEFs.

The Cloned Factor Binds Specifically

to the ALV-B SU Protein

The 7.6-2 cDNA clone was sequenced leading to the
identification of a single long open reading frame that
appears to encode a type | membrane protein with an
estimated molecular mass of 39 kDa. This protein is
predicted to contain a signal peptide, an extracellular
domain with two putative N-linked glycosylation sites,
a single transmembrane region, and a long cytoplasmic
tail (Figure 2).

To test whether the cloned factor bound specifically to
ALV-B Env, animmunoadhesin (SUB-rlgG) comprising a
subgroup B SU protein fused to the Fc region of a rabbit
immunoglobulin was constructed. The SUB-rigG pro-
tein migrated at approximately 200 kDa under nonreduc-
ing conditions on an SDS-polyacrylamide gel (Figure
3A) but at approximately 120 kDa when reduced (data
not shown). This is consistent with the formation of disul-
fide-linked homodimers similar to those of other immu-
noadhesins (Capon et al., 1989; Haak-Frendscho et al.,
1993; Pitti et al., 1994). The SUB-rlgG protein precipi-
tated two predominant proteins (approximately 42 kDa
and 45 kDa in size) from lysates of human 293 cells
transfected with the 7.6-2 cDNA clone (Figure 3B, right
panel), but not from cells expressing Tva, the ALV-A
receptor (Figure 3B, left panel). These two proteins were
not precipitated by a control immunoadhesin (SUA-rigG)
containing the SU portion of a subgroup A Env protein,
which instead precipitated the heterogeneously modi-
fied Tva proteins (Bates et al., 1993; Figure 3B). Endogly-
cosidase H digestion of the 42 kDa and 45 kDa proteins
generated a single 40 kDa protein species (M. M. R., H.
Adkins, and J. A. T.Y.; unpublished data), demonstrating
that the major proteins precipitated by SUB-rlgG were
glycosylated forms of the cloned factor. Flow cytometry
demonstrated that human 293 cells transfected with the
7.6-2 cDNA clone specifically bound SUB-rigG (data not
shown). The ability of the cloned factor to bind directly
to ALV-B SU is an activity expected of a specific viral
receptor; we therefore designated this protein CAR1
(cytopathic ALSV receptor).

CAR1 Is a Member of the TNFR Family

Several features identified CAR1 as a member of the
TNFR family that includes TNFR1, TNFR2, Fas, p75"™,
0X-40, CD40, CD27, and CD30 (reviewed by Beutler et
al., 1994). The predicted extracellular region of CAR1
contains two TNFR-like cysteine-rich domains (CRDs)
(Figure 4A). Both domains contain six highly conserved
cysteines, which in TNFR1 are organized into three intra-
domain disulfide bonds (Banner et al., 1993). The second
CRD of CAR1 contains two additional cysteines (resi-
dues 109 and 115; Figure 4A), as do the third CRDs of
Fas (ltoh et al., 1991), TNFR2 (Smith et al., 1990), and
CDA40 (Stamenkovic et al., 1989). Additional conserved
amino acid residues were identified in both CRDs of
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Figure 1. Isolation of a cDNA Clone Encoding an ALV-B Susceptibility Factor

(A) Restriction enzyme site map of a 7.5 kb chicken DNA locus shared between independent secondary transfectants (A2, A15, B14, and C12)
that were susceptible to ALV-B. The 2.5 kb and 1.5 kb fragments (open boxes) were used as hybridization probes. The pMPHIS plasmid is
indicated by a black box. The location of BK-9 and BK-1c clones is indicated. The shared 7.5 kb region of chicken genomic DNA is indicated
by a striped box. Enzyme abbreviations: B, Bglll; E, EcoRI; H, Hindlll; N, Ndell; K, Kpnl; Sa, Sacl; Sc, Scal; X, Xbal. Unique sites are indicated
by asterisks. Sites in parentheses were used to generate probes but were not tested in every transfectant.

(B) Northern blot analysis of total RNA from chicken cells that were homozygous for tv-b** was performed using the 2.5 kb, 1.9 kb, and 1.5
kb fragments as hybridization probes.

(C) COS-7 cells transfected with the 7.6-2 cDNA clone were susceptible to ALV-B infection and showed an increased susceptibility to infection
by mammal-tropic subgroup D viruses (Bova et al., 1988). The transfected cells were challenged with subgroup A, B, C, and D viruses
conferring resistance to G418 and with a subgroup E virus conferring resistance to hygromycin B. The resultant numbers of G418 or hygromycin
B-resistant colonies are indicated per ml virus.

CART1, some of which in TNFR1 are required for proper of TNFR1 and Fas (Figure 4B), which are important for

folding of the structural core of these motifs (Banner et
al., 1993; Figure 4A). Compared with the extracellular
domains of other TNFR-like proteins, the regions of
CAR1 with the most amino acid spacing differences
(residues Thr-68 to Lys-76; Arg-81 to GIn-87; Cys-109 to
Met-117; Pro-126 to GIn-129) correspond to two variable
loop regions in the CRDs of TNFR1 (Banner et al., 1993).

The predicted cytoplasmic tail of CAR1 contained a
region strikingly similar to the defined death domains

the ability of these receptors to induce apoptosis (Itoh
and Nagata, 1993; Tartaglia et al., 1993). Similar death
domains have been described in other apoptosis-induc-
ing proteins including p75"™ (Chapman, 1995), TRADD,
FADD/MORT-1, and RIP (Figure 4B; reviewed by Cleve-
land and lhle, 1995). The putative death domain of CAR1
was most highly related to the death domain of human
TNFR1 (31% identity). Significantly, six residues in the
death domain of TNFR1 shown to be critical for cell
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Figure 2. The 7.6-2 cDNA Clone Encodes a Type | Membrane Protein

(A) The long open reading frame contained within the 7.6-2 cDNA clone. The putative transmembrane domain is underlined, and two potential
N-linked glycosylation sites (N-X-S/T) are boxed. The predicted leader peptidase cleavage site (von Heijne, 1986) is marked by an arrow.
(B) A hydropathy plot of the protein created using the algorithm of Kyte and Doolittle (1982).
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Figure 3. The Cloned Factor Bound Specifically to an ALV-B SU-Ig
Fusion Protein

(A) Extracellular supernatants containing no immunoadhesin (mock),
SUA-rlgG, or SUB-rlgG were subjected to electrophoresis under
nonreducing conditions on a 7.5% polyacrylamide gel containing
SDS and were immunoblotted using a horseradish peroxidase-
coupled antibody specific for rabbit immunoglobulins.

(B) %S-labeled proteins from lysates of human 293 cells that had
been transfected either with an expression vector encoding Tva
(Zingler et al., 1995) or with the 7.6-2 cDNA clone were precipitated
by the SU-immunoadhesins and protein A-Sepharose and analyzed
by SDS-polyacrylamide gel electrophoresis. The sizes of the molec-
ular mass markers are given in kDa.

killing (Tartaglia et al., 1993) appear to be absolutely
conserved in this region of CAR1 (Figure 4B). Therefore,
the cytoplasmic domain of CAR1 contains a region with
many of the hallmarks of a functional death domain.

CAR1 Induces Apoptosis in Avian Cells

TNFR1 and Fas are known to signal apoptosis following
receptor cross-linking upon binding to their cognate tri-
meric ligands or to receptor-specific antibodies (re-
viewed by Nagata and Golstein, 1995). Therefore, we
decided to test whether the dimeric SUB-rigG fusion
protein that is able to bind CAR1 could elicit apoptosis.
First, we determined if incubation with SUB-rigG af-
fected the viability of avian cells that expressed sub-
group B viral receptors. CEFs (homozygous for the tv-
bs? allele) that express subgroup B viral receptors and
chicken cells (homozygous for the tv-b" allele) that pre-
sumably do not express these receptors were used for
these studies. These cells were incubated with increas-
ing amounts of SUB-rlgG in the presence of a protein
biosynthesis inhibitor, cycloheximide, which is routinely
included in apoptosis assays (e.g., Laster et al., 1988).
Following a 6 day incubation period with SUB-rlgG, the
cell population that expressed subgroup B viral recep-
tors showed a marked reduction in the numbers of ad-
herent cells (Figure 5A). The magnitude of this effect
was dependent upon the concentration of SUB-rigG
added (Figure 5A) and required cycloheximide. In con-
trast, the SUB-rlgG protein did not affect the numbers
of adherent cells observed with the cell population not
expressing functional subgroup B viral receptors (Fig-
ure 5A).

The nonadherent cells that resulted from incubations
with SUB-rlgG and cycloheximide contained nucleoso-
mal genomic DNA ladders, indicating that they had un-
dergone apoptosis (data not shown). To obtain further

evidence that SUB-rlgG induced apoptosis in a manner
that was dependent on expression of the subgroup B
viral receptor, this immunoadhesin was incubated with
CEFs (homozygous for the tv-b*® allele) that were either
uninfected or chronically infected by the subgroup B
virus RCASH-B. Cells chronically infected by this virus
have presumably survived any virus-induced cell death
(Weller et al., 1980; Weller and Temin, 1981) and are
resistant to viral superinfection owing to functional
down-regulation of the subgroup B viral receptor (Weiss,
1993). For control purposes, these experiments were
also performed with CEFs chronically infected by the
subgroup A virus RCASH-A and with the SUA-rigG pro-
tein, which was not expected to induce apoptosis. To
quantitate the degree of apoptosis induced in each cell
population, we used an ELISA-based assay to measure
the level of cytoplasmic nucleosomal DNA fragments.
The uninfected cells and the subgroup A virus-infected
cells showed significantly increased apoptosis in the
presence of SUB-rlgG and cycloheximide, compared
with incubation with SUA-rlgG and cycloheximide (Fig-
ure 5B). However, cells chronically infected with the
subgroup B virus did not die preferentially when incu-
bated with SUB-rlgG, presumably because subgroup B
viral receptors had been functionally down-regulated
(Weiss, 1993). These data provided further evidence that
the subgroup B viral receptor was important forinducing
cell death.

To obtain direct evidence that the subgroup B viral
receptor CAR1 can induce apoptosis, a cloned line of
transfected quail QT6 cells stably expressing this factor
was incubated with SUB-rlgG protein that had been
purified to 80%-90% homogeneity using a protein A
column (Zinglerand Young, 1996). CAR1 expression was
confirmed in these cells by immunoblot analysis (data
not shown). As expected, these cells were infected by
RCASH-B in contrast to wild-type QT6 cells (Figure 5C),
which are normally resistant to subgroup B viral infection
(Weiss, 1993). Only the QT6 cells expressing CAR1 were
induced to undergo apoptosis in response to SUB-rlgG
(Figure 5D). Similar results were obtained with a second
independent clone of QT6 cells that expressed CAR1
(data not shown). These results demonstrate that SUB-
rigG/CART1 interactions can lead to the death of avian
cells.

Discussion

A gene was cloned encoding a TNFR-related protein,
CAR1, which permitted specific infection of mammalian
cells by ALV-B and ALV-D. This protein bound selec-
tively to a subgroup B ALV SU-Ig fusion protein (SUB-
rigG). Taken together, these observations indicate that
CAR1 most likely mediates viral entry by serving as a
specific receptor for viral subgroups B and D. CAR1
is apparently not related to any other known retroviral
receptor; these include Tva, a receptor for another avian
viral subgroup (ALV-A), which is a member of the low
density lipoprotein receptor family; CD4, a member of
the immunoglobulin protein superfamily; and trans-
porter proteins that contain multiple membrane-span-
ning regions (Weiss and Tailor, 1995).
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Figure 4. CAR1 Is a Member of the TNFR Superfamily

(A) Alignment of the extracellular CRDs of CAR1 with the corresponding regions of the human TNFR1 (Loetscher et al.,

1990; Schall et al.,

1990) and human Fas (ltoh et al., 1991). Boxed amino acids indicate amino acids identical to CAR1. A set of three disulfide bonds in TNFR1
(Banner et al., 1993) is indicated as SS1-SS3. SS4 represents a putative disulfide bond found in CRDs of some TNFR-related proteins including
the second CRD of CAR1. Asterisks indicate amino acid residues which, in addition to the cysteines, stabilize the conformation of TNFR1

CRDs.

(B) CAR1 contains a putative death domain. Alignment of a cytoplasmic region of CAR1 with the death domains of other proteins. Boxed
amino acids indicate amino acids identical to CAR1, and asterisks indicate residues of TNFR1 that are essential for cell killing (Tartaglia et

al., 1993).

CART1 contains two extracellular CRDs similar to those
found in the TNFR family. Based on the known structure
of the four domains of TNFR1 (Banner et al., 1993), the
six cysteines in the first CRD of CAR1 are predicted to
form three intradomain disulfide bonds (Figure 4A). The
eight cysteines in the second CRD of CAR1 are pre-
dicted to have the same pattern of disulfide bonds with
an additional putative bond formed between Cys-109
and Cys-115 (Figure 4A). It is intriguing that the ALV-A
interaction site of Tva is contained within a low density
lipoprotein receptor-related motif that is similar in size
to TNFR-like CRDs and is predicted to contain three
intradomain disulfide bonds (Bélanger et al., 1995; Daly
et al., 1995; Zingler et al., 1995). This similarity suggests
that viral interaction sites of Tva and CAR1 might have
common features.

The CRDs of TNFR1 are known to adopt similar core
structures (Banner et al., 1993), and residues important
for the stability of this structure have been identified.
These include highly conserved Asp/Asn-Thr residues
(located before the last cysteine residue), which are hy-
drogen-bonded to a conserved serine or threonine resi-
due located after the third cysteine (Figure 4A). Also, a
conserved aromatic residue (Tyr or Phe) located approx-
imately five residues after the first cysteine provides

further stability by interacting both with the second di-
sulfide bridge and the Asp/Asn:Ser hydrogen bond
bridge (Banner et al., 1993). Anumber of these important
amino acid residues are also found in CAR1 (Tyr-67,
Thr-82, Asn-98, Thr-99, Phe-108, Thr-123, and Asp-140),
suggesting that both CRDs of the ALV receptor are
structurally related to those of TNFR1 (Figure 4A).

The presence of a cytoplasmic region in CAR1 similar
to the death domain of Fas and TNFR1 (Figure 4B) led
to experiments demonstrating that this ALV receptor
could induce apoptosis in avian cells. CEFs that ex-
pressed subgroup B viral receptors underwent apop-
tosis in response to the ALV-B SU immunoadhesin,
whereas cells that lacked these receptors did not. In
addition, preinfection of CEFs by ALV-B led to protection
against apoptosis induced by this immunoadhesin. Pre-
sumably, this protection is due to subgroup B viral re-
ceptor down-regulation in these cells (Weiss, 1993), al-
though subgroup B virus infection might have selected
for a cell population resistant to SUB-rlg-induced
apoptosis. Furthermore, the subgroup B SU immu-
noadhesin caused apoptosis in quail QT6 cells that sta-
bly expressed CAR1, but not in wild-type QT6 cells.
These data demonstrate that cytopathic ALV Env-
receptor interactions can lead to cell death and might
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Figure 5. CAR1-Mediated Apoptosis

(A) CEFs susceptible to ALV-B infection are preferentially killed in
response to SUB-rlgG. A representative experiment in which ap-
proximately 2 X 10° CEFs that either expressed (tv-b?#%) or lacked
(tv-b™) functional subgroup B viral receptors were incubated with
increasing amounts (1, 10, and 100 p.l) of extracellular supernatants
containing SUB-rlgG (Figure 3A) in the presence of 7.5 png/ml of
cycloheximide. The numbers of adherent cells were counted after
6 days and corrected relative to the numbers of cells remaining after
incubation with cycloheximide alone.

(B) CEFs chronically infected by ALV-B are protected from SUB-
rigG-induced apoptosis. A representative experiment in which ex-
tracellular supernatants containing SUA-rlgG or SUB-rlgG (Figure
3A) were incubated with 2 X 10* CEFs that express subgroup B viral
receptors (tv-b***%) and that were either uninfected or chronically
infected with the subgroup A virus RCASH-A or with the subgroup
B virus RCASH-B. These experiments were performed for 2 days in
the presence of 10 pg/ml of cycloheximide. Cells were assayed for
evidence of apoptosis using an ELISA-based assay that measures
photometrically the amount of cytoplasmic histone-associated DNA
fragments. The apparent reduction in the level of SUB-rlgG-induced
apoptosis obtained with RCASH-A-infected cells probably reflects
their observed reduced plating efficiency in these experiments.
(C) A cloned line of QT6 cells stably expressing CAR1 was suscepti-
ble to infection by the RCASH-B virus. The number of hygromycin
B-resistant colonies that resulted from viral infection is shown.

(D) Quail QT6 cells that expressed CAR1 underwent apoptosis in
response to SUB-rlgG. Approximately 2 X 10* QT6 cells or QT6
cells expressing CAR1 were incubated with 16 ng of either purified
SUB-rlgG or purified SUA-rlgG in the presence of 2.5 pg/ml of
cycloheximide. The apoptosis assays were performed as described
in (B) above, and the results were from two independent experi-
ments.

explain why cells killed by these viruses contain “lad-
ders” of degraded genomic DNA fragments (Weller and
Temin, 1981) that presumably result from apoptosis
(e.g., Itoh et al., 1991).

It seems likely that CAR1 triggers cell death in a man-
ner similar to Fas and TNFR1; cross-linking of these
receptors by their trimeric ligands leads to aggregation
of their death domains, resulting in apoptosis (Iltoh and
Nagata, 1993; Nagata and Golstein, 1995; Smith et al.,
1994; Tartaglia et al., 1993; Watanabe-Fukunaga et al.,
1992). Cytoplasmic proteins have been identified that

bind directly to the wild-type death domain of either Fas
or TNFR1 and induce or potentiate apoptosis. These
include TRADD (Hsu et al., 1995), FADD/MORT1 (Chin-
naiyan et al., 1995; Boldin et al., 1995), and RIP (Stanger
et al., 1995). It seems reasonable to expect that similar
types of proteins interact with the death domain of CAR1
and may be involved in signaling apoptosis by this cellu-
lar receptor.

The fact that CAR1 permits specific infection of mam-
malian cells by ALV subgroups B and D but not E indi-
cates that it is most likely the product of tv-b%3, the
chicken locus predicted to encode cellular receptors for
these two ALV subgroups (Weiss, 1993). If future gene-
mapping studies confirm this locus designation, it will
be important to isolate and characterize any products
of tv-b" (which do not allow infection by cytopathic sub-
group B and D viruses; Weiss, 1993). Any differences
between these proteins and CAR1 might help identify
the viral interaction determinants of the receptor. Com-
parison of tv-b alleles that encode receptors for noncy-
topathic subgroup E viruses (Weiss, 1993) with CAR1
might provide crucial insights into the mechanisms of
cell killing associated with ALV-B and ALV-D.

Viruses have evolved various strategies to evade host-
cell killing by encoding inhibitors of apoptosis (reviewed
by Thompson, 1995). These include the Bcl-2 homologs
BHRF1 and LMW5-HL of Epstein-Barr virus and African
swine fever virus, respectively (Neilan et al., 1993; Hen-
derson et al., 1993); the cowpox virus crmA protein,
which is a specific inhibitor of IL-1B3-converting enzyme
(Ray et al., 1992); and the myxoma virus T2 protein (a
soluble TNFR-like protein), which can protect cells from
lysis by TNF (Schreiber and McFadden, 1994). Given
that other viruses have devised strategies to evade
apoptosis, it seems counterintuitive that cytopathic sub-
groups of ALV would utilize a cellular receptor that could
induce apoptosis in the host cell. A hypothesis that
might explain this apparent paradox is that functional
down-regulation of the subgroup B viral receptor that
follows ALV-B infection (Weiss, 1993) might provide a
selective advantage for the virus. For example, given
that Fasis important for the elimination of virus-infected
cells by cytotoxic T lymphocytes (Lowin et al., 1994;
reviewed by Nagata and Golstein, 1995) and that TNFR1
has been shown to be necessary for clearing Listeria
monocytogenes infection (Pfeffer et al., 1993), CAR1
might also be involved in immune clearance of virus-
infected cells. If so, functional down-regulation of CAR1
following infection by subgroup B or D ALV might protect
the host cell from apoptosis by this pathway. Consistent
with this hypothesis, cells infected by ALV-B were pro-
tected from apoptosisinduced by SUB-rlgG (Figure 5B).
This would be a novel mechanism for evading apoptotic
elimination of infected cells.

In conclusion, our results indicate that subgroups B
and D ALV Env-CART1 interactions may contribute to the
virus-associated CPE by inducing apoptosis. This model
would explain why the determinants of subgroup B viral
receptor usage on ALV-B SU Env proteins appear to be
the same as those responsible for the cytopathic effect
(Dorner and Coffin, 1986). Presumably, cell-surface ex-
pression of functional subgroup B viral receptors is im-
portant for the viral CPE as well as for the associated
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viral superinfection. This would explain why chronically
infected cells, which have functionally down-regulated
subgroup B viral receptors, are resistant both to viral
superinfection and to cell killing (Weller et al., 1980;
Weller and Temin, 1981). It is possible that viral superin-
fection contributes to ALV-induced cell killing (Weller et
al., 1980; Weller and Temin, 1981), although multiple
rounds of viral infection may simply be a consequence
of cell death. Env-receptor interactions have also been
implicated in HIV-1-induced CPE (Lu et al., 1994; Cao
et al., 1996; Banda et al., 1992), although the exact de-
tails of the mechanisms of cell killing are probably differ-
ent because of the absence of a death domain in the
viral binding receptor, CD4. It remains to be seen
whether other proteins containing death domains are
used as cellular receptors by different cytopathic retrovi-
ruses, including ALV-F (Weller et al., 1980; Weller and
Temin, 1981), spleen necrosis virus (Keshet and Temin,
1979), and subgroup C feline leukemia viruses (Riedel,
1988).

Experimental Procedures

Cells and Viruses

Mouse NIH 3T3 cells, Quail QT6 cells, Monkey COS-7 cells, Human
293 cells, and primary CEFs were grown and selected as previously
described (Young et al., 1993; Bates et al., 1993; Connolly et al.,
1994; Zingler and Young, 1996). Chicken fibroblasts were obtained
from the Avian Disease and Oncology Laboratory, USDA Poultry
Laboratories (East Lansing, Michigan). Cells homozygous for tv-bs?®
were derived from line 0 chickens, those homozygous for tv-b" were
derived from a cross between line 100B and line 7 chickens, and
those homozygous for tv-b* were derived from line 15B1 chickens.
The subgroup B-specific RCASH-B virus containing the hygromycin
B phosphotransferase gene driven by the HSV thymidine kinase
(tk) promoter was described previously (Young et al., 1993). The
subgroup E-specific RCASH-E virus was derived from RCASH-B by
replacing a 1.1 kb Kpnl-Sall env fragment with that from the RAV-0
viral strain. The subgroup A-specific RCASA-neo, subgroup B-spe-
cific RCASB-Neo, and subgroup D-specific RCASD-neo viruses
were generated from previously described proviral DNAs (Connolly
et al., 1994) by digestion with Clal followed by end-filling with Klenow
polymerase to generate blunt-ended cloning sites. An end-filled 1.2
kb Xhol Hincll fragment containing the HSV-tk promoter and the
neomycin phosphotransferase gene from plasmid pMCl.neo PA—
(gift from M. Feinberg) was introduced into the blunt-ended cloning
site of each viral vector. The subgroup C-specific RCASC-neo virus
was derived by first subcloning a similar Xhol-Hindlll fragment from
plasmid pMCl.neo PA— into plasmid SACla12Nco (Hughes et al.,
1987). A Clal-Clal fragment containing these DNA sequences was
then used to replace the hygromycin B phosphotransferase gene
of the RCASH-C virus (Connolly et al., 1994).

DNA Transfections, Radioactively Labeled Probes,

and Nucleic Acid Hybridizations

All DNA transfections were performed by the calcium phosphate
precipitation method (Wigler et al., 1977). The radioactively labeled
probes were prepared by the random priming method (Feinberg and
Vogelstein, 1984). DNA and RNA samples that were transferred to
a Genescreen plus (DuPont) membrane were hybridized with probes
at 65°C using standard conditions (Church and Gilbert, 1984) unless
otherwise indicated. The membranes were exposed for autoradiog-
raphy to Kodak XAR-5 film with intensifying screens at —80°C.

Genomic DNA Transfections and Infection

by Subgroup B ALV Vectors

A total of 6 X 10° mouse BALB/3T3 cells were cotransfected with
120 p.g of genomic DNA (sheared to an average size of approximately
20 kb) prepared from CEFs homozygous for tv-b** and with 12 pg

of pMPHis plasmid DNA encoding histidinol dehydrogenase (Young
et al., 1993). After 48 hr, the cells were selected in histidine-free
medium containing 1 mM histidinol. Cells derived from these colo-
nies were challenged over a 3 day period with a total of 6 X 10°
infectious units of RCASH-B virus and 1 day later were selected in
medium containing 300 p.g/ml of hygromycin B. Cells derived from
the resultant hygromycin B-resistant colonies were plated out at
20% confluency in 6-well plates, challenged with 10* infectious units
of RCASB-neo virus, and 1 day later were selected in medium con-
taining 300 pg/ml of G418.

A total of 1.4 X 10" mouse BALB/3T3 cells were transfected with
200 png of genomic DNA (from an aliquot of primary transfectant
11B cells that were infected only by RCASH-B) and with 20 n.g of
plasmid pPur encoding puromycin-N-acetyl-transferase (Clontech).
After 2 days, secondary transfectants were selected in media con-
taining 2 png/ml of puromycin. Cells derived from the puromycin-
resistant colonies were challenged with a total of 2 X 107 infectious
units of the RCASB-neo virus and 1 day later were selected in
medium containing 300 p.g/ml of G418. Cells derived from the resul-
tant G418-resistant colonies were plated at20% confluency in 6-well
plates, challenged with 5 X 10° infectious units of subgroup
B-specific RCASH-B virus, and 1 day later were selected in medium
containing 300 p.g/ml of hygromycin B.

Genomic DNA Clones

Hindlll-Hindlll restriction fragments approximately 6.5-8 kb in size
and Kpnl-Kpnl restriction fragments approximately 8-10 kb in size
(derived from C12 secondary transfectant genomic DNA) were size-
selected by agarose gel electrophoresis and introduced into the
NZAP vector (Stratagene), generating libraries of approximately
300,000 and 150,000 recombinant clones, respectively. The library
of Hindlll fragments was subjected to three rounds of screening
using a 2 kb Pvull-Pvull fragment from the pMPHIS plasmid as a
hybridization probe. Following a standard phagemid excision proto-
col (Stratagene), the BK-1c clone was isolated. The library of Kpnl
fragments was subjected to three rounds of screening by hybridiza-
tion with the 1.9 kb EcoRI-Hindllland 1.5 kb EcoRI-EcoRlI fragments
from clone BK-1c. This led to the isolation of the genomic DNA
clone BK-9.

Northern Blot Analysis and cDNA Cloning

Samples of approximately 10 ng of total RNA prepared from CEFs
homozygous for tv-bs* were subjected to 1% agarose gel electro-
phoresis in the presence of formaldehyde (Ausubel et al., 1992),
transferred to a nylon membrane, and subjected to hybridization
with radioactively labeled probes.

Approximately 5 pg of polyadenylated mRNA from these CEFs
was reverse-transcribed to generate cDNA using a commercially
available kit (ZAP Express cDNA synthesis kit; Stratagene) and intro-
duced into the NZAP Express vector (Stratagene). Approximately
225,000 recombinant clones were transferred to nylon membranes
and subjected to three rounds of screening by hybridization with
the radioactively labeled 2.5 kb, 1.9 kb, and 1.5 kb probes derived
from the BK-9 and BK-1c genomic clones. Following hybridization,
the membranes were washed at 56°C with 2 X SSC prior to autoradi-
ography. Using a standard phagemid excision protocol (Stratagene),
plasmid pBK7.6-2 was isolated, and the cDNA clone was subse-
quently sequenced by the chain termination method (Sanger et al.,
1977).

Construction, Purification, and Analysis

of SU-Immunoadhesins

The SUB-rlgG protein comprised amino acids 1-344 of the subgroup
B SU protein derived from the RCASH-B virus (Connolly et al., 1994)
fused in-frame to the Fc region (amino acids 96-323) of a rabbit IgG
heavy chain (SwissProt accession number P01870). The SUA-rlgG
protein comprised amino acids 1-338 of the subgroup A ALV SU
protein derived from the RCASH-A virus (Young et al., 1993) fused
to the same immunoglobulin sequences. The corresponding DNA
sequences were fused together following the introduction of in-
frame BamHI sites in each construct by standard polymerase chain
reaction-based mutagenesis protocols (Ausubel et al., 1992). The
resultant SUA-rIgG and SUB-rlgG genes were introduced into the
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pCB6 mammalian expression vector (Bates et al., 1993). These pro-
teins were released in the extracellular supernatants of transiently
transfected human 293 cells and purified as described elsewhere
(Zingler and Young, 1996).

Samples of 25 pl transfected cell supernatants were subjected to
7.5% SDS-polyacrylamide gel electrophoresis under nonreducing
conditions, and the SU-immunoadhesins were detected by immu-
noblotting with a horseradish peroxidase-coupled donkey antibody
specific for rabbitimmunoglobulins and by enhanced chemilumines-
cence (Amersham) as described elsewhere (Zingler and Young,
1996). The SU-immunoadhesins were purified using a protein A col-
umn as described elsewhere (Zingler and Young, 1996).

Tva and CAR1 Binding to Imnmunoadhesins

Human 293 cells plated at approximately 20% confluence on 100
mm tissue culture plates were transfected with 15 g of a plasmid
encoding Tva (Zingler et al., 1995), 15 pg of plasmid pBK7.6-2 en-
coding CAR1, or no DNA. The transfected cells were metabolically
labeled for 2 hr with Dulbecco’s modified Eagle’s medium without
cysteine and methionine containing 1% dialyzed fetal calf serum
and 100 p.Ci/ml %S-cysteine (ICN Chemicals). Cell lysates were pre-
pared in a lysis buffer containing NP-40 as described previously
(Bélanger et al., 1995). Aliquots (one-tenth) of each sample were
then incubated at 4°C for 45 min with 10 pl of protein A-Sepharose
beads (Sigma) and 30 p.l of Sepharose CL-4B (prebound to 1 ml of
extracellular supernatants containing SUA-rlgG or SUB-rigG for 45
min). The bound proteins were collected by centrifugation, and ali-
quots of these samples were subjected to electrophoresis on a10%
SDS-polyacrylamide gel under reducing conditions. The gel was
dried and exposed to Kodak XAR-5 film at room temperature.

Infection of Transfected COS-7 Cells with Different

Subgroups of ALV

COS-7 cells were transfected with 20 pg of 7.6-2 plasmid pBK7.6-2
Amp (derived from pBK7.6-2 by replacement of the neomycin phos-
photransferase gene with the ampicillin resistance gene of pBlue-
script KS— [Stratagene]). Transfected cells were challenged with
serial 10-fold dilutions of the virus stocks. The titers of the undiluted
stocks of RCASA-neo, RCASB-neo, RCASC-neo, and RCASD-neo
viruses were approximately 10° infectious units/ml as determined
by limiting dilution infection of CEFs. The titer of the undiluted stock
of RCASH-E virus was approximately 10° infectious units/ml as de-
termined by limiting dilution infection of turkey embryo fibroblasts.
Between 24-36 hr after infection, the cells were selected in media
containing 300 p.g/ml of either hygromycin B or G418. Drug-resistant
colonies were counted 11-14 days after infection and the numbers
corrected per ml of undiluted virus.

Cell-Killing Assays

CEFs chronically infected with either RCASH-A or RCASH-B were
generated by infecting 5 X 10° cells with approximately 10° infectious
units of virus. Following two cell passages to allow viral spread,
infected cells were selected in medium containing 80 pg/ml of hy-
gromycin B. Cell-killing experiments were performed with unin-
fected and infected CEFs derived from the same embryo that had
been passaged in culture for the same period of time (13 days). QT6
cells expressing CAR1 were generated by transfection with 15 pug
of plasmid pBK7.6-2 followed by selectionin medium containing 300
rg/mlof G418. Individual clones were tested for CAR1 expression by
immunoblot analysis that employed SUB-rlgG and a horseradish
peroxidase—coupled antibody specific for rabbit immunoglobulins.
The cell-killing experiments were performed using the Cell Death
Detection Plus™ ELISA kit (Boehringer Mannheim), in which cyto-
plasmic nucleosomes are purified by a histone-specific antibody
and detected photometrically.
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