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BRLF1 (R) is one of two Epstein-Barr virus (EBV) immediate-early proteins that mediate the switch from
the latent to the lytic form of viral replication. In this report, we show that R induces expression of the cellular
C-mer gene in a variety of cell lines. C-mer expression was detected in lymphoblastoid cells immortalized with
wild-type EBV but not in lymphoblastoid cells immortalized with an EBV that had BRLF1 deleted. Oral hairy
leukoplakia tongue tissue, which contains the lytic form of EBV replication, also has enhanced C-mer expres-
sion. C-mer is a receptor tyrosine kinase activated by the ligand Gas6. C-mer is required for phagocytosis of
apoptotic debris by monocytes/macrophages and retinal pigment epithelial cells and is capable of producing an
antiapoptotic signal. Modulation of the C-mer signal transduction cascade by a variety of different approaches
did not alter the ability of R to induce lytic EBV gene transcription. Therefore, C-mer activation may be

important for some other aspect of lytic EBV infection.

The Epstein-Barr virus (EBV) is a human gammaherpesvi-
rus that causes infectious mononucleosis and is associated with
a variety of different B-cell and epithelial cell tumors. EBV can
infect cells in either a latent or a lytic form (28, 39). While EBV
infection in B cells is usually latent, viral infection of normal
epithelial cells in vivo results in lytic infection (28, 39) and
asymptomatic shedding of infectious virus in the saliva of im-
munocompetent hosts. In some immunosuppressed patients,
lytic infection results in an epithelial lesion on the lateral bor-
der of the tongue, oral hairy leukoplakia (OHL), which con-
tains lytically replicating EBV (20, 28, 39).

The two EBV immediate-early proteins, BRLF1 (R) and
BZLF1 (Z), are transcription factors that mediate the switch
from latent to lytic infection (8, 13, 24, 25, 27, 30, 47). Expres-
sion of either Z or R is sufficient to initiate EBV lytic viral gene
expression in latently infected cells (5, 7, 14, 38, 40, 46, 51, 54).
R activates certain early viral promoters (such as the SM and
BHRF1 promoters) through a direct DNA binding mechanism
(21, 37) but stimulates the immediate-early Z promoter by an
indirect mechanism involving phosphatidylinositol 3-kinase
and stress mitogen-activated protein kinase pathway activation
(1, 9). The effect of R on cellular gene expression has not been
as well studied. However, we recently found that R activates
expression of the cellular fatty acid synthase (FAS) gene and
that FAS activity is important for R-mediated induction of lytic
viral gene expression (29).

C-mer is a transmembrane protein belonging to the Mer/
Axl]/Tyro3 receptor tyrosine kinase family. Signal transduction
by all members is initialized by a ligand, Gas6 (4, 18, 19, 22, 31,
36). C-mer is primarily expressed in monocytes/macrophages
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and certain epithelial cell types, with the highest C-mer mRNA
levels detected in kidney, testis, ovary, prostate, lung, and pe-
ripheral blood monocytes (18, 19). Although C-mer is not
expressed in normal B cells and T cells, C-mer expression is
also detected in certain neoplastic T-cell and B-cell lines (18)
and is ectopically expressed in the majority of childhood acute
lymphocytic leukemias (D. K. Graham et al., unpublished
data).

C-mer mutations are found in three kindreds with familial
retinitis pigmentosa, a disease leading to blindness in which
specialized phagocytic retinal pigment epithelial cells are un-
able to ingest the shed apoptotic tips of photoreceptor cells
(10, 16, 48). The C-mer-knockout mouse also develops a lupus-
like autoimmune disorder due to the inability of monocytes to
clear apoptotic cellular debris, resulting in the development of
autoantibodies (6). The C-mer ligand, Gas6, the gene for
which was originally identified as a cellular gene induced by
growth arrest, is expressed constitutively by a variety of cell
types (4, 12, 32, 36). Activation of C-mer results in increased
phosphatidylinositol-3 kinase, extracellular signal-related ki-
nase, and p38 kinase activity, and in some conditions it en-
hances NF-«kB activity (17, 22). C-mer may also coordinate
cytoskeletal changes through its effects on Vavl, Racl, Cd42,
and RhoA (31). Furthermore, activation of the C-mer pathway
is sufficient to rescue certain interleukin-3 (IL-3)-dependent
cell lines from the apoptosis normally induced by IL-3 with-
drawal (17, 22).

Here we report that R activates expression of the cellular
C-mer gene in a variety of cell lines in vitro. Furthermore,
whereas C-mer expression was detected in lymphoblastoid
cells immortalized with wild-type EBV, no C-mer expression
was detected in lymphoblastoid cells immortalized with a virus
having BRLF1 deleted. C-mer was also overexpressed in OHL
lesions. Thus, R activates C-mer expression in host cells during
the lytic form of EBV infection. However, modulation of the
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FIG. 1. An R adenovirus vector increases C-mer mRNA expression. HeLa, RPE, and 293 cells and TIK were infected with AdR or AdLacZ
(MOI of 20); RNA was isolated 24 h postinfection, and Northern blot analysis was performed to detect C-mer or GAPDH mRNA expression.

C-mer signal transduction cascade by a variety of different
approaches did not alter the ability of R to induce lytic EBV
gene transcription. Therefore, the functional significance of
C-mer activation during the lytic form of EBV infection re-
mains unknown, but it could possibly enhance the ability of
infected cells to digest apoptotic debris or resist apoptosis.

MATERIALS AND METHODS

Cell lines and viruses. HeLa is a cervical carcinoma cell line. Telomerase-
immortalized human keratinocytes (TIK) were a gift from A. J. Klingelhutz at
the University of Towa and originally derived from human neonatal foreskin as
previously described (35). TIK were maintained in keratinocyte-SFM medium
(Gibco-BRL) with epidermal growth factor (EGF) and bovine pituitary extract
added. RPE is a retinal pigment epithelial cell line. D98/HE-R-1 is an epithelial
cell line formed by fusion of a HeLa cell subclone (D98) with the EBV-positive
Burkitt lymphoma cell line P3HR/1. Akata (EBV positive or EBV negative) is a
Burkitt lymphoma cell line (a gift from K. Takada). 293 is a human embryonic
epithelial kidney cell line. EBV-positive versions of 293 cells, containing either
wild-type virus or virus with BRLF1 deleted (R-KO) virus, were made as previ-
ously described (11, 14) and were a gift from H. J. Delecluse. Lymphoblastoid
cell lines (LCLs) were derived from the same donor by using wild-type EBV
(LCL-WT) or EBV having BRLF1 deleted (LCL-R-KO). For the production of
stocks of virus with BRLF1 deleted, 5 X 10° 293 R-KO cells were plated in 10 ml
of RPMI 1640-10% fetal bovine serum-penicillin-streptomycin in a 100-mm-
diameter dish on the day prior to transfection. The cells were transfected with
expression vectors for the lytic EBV gene products BRLF1, BZLF1, BRRF1, and
BALF4 with Lipofectamine 2000 according to the manufacturer’s instructions.
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FIG. 2. Transfected R increases C-mer mRNA expression. HeLa
and 293 cells were transfected with a vector expressing R (SG5-R) or
a control vector (SG5); RNA was isolated 24 h posttransfection, and
Northern blot analysis was performed to detect C-mer and GAPDH
expression.
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At 72 h posttransfection, supernatants were filtered through 0.45-um-pore-size
filters and viral stocks were stored at 4°C. For the generation of LCL R-KO cells,
3 X 10° peripheral blood mononuclear cells (provided by the laboratory of Susan
Fiscus, University of North Carolina at Chapel Hill) were resuspended in 3 ml of
R-KO virus and incubated overnight at 37°C. Seven milliliters of RPMI 1640—
20% fetal bovine serum—penicillin-streptomycin was then added, and cyclospor-
ine (Sigma) was added to achieve a final concentration of 500 ng/ml. Fifty
percent of the medium was changed every 7 days until transformation into LCLs
was apparent (at ~3 to 4 weeks postinfection). All lymphoid cell lines were
maintained in RPMI 1640 medium supplemented with 10% fetal calf serum.
Epithelial cell lines were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. All cell lines were cultured at 37°C in
a 5% CO, incubator.

Adenovirus vector construction and infection. The EBV immediate-carly gene
BRLFI or the control lacZ gene was inserted via cre-loxP-mediated recombina-
tion into an adenovirus type 5 derivative (under control of the immediate-early
cytomegalovirus promoter) lacking the E1 and E3 genes to create adenovirus-
BRLF1 (AdR) and adenovirus-LacZ (AdLacZ), as previously described (51).
Virus stocks were grown in 293 cells and purified by double cesium chloride
gradient followed by dialysis. TIK or HeLa, RPE, or 293 cells were plated in
150-mm-diameter plates 24 h prior to infection. Cells were infected with no
adenovirus (mock infection), AdLacZ, or AdR at a multiplicity of infection
(MOI) of 20. Cells were harvested 24 h postinfection for RNA preparation or
whole-cell protein preparation. Some cells were treated with human recombinant
Gas6 (150 nM; a gift from Brian Varnum, Amgen Corp.) for 10 min before
harvest.

Plasmids. The BRLF1 expression vector (SG5-R) contains the BRLF1
genomic sequence inserted in the pSGS expression vector (Stratagene) under the
control of the simian virus 40 promoter (a gift from Diane Hayward) (41). The
EGFR/Mer chimera (C-mer) was constructed by combining the extracellular and
transmembrane regions of the EGF receptor (EGFR) with the intracellular
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FIG. 3. C-mer is activated by lytic EBV induction in B cells. EBV-
positive or EBV-negative Akata Burkitt lymphoma cells were treated
with or without anti-IgG (0.1 mg/ml) for 24 h to induce the lytic form
of EBV infection (left panel). Total RNA was harvested, and RT-PCR
analysis was performed to detect C-mer or (,-microglobin RNA ex-
pression. C-mer expression was also examined in LCLs derived from
the same donor with wild-type virus (WT) or virus having BRLF1
deleted (R-KO) (right panel). Samples without RT did not produce
detectable C-mer expression (data not shown).
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FIG. 4. R increases C-mer protein expression. HeLa cells and 293 cells were infected with AdR or AdLacZ (MOI of 20), and protein extracts
were harvested 24 h postinfection. Protein extracts were also obtained from LCLs derived from the same donor with wild-type virus (WT) or virus
having BRLF1 deleted (R-KO). HeLa and LCL extracts were immunoprecipitated (IP) and immunoblotted (IB) with a C-mer polyclonal antibody.
293 cell extracts were first pulled down by using WGA-Sepharose beads and then immunoblotted with a C-mer antibody.

domain of C-mer inserted into the pLXSN vector (34) as previously described
(22). Kinase-inactive C-mer (Mer-KD) was made by site-directed mutation of
lysine 619 of the C-mer kinase domain to methionine (22).

Transfection. HeLa and 293 cells were transfected with 10 ug of SG5-R or
control SG5 plasmid DNA with the use of Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s specifications. RNA was prepared 24 h post-
transfection. Some 293 cells were treated with Gas6 24 h posttransfection, and
whole-cell extracts were prepared 48 h posttransfection. EBV-positive D98/HE-
R-1 cells were transfected with SG5 or SG5-R, in combination with C-mer or
Mer-KD plasmid, by electroporation with 1,500 V from a Zapper electroporation
unit (Medical Electronics Shop, University of Wisconsin). EGF (100 ng/ml) was
added 24 h posttransfection, and whole-cell extracts were prepared 48 h post-
transfection.

Northern blot analysis. Ten micrograms of total RNA, purified using the
Trizol reagent (Invitrogen) as specified by the manufacturer, was separated on a
1% agarose—formaldehyde gel and transferred to nylon membranes (Schleicher
and Schuell). Membranes were prehybridized for 25 min at 68°C in QuikHyb
hybridization buffer (Stratagene) and then hybridized with **P-randomly radio-
labeled C-mer probes for 1 h at 68°C. After hybridization, membranes were
washed twice in 2X SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate)—
0.1% sodium dodecyl sulfate at room temperature, and a final wash was carried
out in 0.2X SSC-0.1% sodium dodecyl sulfate for 5 to 10 min at 60°C. The C-mer
probes were generated by reverse transcriptase-PCR (RT-PCR) of 1 pg of total
cellular RNA with the primers C-mer sense (5'-TCCGTAACAGCACTGCAC
AC-3") and C-mer antisense (5'-GTGACGGCTGCAATCCTCAC-3") followed
by random labeling of the PCR product. A randomly labeled (Oligolabeling kit;
Amersham) mouse glyceraldehyde phosphate dehydrogenase (GAPDH) probe
(Ambion) was used as a control.

RT-PCR. Total RNA was isolated from LCL (WT or R-KO) or Akata cells
(EBV negative or EBV positive) treated with or without anti-human immuno-
globulin G (IgG; Sigma; 0.1 mg/ml) for 24 h. RT-PCR was performed using a kit
according to the instructions of the manufacturer (Promega). The same C-mer
primers used to generate probes for Northern analysis above were used to
synthesize the PCR products. PCR was run for 35 to 40 cycles at 95°C for 30 s,
58°C for 30 s, and 72°C for 30 s. Primers for B,-microglobin were 5" TTCTGG
CCTGGAGGGCATCC (forward) and 5" ATCTTCAAACCTCCATGATG (re-
verse).

Immunoblot analysis. Immunoblot analysis of total cell extracts was per-
formed as previously described (29) with the following antibodies: anti-EBV
BRLF1 (Argene; 1:100) and anti-EBV-BMRF1 (Capricorn Products, Inc.;
1:100). For C-mer detection, whole-cell extracts were precipitated either with 1
pg of anti-C-mer polyclonal antibodies (31) or with wheat germ agglutinin-
Sepharose (WGA-Sepharose; Sigma) beads overnight. The proteins were dis-
solved from beads, and an immunoblot analysis was performed to detect total
C-mer (anti-C-mer antibody; 1:1,000) or phosphorylated C-mer (antiphosphoty-
rosine antibody; 1:400; BD Transduction Laboratories) expression.

Patients and tissues. Biopsy specimens of OHL were obtained from human
immunodeficiency virus-seropositive patients identified at the University of
North Carolina Hospitals. Biopsy specimens of tissue from the lateral tongue
border of human immunodeficiency virus-negative healthy subjects without leu-
koplakia were used as controls. Specimens were immediately frozen and stored
at —80°C. A portion of each biopsy specimen was fixed in formalin and sent to

UNC Hospitals Department of Pathology for histopathologic diagnosis. The
presence of EBV within the OHL biopsy specimens was confirmed by detection
of the terminal restriction enzyme fragments on Southern blots (49).

Immunofluorescence. Frozen tissue sections were cut to 5-pm thickness and
placed on poly-L-lysine-coated slides. Tissue sections and cell lines were fixed in
a chilled 1:1 mixture of methanol and acetone; blocked with 20% normal goat
serum; stained with a primary antibody for FAS (BD Biosciences; 1:20), Z
(Argene; 1:40), or R (Argene; 1:20) or with an isotype control antibody; and then
stained with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (50).
Slides were mounted with coverslips by using Vectashield (Vector Laboratories)
and then subjected to confocal microscopy.

Affymetrix GeneChip analysis. Telomerase-immortalized human keratinocytes
were plated at a cell density of 2 X 107 cells per 150-mm-diameter dish and then
either mock infected or infected with adenovirus expressing LacZ or R at an
MOI of 17. The cells were harvested 48 h later, and total RNA was obtained
using the RNeasy kit (Qiagen). Microarray analysis was performed with Af-
fymetrix GeneChip as previously described (29).

RESULTS

R activates C-mer expression. In preliminary experiments,
human TIK were mock infected or infected with adenovirus
vectors expressing R (AdR) or LacZ (AdLacZ) constructed as
previously described (51). RNA was harvested 24 h after in-
fection and analyzed by microarray analysis as previously de-
scribed (29). The results indicated that cells infected with the
AdR vector had sevenfold-higher expression of C-mer than did
cells which were mock infected or infected with the AdLacZ
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FIG. 5. Gas6 phosphorylates C-mer induced by R in HeLa cells.
HelLa cells infected with AdLacZ or AdR (MOI of 20) for 24 h were
treated with recombinant Gas6 for 0, 10, 30, 60, and 90 min. Cell
extracts were immunoprecipitated (IP) with a C-mer antibody and
then immunoblotted (IB) with the same C-mer antibody to measure
total C-mer protein or immunoblotted with a p-Tyr antibody to mea-
sure phosphorylated C-mer. The AdLacZ-infected cells had no detect-
able C-mer protein (data not shown).
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FIG. 6. C-mer expression is detected in OHL tongue tissue. Tongue biopsy specimens from healthy individuals (bottom panel) or OHL patients
(top and middle panels) were incubated with either a C-mer monoclonal antibody (MAB891; R & D Systems; top and lower panels) or
phosphate-buffered saline (middle panel), followed by incubation with an anti-mouse antibody conjugated with fluorescein isothiocyanate. C-mer
expression was examined using fluorescence microscopy (left panels). 4',6'-Diamidino-2-phenylindole (DAPI) staining was also performed on all
specimens (right panels).
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vector (data not shown). To confirm that R induces C-mer ex-
pression, Northern blot analysis was performed to quantitate the
level of C-mer message in a series of cell lines (HeLa cells, TIK,
RPE cells, and 293 cells) that were infected with the control
AdLacZ vector or the AdR vector (MOI of 20). RNA was iso-
lated 24 h postinfection and analyzed by Northern blotting with
probes specific for c-Mer or the housekeeping gene GAPDH.
Compared to AdLacZ-infected cells, cells infected with AdR had
significantly more C-mer mRNA in all cell lines tested (Fig. 1).
These results indicate that infection of cells with the AdR vector
results in enhanced C-mer mRNA expression.

To determine if R activates C-mer expression in the absence
of any adenovirus gene products, HeLLa and 293 cells were
transfected with an R expression vector (SG5-R) or the SG5
control vector (Stratagene). RNA was harvested 24 h after
transfection, and Northern blot assays were performed. In both
HeLa and 293 cells, the transfected R vector increased the
level of C-mer RNA compared to the control vector (Fig. 2).
Thus, R activates C-mer expression in the absence of adeno-
virus help.

C-mer mRNA is activated by lytic EBV infection in Burkitt
lymphoma cells and LCLs. To determine if lytic EBV infection
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results in increased C-mer expression in B cells, EBV-positive
Burkitt lymphoma cells (Akata) were switched from the latent
to lytic form of infection by cross-linking the B-cell surface
receptor with anti-IgG (0.1 mg/ml; Sigma) as previously de-
scribed (45). Total RNA was isolated 24 h postinduction, and
RT-PCR was performed to detect C-mer or B,-microglobin
gene expression. As shown in Fig. 3, in the absence of B-cell
receptor activation, no C-mer expression was detected in
Akata cells. Following anti-IgG treatment, C-mer RNA ex-
pression was dramatically increased, while that of a housekeep-
ing gene, B,-microglobin, was not affected. Anti-IgG treatment
did not induce C-mer expression in EBV-negative Akata cells.
The level of C-mer expression was also compared in LCLs
(from the same donor) derived with wild-type virus and virus
having BRLF1 deleted (R-KO; a gift from H.-J. Delecluse)
(14). C-mer expression was detected in LCLs derived with
wild-type EBV but not in the LCLs derived from the virus
having BRLF1 deleted (Fig. 3). These results suggest that lytic
EBV infection enhances C-mer expression in at least some
EBV-infected B-cell lines.

R activates C-mer protein expression. To determine if R
also activates C-mer protein expression, HeLa cells were in-
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FIG. 7. Modulation of C-mer activity does not affect R-mediated lytic gene expression. EBV-positive D98/HE-R-1 cells were transfected with
the SG5 or SG5-R vectors, in combination with either a control vector, a vector that inhibits C-mer signaling in the presence of EGF (Mer-KD),
or a vector that activates a C-mer-like pathway in the presence of EGF (C-mer). EGF was added 24 h after transfection to some conditions, and
cells were harvested 48 h posttransfection for immunoblot analysis to detect lytic EBV gene expression.

fected with the AdLacZ or AdR vectors (MOI of 20), and
whole-cell extracts were immunoprecipitated 24 h postinfec-
tion with a C-mer polyclonal antibody (31), followed by immu-
noblot analysis with the same antibody. C-mer protein expres-
sion was detected in HeLa cells infected with the AdR vector
but not the AdLacZ vector (Fig. 4, middle panel). A similar
experiment was performed in 293 cells. In this experiment,
extracts were incubated overnight in WGA-Sepharose (Sigma)
beads to enrich for the heavily glycosylated C-mer protein as
previously described (15), glycoproteins were then dissociated
from the beads, and an immunoblot analysis was performed to
detect C-mer. C-mer protein expression was enhanced in 293
cells infected with the AdR vector over that in cells infected
with the control vector (Fig. 4, right panel). Most importantly,
C-mer protein expression was observed in LCLs obtained with
the wild-type virus but not in LCLs obtained with the virus
having BRLF1 deleted (Fig. 4, left panel).

Gas6 phosphorylates the C-mer induced by R in HeLa cells.
To determine if the C-mer protein induced by R expression in
HeLa cells can be efficiently phosphorylated in the presence of
Gas6, Hela cells were infected with the AdLacZ or AdR
vector (MOI of 20). Twenty-four hours postinfection, cells
were treated with 150 nM human recombinant Gas6 for vari-
ous lengths of time (0, 10, 30, 60, and 90 min) at 37°C. Cell
extracts were then immunoprecipitated with the C-mer poly-
clonal antibody, followed by immunoblotting with antiphos-
photyrosine antibody to detect phosphorylated C-mer or with
the C-mer antibody to detect total C-mer. HeLa cell extracts
infected with the AdLacZ vector had no detectable C-mer
protein and no detectable C-mer phosphorylation in the pres-
ence of the Gas6 ligand (data not shown). In contrast, Gas6
treatment of HeLa cells infected with the AdR vector resulted
in tyrosine phosphorylation of C-mer, which peaked at 10 min
and then decreased gradually over time (Fig. 5). These results
indicate that the C-mer protein induced by R is capable of
responding to the Gas6 ligand.

C-mer is overexpressed in epithelial cells of OHL lesions.
To determine the effect of lytic EBV infection in humans,
C-mer expression was examined in tongue tissue derived from

patients with OHL versus lateral tongue tissue derived from
healthy individuals. OHL is a lesion along the lateral aspect of
the tongue that contains lytic EBV infection (20, 53). BZLF1
expression was observed by immunohistochemistry in the con-
densed nuclei of koilocyte cells in the middle to upper strata in
biopsy specimens of OHL lesions (data not shown), confirming
that these cells contained the lytic form of EBV infection.
Punctate cytoplasmic staining for C-mer was observed by im-
munofluorescence in the OHL tissue in the middle to upper
strata within the stratum spinosum and stratum granulosum
layer but was present at a much lower level in the control
tongue tissue (Fig. 6). No C-mer expression was detected in
OHL or healthy tongue stained with the secondary antibody
only. These results indicate that C-mer expression is induced
during lytic EBV infection in tongue epithelial cells.

Modulation of C-mer activity does not affect R-mediated
lytic EBV induction. To determine whether C-mer activation
plays a role in R-mediated lytic EBV gene expression, latently
infected, EBV-positive D98/HE-R-1 cells were transfected
with the control vector (SG5) or the R-expression vector (SG5-
R), in the presence or absence of vectors encoding chimeric
C-mer receptors, with either wild-type (C-mer) or kinase-dead
(Mer-KD) C-mer (22). Both vectors contain the extracellular
and transmembrane domains of the EGFR linked to the C-mer
cytoplasmic domain: while one vector has an active C-mer
tyrosine kinase, in the other vector lysine 619 of the kinase
domain is mutated to methionine. The latter does not send a
signal in the presence of the EGF ligand (22, 31). Transfected
cells were treated with or without EGF (100 ng/ml) 24 h post-
transfection. Cells were harvested 48 h posttransfection, and
immunoblot analysis was performed to detect expression of the
R protein, as well as the early lytic EBV protein BMRF1. As
shown in Fig. 7, cells transfected with the R expression vector
alone expressed the early protein BMRF1, as expected. Nei-
ther the wild-type nor the kinase-dead C-mer—-EGFR chimera
altered BMRF1 expression in the presence or absence of the
EGEF ligand (Fig. 7).

Recombinant Gas6 does not enhance R-mediated viral gene
expression. To further confirm that C-mer activation is not
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FIG. 8. Gas6 does not affect R-mediated EBV lytic gene expres-
sion. EBV-positive 293 cells were transfected with the control vector,
SGS, or SG5-R. Human recombinant Gas6 (150 nM) was added 24 h
posttransfection, and cells were harvested 48 h posttransfection for
immunoblot analysis to detect EBV lytic gene expression.

directly involved in the transcriptional effects of R, EBV-pos-
itive 293 cells were transfected with the control vector (SG5) or
the R expression vector (SG5-R) in the presence or absence of
recombinant Gas6 ligand (150 nM, added 24 h posttransfec-
tion). Cells were harvested 48 h posttransfection, and an im-
munoblot analysis was performed to detect R and BMRF1
expression (Fig. 8). The presence of the C-mer ligand, Gasb6,
did not significantly affect the ability of transfected R to induce
early lytic EBV gene expression.

DISCUSSION

In this report, we demonstrate that the EBV immediate-
early protein BRLF1 activates C-mer expression in a variety of
cell lines in vitro. In addition, we show that C-mer expression
is increased by induction of lytic EBV infection in the Burkitt
lymphoma line Akata and that C-mer is expressed in lympho-
blastoid cells obtained with wild-type EBV but not in lympho-
blastoid cells obtained with the virus in which BRLF1 was
deleted. C-mer is also expressed at a high level in OHL lesions.
Thus, C-mer activation may be a common phenomenon during
the lytic form of EBV replication. At this point, however,
whether this C-mer activation plays an important role in EBV
pathogenesis remains unknown.

C-mer is a member of the Mer/Axl/Tyro3 receptor tyrosine
kinase family. C-mer is normally expressed in monocytes and
certain types of epithelial cells (18) and plays a role in phago-
cytosis of apoptotic debris (23, 43). Loss of C-mer function in
humans results in a form of progressive blindness, retinitis
pigmentosa, due to the failure of retinal pigment epithelial
cells to ingest the shed apoptotic outer segments of photore-
ceptor cells, and in the rat and mouse, absence of C-mer leads
to retinal degeneration (10, 16, 48). In addition, C-mer func-
tions include the regulation of cytoskeletal elements and the
sending of an antiapoptotic signal not accompanied by cellular
proliferation (6, 43).

Our results suggest that lytic EBV infection increases the
level of C-mer in host cells that do not otherwise express
significant amounts of C-mer. While we did not detect signif-
icant C-mer expression in uninfected lateral tongue epithelial
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cells, C-mer was highly expressed in OHL lesions that are
Iytically infected with EBV. An LCL immortalized with wild-
type EBV had C-mer expression, whereas an LCL derived with
the virus in which BRLF1 was deleted (from the same host) did
not express detectable C-mer. In addition, whereas latently
infected EBV-positive Akata Burkitt lymphoma cells did not
express detectable C-mer, when these cells were switched to
the lytic form of EBV infection, C-mer expression was de-
tected. Furthermore, R expression in HeLa cells (which do not
express C-mer in the absence of R) resulted in C-mer tyrosine
phosphorylation in the presence of the C-mer ligand Gas6.

Together, these results indicate that host cells containing the
lytic form of EBV infection may have a greatly enhanced re-
sponse to the Gas6 ligand. The Gas6 ligand, although origi-
nally described as a growth arrest gene, is expressed constitu-
tively by a number of cell types (4, 12, 32, 36). However, exactly
how this induction of the C-mer pathway during lytic EBV
infection contributes to viral pathogenesis remains unknown.
We explored the hypothesis that the C-mer signal transduction
pathway contributes to R transcriptional effects but were un-
able to show by a variety of different approaches that this
pathway alters R-mediated lytic EBV gene transcription.

Another potential role of C-mer activation during lytic EBV
infection would be inhibition of cellular apoptosis. Activation
of the C-mer pathway has been shown to inhibit cellular apo-
ptosis mediated by withdrawal of IL-3 (17, 22), and thus C-mer
activation could potentially inhibit apoptosis in response to
viral infection, as well. Many viruses encode proteins that in-
hibit cellular apoptosis, thereby allowing the virus time to rep-
licate its genome prior to the death of the host cell. EBV
encodes an early gene product, BHRF1, which is a homologue
of Bcl-2 and inhibits apoptosis (2, 26). The combination of
C-mer activation and BHRF1 expression may be more efficient
than either effect alone in protecting the virus from apoptosis
during lytic EBV replication.

Finally, it is also possible that C-mer activation by R allows
the virally infected cell to ingest apoptotic debris. Ingestion of
apoptotic cellular debris might enhance the availability of lim-
iting substrates required for efficient lytic viral replication.
Whether C-mer activation could enhance the phagocytosis ca-
pacity of the primary target cells for EBV, B cells, and epithe-
lial cells is not clear. However, there is increasing evidence that
EBYV also lytically infects monocytes and macrophages (42), in
which C-mer activation could potentially dysregulate phagocy-
tosis and possibly contribute to the EBV-associated hemoph-
agocytic clinical syndrome (44).

In addition to the other phenotypic effects, C-mer-knockout
mice produce much more tumor necrosis factor alpha (TNF-a)
in response to lipopolysaccharide challenge than do wild-type
mice (3), suggesting that C-mer has a role in down-regulating
production of TNF-a. As TNF-« is a potent antiviral cytokine,
as well as an activator of the host immune response (33, 52),
inhibition of TNF-a production during lytic EBV infection
would be expected to benefit the virus. The other EBV imme-
diate-early gene protein, BZLF1, was recently shown by our
laboratory to down-regulate expression of the major tumor
necrosis factor receptor in host cells (35). Activation of C-mer
by R, in combination with the Z effect, could allow EBV to
evade TNF-a during lytic reactivation or primary infection.
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