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Xprl Is an Atypical G-Protein-Coupled Receptor That Mediates
Xenotropic and Polytropic Murine Retrovirus Neurotoxicity
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Xenotropic murine leukemia virus-related virus (XMRV) was first identified in human prostate cancer tissue and was later found in a
high percentage of humans with chronic fatigue syndrome (CFS). While exploring potential disease mechanisms, we found that XMRV
infection induced apoptosis in SY5Y human neuroblastoma cells, suggesting a mechanism for the neuromuscular pathology seen in
CEFS. Several lines of evidence show that the cell entry receptor for XMRYV, Xpr1, mediates this effect, and chemical cross-linking studies
show that Xpr1 is associated with the Gf3 subunit of the G-protein heterotrimer. The activation of adenylate cyclase rescued the cells
from XMRYV toxicity, indicating that toxicity resulted from reduced G-protein-mediated cyclic AMP (cAMP) signaling. Some proteins
with similarity to Xpr1 are involved in phosphate uptake into cells, but we found no role of Xpr1 in phosphate uptake or its regulation.
Our results indicate that Xpr1 is a novel, atypical G-protein-coupled receptor (GPCR) and that xenotropic or polytropic retrovirus
binding can disrupt the cAMP-mediated signaling function of Xpr1, leading to the apoptosis of infected cells. We show that this path-
way is also responsible for the classic toxicity of the polytropic mink cell focus-forming (MCF) retrovirus in mink cells. Although it
now seems clear that the detection of XMRYV in humans was the result of sample contamination with a recombinant mouse virus, our
findings may have relevance to neurologic disease induced by MCF retroviruses in mice.

MRV (xenotropic murine leukemia virus-related virus) was

initially discovered in human prostate cancer samples (36)
and, more recently, in the blood of a high percentage of patients
diagnosed with chronic fatigue syndrome (CFS) (20). Follow-up
studies found an even higher percentage of CFS patients harbor-
ing murine leukemia virus (MLV) sequences in their peripheral
blood cells (19), but these viral sequences were closely related to
known endogenous MLVs and not to the XMRYV isolates, adding
confusion to the issue. Since these reports, many groups have been
unable to confirm the presence of XMRV in humans with prostate
cancer or CFS (1, 14). Moreover, while the specific sequence of
XMRYV initially appeared relatively unique to humans, a nearly
identical virus was found in a common prostate cancer cell line,
22Rv1 (13), and new evidence indicates that this virus arose from
recombination between two endogenous mouse viruses during
the xenotransplantation of the cells in nude mice (27). The wide-
spread use of 22Rv1 cells and plasmid clones of XMRV suggests
that the detection of XMRYV is due to experimental contamination
with such materials.

Because it initially appeared that XMRV was indeed a new
human retrovirus, we began studies to understand potential dis-
ease mechanisms. We first tested XMRYV for a possible transform-
ing activity that might explain a role for XMRYV in prostate cancer
but found no evidence that XMRV was acutely oncogenic (22).
We next explored the possibility that XMRV was neurotoxic and
that this might explain a role for XMRYV in the neuromuscular
disease aspects of CFS. Indeed, several MLVs are known to have
neurologic and cytotoxic effects in animals and in cultured cells
(32). Some MLVs cause paralytic motor neuron disease in mice,
and the envelope (Env) proteins of these viruses are often mech-
anistically involved. For example, CasBr-E MLV induces spongi-
form neurodegeneration that is thought to involve an interaction
between the viral Env protein and its cognate receptor mCAT-1
(17). Similarly, the Fr98 polytropic Friend MLV induces astroglio-
sis in mice, and this neurovirulence is critically dependent on spe-
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cific amino acid residues in the Env protein (30, 31). We sought to
determine if XMRYV had a similar cytotoxic potential in vitro and
to examine potential mechanisms thereof.

The entry of xenotropic and polytropic retroviruses is medi-
ated by the xenotropic and polytropic cell surface receptor Xprl
(2, 35, 39), which has no documented function in higher eu-
karyotes. While of unknown function, orthologs of Xpr1 are pres-
ent in many organisms and include the Saccharomyces cerevisiae
protein Sygl. In yeast, Sygl is thought to be a transmembrane
signaling component that can respond to, or transduce signals
through, the G subunit of the G-protein trimer (34). This is
evidenced by the ability of a Sygl truncation mutant, and, to a
lesser degree, the overexpression of wild-type Sygl, to suppress the
lethality of a G deficiency.

G-protein signaling is important for a number of cellular pro-
cesses, including neurotransmission, metabolism, growth, and
apoptosis (8). Based on its homology to Sygl, we hypothesized
that Xprl might play a similar role in G-protein signaling in mam-
malian cells and that xenotropic and polytropic MLV Env binding
to Xprl might disrupt its normal function. Here we show that
Xprl does participate in G-protein signaling and that XMRV or
polytropic retrovirus binding to Xprl in a human neuronal cell
line, and polytropic retrovirus binding to Xpr1 in mink cells, in-
duces apoptosis by the downregulation of cyclic AMP (cAMP)-
mediated G-protein signaling.
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MATERIALS AND METHODS

Cell culture. Cells were grown in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS), with the following excep-
tions. SY5Y cells (SH-SY5Y; ATCC CRL-2266) (3) were grown in a 1:1
mixture of DMEM and Ham’s F12 medium plus 15% FBS. Chinese ham-
ster ovary (CHO-K1) cells (11), which require proline for growth, were
grown in DMEM with 10% FBS and 1X nonessential amino acids
(Gibco). For studies of phosphate uptake and its regulation, CHO cells
and 208F rat fibroblasts (31a) were grown in DMEM without phosphate,
10% dialyzed FBS (to remove phosphate), and nonessential amino acids
for the CHO cells.

Viruses. XMRV was obtained from 22Rv1 cells (ATCC CRL-2505),
which constitutively produce XMRV (13). New Zealand black mouse
(NZB) xenotropic retrovirus was made by the transfection of Mus dunni
tail fibroblast (MDTF) cells (15a) with the NZB-9-1 plasmid (26). Because
this plasmid contains a permuted copy of the NZB virus that was cloned
by using the EcoRI site in the env gene, the plasmid was cut with EcoRI and
religated to generate intact copies of the virus prior to transfection. After
transfection, the cells were grown for 2 weeks to allow virus spread
throughout the culture. MCF 98D virus was produced from MDTF cells
infected with a biological clone of the virus (98D13) (a gift from Bruce
Chesebro) (5). The LAPSN retroviral vector consists of the human pla-
cental alkaline phosphatase cDNA cloned into the LXSN expression vec-
tor (24). All retroviruses were produced by feeding confluent layers of
virus-producing cells, harvesting the culture medium 12 to 24 h later, and
filtering the medium through 0.45-pum-pore-size low-protein-binding
filters to remove cells and debris. Viruses were stored at —70°C.

Construction of hybrid amphotropic/MCF viruses. Plasmids con-
taining an amphotropic MLV provirus in which the env region was re-
placed with that of the MCF 98D virus were made by replacing the SphI-
to-Clal region in the amphotropic virus in plasmid pAMS (23) (GenBank
accession number AF010170) with the Sphl-to-Clal regions of several
MCF 98D virus clones (GenBank accession number AF133256) (kindly
provided by Bruce Chesebro). This region contains 640 bp of the pol gene
that is upstream of the env coding region and all but 100 bp of the end of
the env coding region. In the hybrid virus, the end of the MCF virus env
coding region downstream of the Clal site was replaced with the nearly
identical region of the amphotropic env gene. Virus was made from these
plasmids by the transfection of MDTTF cells, followed by the passage of the
cells for >2 weeks to allow the virus to spread.

Analysis of apoptotic cells. SY5Y cells were seeded into 12-well plates
at 5 X 10* cells per well, and the medium was replaced 1 day later. Two
days after cell seeding, 100 ul of virus (~10° infectious units) was added to
each well with 4 ug/ml Polybrene to increase the infection efficiency. The
medium was replaced 1 day after infection. Three days after infection,
nonadherent cells were harvested and combined with adherent cells har-
vested by using trypsin, and the cells were analyzed for annexin V binding
by flow cytometry according to the manufacturer’s protocol (Invitrogen).
In experiments utilizing forskolin, cells were pretreated for 24 h and main-
tained in 50 uM forskolin.

Generation of retroviral vectors for expression of Xprl and Xprl
truncation mutants. Xprl cDNAs from human (hXprl), Mus musculus
(mXprl), and Mus dunni (mdXprl) (GenBank accession numbers
AF099082, AF198104, and AF198105, respectively) were cloned into the
LXSN retroviral expression vector (24). C-terminal truncation mutants of
human Xprl, resulting in 200-, 229-, and 248-amino-acid (aa) proteins,
were made by site-directed mutagenesis and were cloned into the LXSN
vector. The structures of the inserts were verified by DNA sequencing.
Virus was made from the vector plasmids by the transient transfection of
293 cells or by the generation of stable retrovirus packaging cell lines
producing the vectors.

Cre-SEAP reporter assay. HEK 293 cells carrying the cAMP-
responsive pCre-SEAP reporter plasmid (a generous gift from Linda
Buck) (18) were generated by the cotransfection of pCre-SEAP with a
plasmid carrying the neo gene, followed by the selection of the cells in
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G418 medium. Clonal cell lines were isolated, and one that showed the
highest increase in the level of secreted alkaline phosphatase (SEAP) pro-
duction (12-fold) in response to overnight treatment with 15 uM forsko-
lin, which increases cAMP levels by the direct stimulation of adenylate
cyclase, was chosen for subsequent experiments.

For the SEAP assay, HEK 293/Cre-SEAP cells were seeded at 250,000
cells per well in 24-well plates. On the following day, 0.5 ml of Xprl-
expressing or control retroviral vectors was added to each well with 4
pg/ml Polybrene, and the cells were incubated overnight. On the follow-
ing day, each plate was covered with plastic wrap and incubated at 68°C
for 2 h. Next, 0.5 ml of 2 M diethanolamine (pH 10) containing 1.2 mM
4-methylumbelliferyl phosphate was added to each well, and the cells were
suspended by vigorous pipetting. Fluorescence was measured every 30
min with a Fluoroskan Ascent instrument with excitation at 360 nm and
emission at 440 nm. Endpoint readings for each experiment were taken 3
h after the addition of the substrate.

Coimmunoprecipitation. NZB and amphotropic MLV Env SU-
human IgG Fc hybrid proteins were produced as previously described (2,
15). The IgG Fc-tagged SU proteins were concentrated to a final concen-
tration of 10 pg/ml by using Hi-Trap protein G columns according to the
manufacturer’s protocol (GE Healthcare).

Nearly confluent SY5Y cells were harvested by using phosphate-
buffered saline (PBS) without calcium or magnesium and containing 1
mM EDTA. Cells were washed and resuspended in DMEM without se-
rum, and 10° cells per assay were incubated with 2 ug of the Env SU hybrid
protein in a 0.5-ml volume for 1 h at 4°C. Cells were washed once with
DMEM and once with PBS, resuspended in 1 ml PBS containing 2 mM
dithiobis(succinimidyl propionate), and incubated for 30 min at 25°C to
cross-link proteins. Next, 20 ul of 1 M Tris (pH 7) was added to each
sample to stop the cross-linking reaction, and samples were centrifuged at
800 X g for 10 min. Samples were then resuspended in 0.5 ml lysis buffer
(20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1% sodium dodecyl sulfate
[SDS], and protease inhibitors) and incubated for 1 h at 4°C.

Meanwhile, protein G-Sepharose beads (GE Healthcare) were washed
twice in lysis buffer and then blocked at 4°C with lysis buffer containing
1% bovine serum albumin and 1% SDS for 1.5 h. The beads were then
washed twice in lysis buffer and were resuspended a final time in lysis
buffer without SDS. Cross-linked protein samples were centrifuged at
15,000 X g for 20 min to pellet insoluble material, and 50-ul aliquots of
each sample were saved for the input controls. Fifty microliters of protein
G-Sepharose beads was added to the remainder of each sample and incu-
bated overnight at 4°C with continuous rotation. On the following day,
the unbound lysate was discarded, and the beads were washed six times
with lysis buffer plus 0.1% Tween 20, 0.1% Triton X, and 0.5% SDS.
Samples were finally resuspended in 50 ul lysis buffer containing 1% SDS.
Loading buffer containing 3-mercaptoethanol was added to each sample
and incubated at 37°C for 30 min, followed by incubation at 95°C for 15
min. Samples were loaded onto a 15% SDS-PAGE gel. After transfer, gels
were probed with a pan-Gf antibody (sc-378; Santa Cruz Biotechnology),
followed by an anti-rabbit horseradish peroxidase (HRP) secondary anti-
body (P0448; Dako), and developed by using ECL Plus reagents (Amer-
sham).

Phosphate uptake assays. CHO cells and 208F rat fibroblasts were
transduced with Xprl-expressing retroviral vectors and were selected in
G418 medium. Cells were seeded at 2 X 10° to 4 X 10° cells per 3.5-cm-
diameter dish in medium with various concentrations of [*?P]phosphate.
Phosphate uptake was measured 1 day later, as previously described (12).

Statistical analysis. Statistical significance was determined by one-
way analysis of variance (ANOVA) and by using the Tukey method to
compare pairs of means. Calculations were made using GraphPad InStat 3
software.

RESULTS

XMRYV induces apoptosis in SY5Y neuroblastoma cells. To assay
for neurotoxicity that might be caused by XMRV, we infected
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FIG 1 XMRV induces apoptosis in SY5Y cells. (A) Representative
fluorescence-activated cell sorter (FACS) histogram showing annexin V stain-
ing of SY5Y cells 3 days after infection with the indicated retroviruses. The
black bar represents the gate used to determine the percentage of apoptotic
cells. FITC, fluorescein isothiocyanate. (B) Quantitation of apoptosis mea-
sured by FACS analysis 3 days after infection. Results are means * standard
deviations (SD) from 7 experiments. (C) XIAP expression 3 days after retro-
virus infection of SY5Y cells was determined by Western blotting using equal
amounts of total cell protein (Bradford assay [4a]) and XIAP antibody (catalog
number 610762; BD Biosciences). (D) Quantitation of apoptosis by FACS
analysis 3 days after exposure of SY5Y cells to medium made by the transfec-
tion of the VP62 XMRYV plasmid (VP62 TX) or a control plasmid expressing
GFP (GFP-TX) or to medium containing XMRYV from 22Rv1 cells. Results are
means * SD from 2 experiments.

various neural cell lines with conditioned medium harvested from
the 22Rv1 cell line, which produces high-titer XMRV (13). Daoy
medulloblastoma (10), U-251 glioma (4), and HEK 293 neuronal-
lineage (33) cells appeared to be unaffected by XMRV infection,
while SY5Y neuroblastoma cells (3) displayed significant cell
death starting 2 days after XMRYV infection. By 3 days after infec-
tion, measurements of apoptosis by annexin V staining revealed
that many more XMRV-infected cells had become apoptotic than
mock-infected cells or cells infected with a related xenotropic ret-
rovirus endogenous to NZB mice, NZB-9-1 (26) (Fig. 1A and B).
X-linked inhibitor of apoptosis protein (XIAP) binds and inhibits
several caspases in healthy cells, and lower levels of XIAP are char-
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acteristic of cells undergoing apoptosis. Consistent with the an-
nexin V staining results, XMRV infection resulted in a lower level
of the XIAP protein in SY5Y cells (Fig. 1C). The XIAP level of cells
infected with the NZB virus was between that of mock-infected
cells and that of XMRV-infected cells, suggesting that the NZB
virus might also be somewhat toxic to SY5Y cells.

To address the possibility that 22Rv1 cells produced something
in addition to XMRV that was responsible for the SY5Y cell tox-
icity that we observed, we produced XMRV from the VP62 XMRV
clone (7) and tested this virus for toxic effects on SY5Y cells. To
obtain virus with a high-enough titer for this experiment, we
transfected HEK 293 cells with the VP62 clone or a plasmid ex-
pressing green fluorescent protein (GFP) as a control, exposed
HT-1080 cells to medium from the transfected 293 cells, passaged
the HT-1080 cells for several weeks, and exposed SY5Y cells to
medium from the HT-1080 cells. The exposure of SY5Y cells to
medium made by the transfection of the VP62 plasmid (VP62 TX)
resulted in significantly more apoptosis than that produced by
medium made by the transfection of the control GFP plasmid
(GFP TX) (Fig. 1D), showing that XMRV can indeed induce SY5Y
cell apoptosis. The titer of the VP62 virus measured by an S*L~
assay (7 X 10°) was lower than that of XMRV produced by 22Rv1
cells (3 X 10°), which correlates with the lower toxicity of the
VP62 virus than that of the XMRV produced by 22Rv1 cells. Be-
cause of its higher titer, we used XMRV from the 22Rv1 cells for
the experiments described below.

Expression of mouse Xprl protects SY5Y cells from XMRV-
induced apoptosis. The Env proteins of several retroviruses are
known to affect normal receptor function. For example, the Env
protein of the 4070A amphotropic MLV can inhibit phosphate
uptake mediated by its receptor, Pit-2 (also called Ram-1 or
SLC20A2) (12). To address the hypothesis that XMRV might
cause cell death by affecting the function of its receptor, SY5Y cells
were transduced with a retroviral vector expressing Xprl cloned
from laboratory mice (mXpr1). While closely related to human
Xprl (hXprl), mXprl1 is unable to mediate the entry of xenotropic
retroviruses and presumably is unable to bind the xenotropic
MLV Env protein. We found that SY5Y cells expressing mXprl
exhibited much less apoptosis following XMRYV infection than did
SY5Y cells transduced with the empty vector or a vector expressing
hXprl (Fig. 2). The mXprl-transduced SY5Y cells remained as
susceptible to infection by XMRV as wild-type cells (XMRV-
pseudotyped LAPSN vector titers of 4.1 X 10* and 3.9 X 104
respectively; n = 2), indicating that the SY5Y/mXpr1 cells still
expressed endogenous hXprl at levels similar to those of SY5Y
cells. These results show that mXprl can protect SY5Y cells from
XMRV-induced apoptosis, presumably by compensating for the
loss of hXpr1 function that occurs following the binding of XMRV
Env to hXprl, and indicate that hXprl plays a key role in the
induction of apoptosis in SY5Y cells.

Xprl participates in G-protein-mediated cAMP signaling.
Based on the similarity of Xpr1 to Sygl, a yeast G-protein interac-
tor involved in cAMP signaling, we measured cAMP levels after
the overexpression of human and mouse Xprl homologs in HEK
293 cells. To measure cAMP levels, the cells were transfected with
the cAMP-responsive reporter Cre-SEAP and were selected for
stable reporter expression. These reporter cells were then trans-
duced with retroviral vectors that express Xprl genes at high lev-
els. The overexpression of both hXprl and mXprl resulted in

jviasm.org 1663


http://jvi.asm.org

Vaughan et al.

50

P <0.001

P<005 — L

401

Apoptotic cells (%)

Mock
NzB
XMRV
Mock
NzZB
XMRV
Mock
NzB
XMRV

Empty vector Mouse Xpr1 Human Xpr1

FIG 2 Expression of mXprl protects SY5Y cells from XMRV-induced apop-
tosis. SY5Y cells transduced with retroviral vectors encoding the indicated
Xprl proteins or the empty vector were exposed to medium containing the
indicated retroviruses or fresh medium only (mock), and the percentages of
apoptotic cells were measured 3 days later. Results are means + SD from two
(empty vector and human Xprl) or three (mouse Xpr1l) experiments.

significantly higher levels of intracellular cAMP, as determined by
SEAP expression from the reporter (Fig. 3A).

We reasoned that, like Sygl, Xprl might be inducing higher
levels of cAMP by binding the G subunit of the G-protein com-
plex and liberating Ga to activate adenylate cyclase. We first at-
tempted to use Xpr1 antibodies to coimmunoprecipitate proteins
bound to Xprl, but none of the commercially available Xpr1 an-

>

P <0.01
3 - - —
. P <0.001
® ——
[%]
2 _
Qo
x
o
<
| 1
»
0725 et 8t
Q. -+
£ EX 3x
w> 32 s
B Input Co-IP

Mock
NZB-SU
A-SU

3
;
=S zZ2<

Gp-> & * eBac:terial

protein G

FIG 3 Overexpression of mXprl or hXprl increases cAMP levels, and hXprl
is associated with the G G-protein subunit. (A) cAMP levels in HEK 293 cells
were measured by using the Cre-SEAP reporter 24 h after transduction with
vectors encoding mXprl or hXprl or with the empty vector, as indicated.
Results are means = SD from three independent experiments. (B) SY5Y cells
were incubated with IgG Fc-tagged NZB virus or amphotropic retrovirus Env
SU proteins or with no protein (mock). Total proteins were cross-linked,
coimmunoprecipitated using anti-IgG Fc antibody, and analyzed for the pres-
ence of the G protein by Western blotting with a pan-Gf3 antibody. Proteins
present in the cell lysate made after protein cross-linking (input) and after
coimmunoprecipitation (Co-IP) are shown. Lower bands in the coimmuno-
precipitation lanes are due to dissociated bacterial protein G from the Sephar-
ose beads. Input lanes indicate equivalent amounts of G in the cell lysates
prior to coimmunoprecipitation.
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lular cAMP levels. (A) SY5Y cells containing the Glosensor cAMP 22F reporter
construct were infected with virus and assayed for luciferase activity 3 days
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the cells is plotted. Each line represents the average of data from three wells in
a 96-well plate. RLU, relative light units. (B) Fold changes in rates of lumines-
cence gain relative to those of mock-infected cells are shown. Results are
means * SD from two experiments.

tibodies bound Xprl. Instead, we performed coimmunoprecipi-
tation by using a hybrid protein consisting of the NZB Env extra-
cellular domain (SU) linked to a human IgG constant fragment
that is known to specifically bind Xprl (2). The NZB virus SU
fusion protein bound in a complex to Gf3, whereas an equivalent
fusion protein containing an amphotropic retrovirus Env SU,
which binds the unrelated retrovirus receptor Pit-2 (15), did not
show significant binding (Fig. 3B). These results show that Xprl
associates with the G3 component of the G-protein heterotrimer.

XMRYV infection decreases intracellular cAMP levels. We hy-
pothesized that XMRV toxicity in SY5Y cells is mediated by re-
duced cAMP levels resulting from XMRV Env binding to Xprl
and the resultant inhibition of Xpr1 signaling. To test directly for
reduced cAMP levels, we utilized the Glosensor cAMP 22F system
to analyze cAMP levels in SY5Y cells. The Glosensor reporter con-
sists of a luciferase enzyme that is activated directly in proportion
to the intracellular cAMP level. The infection of Glosensor-
expressing SY5Y cells with XMRV resulted in lower rates of lumi-
nescence increases, indicative of lower levels of luciferase (Fig. 4A
and B) and, therefore, lower intracellular cAMP levels. Similarly,
the polytropic MCF 98D retrovirus (5), which also binds Xpr1 but
takes longer to induce apoptosis in SY5Y cells (9 days after infec-
tion, compared to 3 days for XMRV), also reduced cAMP levels
although not to the same degree as XMRV.

Increased levels of cAMP protect cells from XMRV-induced
apoptosis. To further test the hypothesis that XMRV induces
apoptosis by downregulating cAMP levels in SY5Y cells, we
treated cells with forskolin, a direct activator of adenylate cyclase,
and then infected the cells with XMRV. In contrast to untreated
cells, forskolin treatment significantly decreased the size of the
apoptotic population of cells 3 days after infection (Fig. 5). This
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FIG 5 Forskolin protects SY5Y cells from XMRV toxicity. SY5Y cells were
cultured with or without 50 uM forskolin for 24 h prior to infection and for 72
h after infection with the indicated viruses. Results are means = SD from seven
experiments. Note that the data for untreated (no forskolin) cells are also
shown in Fig. 1B. The statistical analysis depicted here was performed by
ANOVA using all data from untreated and treated cells, while that for Fig. 1B
used only the data for untreated cells.

indicates that an increase of the cAMP level protects cells from
XMRV-induced apoptosis. Forskolin treatment also appeared to
decrease the basal level of apoptosis in mock-infected SY5Y cells
(Fig. 5), although this trend was not statistically significant (P >
0.05), suggesting that SY5Y cells constitutively maintain levels of
cAMP that are insufficient to prevent apoptosis.

Expression of carboxy-terminally deleted Xpr1 mutants pro-
tects SY5Y cells against XMRV-induced apoptosis. C-terminally
truncated forms of Sygl in yeast are known to suppress the lethal-
ity of a Ga subunit deficiency by stimulating constitutive signaling
through G (34). In fact, two of the truncated proteins (400 and
417 aa) were found to be more active than full-length Sygl. To test
whether Xprl might have similar properties, we made similar
C-terminal truncation mutants of Xprl (200, 229, and 248 aa) by
reference to the hydropathy plots of both proteins (Fig. 6A). Note
that the lengths of Xpr1 and Syg1 are quite different (696 and 902 aa,
respectively), with most of the difference being in the N-terminal
presumed cytoplasmic domain. The Xpr1 mutants were cloned into a
retroviral expression vector, and vesicular stomatitis virus G-protein
(VSV-G)-pseudotyped vector preparations were made for each of the
mutants, for full-length hXpr1, and for the empty vector. SY5Y cells
were transduced with the vectors, grown in G418 medium to select
for the expression of the neo gene present in all of these vectors, and
tested for resistance to XMRV-induced apoptosis. In contrast to
SYSY cells transduced with the vector alone, those expressing the
Xprl truncations showed significantly reduced apoptotic popula-
tions after XMRYV infection (Fig. 6B). Basal levels of apoptosis ap-
peared to be reduced in cells expressing the truncation mutants (Fig.
6B), although this difference was not statistically significant (P >
0.05). This effect is similar to the effect observed following forskolin
treatment (Fig. 5) and suggests that the Xpr1 truncation mutants can
increase constitutive cAMP levels and thereby decrease apoptosis.

Polytropic and xenotropic viruses can kill Mv1Lu mink lung
cells. MCF polytropic retroviruses are well known to be toxic to
Mv1Lu mink lung epithelial cells in tissue culture (9, 40). Indeed,
this toxicity is the basis for the mink cell focus assay used to quan-
titate MCF viruses (9). It was proposed previously that this death
is due to virus superinfection and the subsequent buildup of the
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indicated retroviruses. Three days after infection, the percentages of apoptotic
cells were measured by annexin V staining and flow cytometry. Results are
means = SD from three independent experiments.

Env protein, resulting in endoplasmic reticulum (ER) stress (41).
However, given the similarities between this phenomenon and
XMRYV toxicity to SY5Y cells, we hypothesized that MCF virus
might kill cells via a similar cAMP-mediated mechanism.

We first tested for xenotropic retrovirus toxicity to mink cells
in comparison to the known MCEF virus toxicity. Cells infected
with the MCF 98D virus showed obvious toxicity within 3 to 5
days, with nearly complete cell death within the next week. XMRV
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FIG 7 Forskolin protects mink cells from polytropic (MCF) virus-induced
death. Twenty-percent-confluent Mv1Lu mink lung epithelial cells (ATCC
CCL-64) were exposed to ~107 infectious units of MCF 98D virus or no virus
in the presence of 4 ug/ml Polybrene. Cells were trypsinized and seeded at 1:10
and 1:40 dilutions every time they reached confluence. Cells were visually
monitored daily for the presence of any cytopathic effects and cell death. Cells
were treated with 25 uM forskolin (FSK) as indicated. Cell numbers were
normalized to the starting cell number and were approximated based on the
time that it took to reach confluence again after a 1:10 or 1:40 split. Results
using two different preparations of MCF virus harvested from MDTF cells
infected with the MCF 98D virus were the same.

showed limited toxicity that was not apparent until 18 days after
infection. NZB virus infection showed intermediate toxicity, with
cell death being apparentin 11 to 12 days. Note that we previously
reported that XMRYV infection was not toxic to mink cells (22), but
the virus used for infection in that study was a mixture of XMRV
and the LAPSN vector. The LAPSN vector replicates more effi-
ciently than XMRV in coinfected cells (22), and this may explain
why the virus mixture showed no toxic effects. In contrast, pure
XMRYV reproducibly induced toxicity in mink cells.

Forskolin treatment protects mink lung cells and SY5Y neu-
roblastoma cells from polytropic retrovirus-induced death. To
determine whether cAMP levels play a role in polytropic retrovi-
rus toxicity in mink cells, mink cells were infected with the MCF
98D virus, and when toxicity was apparent on day 3, the cells were
trypsinized and replated with or without 25 uM forskolin, which
directly stimulates cCAMP production. The MCF virus-infected
mink cells treated with forskolin resumed their growth, while
those without forskolin continued to exhibit toxicity and were
mostly dead by day 10 after infection (Fig. 7). The forskolin-
treated MCF virus-infected cells continued to grow, although not
as quickly as uninfected mink cells, until the experiment was ter-
minated on day 24. On day 17, when these cells were trypsinized
and reseeded, some cells were cultured in parallel without forsko-
lin. The cells grown with and those grown without forskolin ap-
peared to grow at similar rates until day 21, after which most of the
cells grown without forskolin died (Fig. 7). These results show that
forskolin, a direct activator of adenylate cyclase, can reverse MCF
retrovirus-induced toxicity in mink cells.

We performed additional experiments to test for a role of
cAMP in SY5Y killing by the MCF 98D polytropic retrovirus. Al-
though it took longer for the MCF 98D virus to kill SY5Y cells than
XMRV (9 and 2 days, respectively), killing by the MCF 98D virus
was dramatic. At day 12, when most of the MCF virus-infected
cells were dead, we trypsinized and replated the cells with or with-
out 50 uM forskolin, after which the forskolin-treated cells recov-
ered and grew well until the experiment was terminated 1 week
later, while the untreated cells continued to die. Overall, these
results indicate that decreased cAMP levels mediate the toxicity of
both XMRYV and the MCF 98D polytropic retrovirus in SY5Y cells.
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Killing of mink cells by MCF 98D virus is dependent on the
MCEF virus env gene. To test the hypothesis that MCF virus toxic-
ity was mediated by the interaction of Env with Xpr1, we gener-
ated hybrid viruses comprised of a noncytotoxic amphotropic ret-
rovirus into which several cDNA clones of the env coding region of
the MCF 98D virus were inserted. We produced virus from plas-
mids containing these clones by the transfection of the plasmids
into MDTF cells and by growing the cells for >2 weeks to allow the
virus to spread.

Mink cells were exposed to (i) medium harvested from MDTF
cells, (i) medium from MDTF cells producing an intact MCF
virus or (iii) the amphotropic/MCF hybrid viruses, (iv) medium
from NIH 3T3 cells producing amphotropic virus following trans-
fection with plasmid pAMS, or (v) fresh culture medium only.
The cells in each dish were trypsinized and replated at a 1:10 dilu-
tion every time they reached confluence. By day 3 after exposure,
toxicity was evident in mink cells exposed to two of the ampho-
tropic/MCF hybrid viruses and the intact MCF virus (two exper-
iments). In contrast, during a month of observation, no difference
in the growth rate or the appearance of cells exposed to medium
from untransfected MDTF cells, fresh culture medium, medium
containing the amphotropic virus, or medium from one of the
three amphotropic/MCEF virus clones tested was observed. We as-
sume that the lack of cytotoxicity observed for one of the ampho-
tropic/MCEF virus clones was due to a disabling mutation, but we
have not confirmed this. The same pattern of toxicity for the three
amphotropic/MCEF virus clones was observed after the infection of
SY5Y cells, with toxicity due to two of the clones becoming appar-
ent on day 8 after virus exposure. These results show that the
cytotoxic effects of the MCF virus are linked to the MCF virus env
gene and are consistent with a role of Xpr1 in MCF virus cytotox-
icity.

Xprl1 has little or no role in phosphate uptake or its regula-
tion. Inorganic phosphate (P;) is a limiting nutrient in the envi-
ronment, and cells from most organisms express multipass
membrane-spanning proteins that actively concentrate phos-
phate within cells. The hydrophilic amino-terminal region of
Xprl shows similarity to proteins involved in the regulation of
phosphate uptake, e.g., yeast PHO81, Neurospora PHO85 and
NUC-2, and rice and Arabidopsis SPX proteins (16, 28, 38). To test
for a role for Xpr1 in phosphate uptake, we measured the kinetics
of radiolabeled P; uptake by 208F rat fibroblasts and Chinese ham-
ster ovary (CHO) cells transduced with retroviral vectors that ex-
press hXprl or the Xprl ortholog from Mus dunni wild mice
(mdXprl). A retroviral vector expressing Pit-2, the cellular recep-
tor for amphotropic MLV and a known sodium-dependent phos-
phate symporter (12), was used as a positive control, and the
empty vector LXSN was used as a negative control. The level of P;
uptake by cells expressing hXpr1 was no different from that of cells
transduced with the empty vector, while the level of P; uptake by
cells expressing rat Pit2 (rPit-2) (25) was dramatically increased
(Fig. 8A and B). There was a small but reproducible decrease in the
level of phosphate uptake by 208F and CHO cells expressing
mdXprl. These experiments indicate that hXpr1 and mdXpr1 are
not primary phosphate transporters, as is rPit-2, but suggest the
possibility that mdXprl has some ability to downregulate P; up-
take.

To further investigate the possible regulatory activity of
mdXprl, we measured the effect of mdXprl expression on the
response of CHO cells to various concentrations of external P;. We
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FIG 8 Expression of human or Mus dunni Xprl does not result in increased
levels of phosphate uptake or significant alterations in the regulation of uptake.
(A) Retroviral vectors encoding human Xprl (hXprl) or Mus dunni Xprl
(mdXprl) were expressed in 208F rat cells that were used for phosphate uptake
analysis. Eadie-Hofstee plots of phosphate uptake velocity (V) versus the ve-
locity/phosphate concentration ratio (V/[P;]) are shown. The y axis regression
line intercept gives the V.. for phosphate uptake, and the slope is equal to
—K,,. (B) The same phosphate uptake experiment described above for panel A
was performed by using CHO cells. (C) 208F cells transduced with the
mdXprl-expressing vector or the empty vector LXSN were incubated with the
indicated concentrations of phosphate overnight, and phosphate uptake was
measured.

found that CHO cells exposed to culture medium without phos-
phate upregulated their endogenous phosphate uptake activity
such that the V., of phosphate uptake was increased by 2-fold
after 4 h and by 5-fold after 15 h, showing that CHO cells actively
regulate phosphate uptake. The responses of CHO cells to an over-
night incubation with 0 or 10 nM P; were similar whether they
expressed mdXprl or not, and the responses to a 15-h exposure
to 100 nM P; were identical (Fig. 8C). There was still a small
difference in the V., between the populations of CHO cells

max
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cultured in 1 mM P; (Fig. 8C), the concentration of P; present
in standard culture medium, consistent with our previous re-
sults (Fig. 8A and B).

To confirm that the Xprl orthologs were being expressed in
CHO cells and that the lack of an alteration in the phosphate
transport activity that we observed was not simply because the
Xprl orthologs were not being expressed, we tested for Xpr1 func-
tion as a retrovirus receptor in CHO cells (Table 1). CHO cells are
naturally resistant to xenotropic, polytropic, and amphotropic
retrovirus infections, as confirmed with cells transduced with the
empty vector (Table 1). The transfer of hXprl or mdXprl genes
into the cells rendered them susceptible to xenotropic and poly-
tropic, but not amphotropic, retroviruses, as expected. Human
cells are somewhat less infectible by polytropic retroviruses, and
this is reflected in the infectivity data for the human Xpr1 receptor.
CHO cells transduced with the mXprl gene were susceptible to
polytropic but not to xenotropic or amphotropic retrovirus infec-
tion, again as expected. These results show that hXprl, mXprl1,
and mdXprl are expressed in CHO cells transduced with the re-
spective Xprl genes. Overall, our results indicate a limited role, if
any, of Xprl in phosphate uptake or its regulation.

DISCUSSION

Xprl has been well characterized as a cellular receptor for poly-
tropic and xenotropic MLVs, but its physiological function, aside
from that predicted by its homology to the yeast signaling protein
Sygl, has not been characterized. Xprl is a highly conserved pro-
tein with orthologs in animals, plants, and unicellular organisms,
indicating its importance in basic cellular functions. This is un-
derscored by the finding that the deletion of Xprl in mice is em-
bryonic lethal (Lexicon Pharmaceuticals, personal communica-
tion), indicating an important role for Xprl in mammals.

Here we demonstrate that hXpr1 regulates cAMP in a manner
analogous to that of known GPCRs and that it interacts with the
Gp subunit of the large G-protein complex. While a physiologic
ligand for Xpr1 is unknown, we can force signaling through the
Xprl pathway by the overexpression of Xprl. Like known Ga-
stimulatory GPCRs, Xpr1 activation increases intracellular levels

TABLE 1 Homo sapiens, Mus musculus, and Mus dunni Xprl clones
function as retrovirus receptors when expressed in CHO cells®

Vector titer for LAPSN pseudotype

Xenotropic Polytropic Amphotropic
retrovirus retrovirus retrovirus
Xprl ortholog (NZB virus) (MCF 98D virus) (4070A)
hXprl 4 X 10° 3 X 104 <1
mXprl 40 5 X 107 <1
mdXprl 2 X 106 6 X 107 <1
None 30 <1 <1

@ Human, Mus musculus, and Mus dunni Xprl cDNAs were cloned into the LXSN
retroviral expression vector, retroviruses were made from the vector plasmids by the
transfection of HEK 293 cells with each vector and Moloney MLV gag-pol and VSV-G
env genes, and CHO cells were exposed to the viruses and grown in G418 medium to
select for the neo gene carried by the LXSN vector. To test for the ability of xenotropic,
polytropic, and amphotropic retroviruses to infect CHO cells carrying the different xpr1
genes, the cells were exposed to virus harvested from MDTF cells transduced with the
LAPSN vector and the indicated replication-competent xenotropic or polytropic
retroviruses or to the LAPSN vector produced by PA317 retrovirus packaging cells that
express the 4070A amphotropic retrovirus Env protein. Two days later, the CHO cells
were stained for alkaline phosphatase (expressed by the LAPSN vector) to determine
the vector titer. Results are means of data from two to four experiments.
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of cAMP, which acts as a second messenger and induces the down-
stream gene expression of CREB-responsive genes. However, un-
like all other previously described GPCRs, Xprl contains eight
putative transmembrane domains, as opposed to the canonical
seven, and Xprl shows no sequence similarity to known GPCRs.
Despite some similarity of Xpr1 to known phosphate transporters
and phosphate transport regulators in yeast, Neurospora, rice, and
Arabidopsis, we were unable to demonstrate a role for Xprl in
phosphate uptake.

Interestingly, the expression of the 200-, 229-, and 248-aa
C-terminal truncations of Xpr1, which lack most or all of the Xpr1
transmembrane domains, induced constitutive signaling. We hy-
pothesize that this is due to the strong binding of Gf by these
truncated Xprl proteins, with the release of Ga into the cyto-
plasm, the constitutive activation of adenylate cyclase, and a re-
sulting increase in cAMP levels. These results parallel previously
reported findings with 400- and 417-aa C-terminally truncated
Sygl proteins in yeast (34) and indicate that the N termini of Xpr1
and Syg1 have similar functions despite having markedly different
lengths and only 29% amino acid similarity (if multiple gaps in the
alignment are ignored) or 17% similarity (if gaps are included).

We found that several retroviruses that utilize Xpr1 as a recep-
tor for cell entry could inhibit Xpr1-mediated cAMP production,
resulting in the apoptosis and death of some cell types. Interest-
ingly, XMRV showed the most rapid toxic effect on SY5Y cells,
while the MCF 98D virus showed the most rapid toxic effect on
Mv1Lu mink lung cells. NZB virus had an intermediate effect on
mink cells and had a lower level of toxicity, if any, than XMRV in
SYS5Y cells. All of these viruses can use the Xprl orthologs ex-
pressed in SY5Y and mink cells for cell entry. Presumably, the
differential toxicity of these viruses is due largely to differences in
their interactions with Xprl orthologs from different species.
However, beyond initial receptor binding by Env, we do not know
the mechanism of toxicity, which may involve the downregulation
of Xpr1 signaling or the degradation of Xpr1-Env complexes dur-
ing protein synthesis or following internalization from the cell
surface.

While it seems clear now that XMRYV is not associated with
CEFS, our study provides unique insights into a potential role for
Xprl in neural biology. A role for deregulated cAMP signaling has
clear precedents in other disease models and developmental ob-
servations. For example, mouse embryos lacking CREB, a major
downstream transducer of G-protein signaling, exhibit excess
apoptosis and degeneration of sensory and sympathetic neurons,
and a CREB knockout is ultimately embryonic lethal (21). Our
studies show that CREB is activated by Xpr1 signaling because
CREB is the transcription factor that drives SEAP expression in
the assay that we employed to measure cAMP levels. In addition,
cAMP-modulating drugs have been shown to reverse neurode-
generation in cultured hippocampal neurons treated with amy-
loid B-peptide, a model of Alzheimer’s disease (37). Moreover,
mice infected with multiple neuropathic polytropic MLVs dis-
played increased expression levels of proinflammatory cytokines
and chemokines, and neurodegenerative diseases such as Alzhei-
mer’s disease and multiple sclerosis induce similar cytokine and
chemokine expressions (29).

Eurexpress Transcriptome Atlas data indicate that brain tissues
show the highest Xpr1 expression levels in the mouse (6), lending
support to the hypothesis that Xpr1 is involved in normal brain
function. Notably, neuropathology can be induced in mice fol-
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lowing infection with various retroviruses, and some studies have
shown that polytropic retroviruses are neuropathic, while related
ecotropic retroviruses that do not use Xprl as a receptor are not
(29). However, neuropathology can also be found in mice follow-
ing infection by some ecotropic retroviruses, such as CasBr-E
MLV, that do not use Xprl as a receptor (32). The infection of
mice with ecotropic retroviruses frequently results in recombina-
tion events leading to the production of polytropic retroviruses
(32), and it would be interesting to determine if these recombi-
nant viruses play a role in neurologic diseases induced by eco-
tropic retroviruses.

Our findings demonstrate the critical role which Xprl plays in
mediating both xenotropic and polytropic retrovirus pathologies
and further elucidate the function of Xpr1 in normal cells. How-
ever, there remain many questions regarding the normal physio-
logical role of Xprl in animals, including what extracellular
ligands might modulate Xpr1 activity. While our data indicate
that Xpr1 provides a prosurvival signal to the cell, a more specific
role for Xprl in signal transduction remains to be determined. It
will be important to understand whether Xpr1 acts in a fashion
analogous to that of other GPCRs and transmits a signal for a
particular cellular process or whether it regulates GPCR and
cAMP signaling in a more global fashion.
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