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Three restricted forms of Epstein—Barr virus latency
counteracting apoptosis in c-myc-expressing
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Epstein-Barr virus (EBV), a human herpesvirus, transforms B cell
growth in vitro through expressing six virus-coded Epstein-Barr
nuclear antigens (EBNAs) and two latent membrane proteins
(LMPs). In many EBV-associated tumors, however, viral antigen
expression is more restricted, and the aetiological role of the virus
is unclear. For example, endemic Burkitt lymphoma (BL) classically
presents as a monoclonal, c-myc-translocation-positive tumor in
which every cell carries EBV as an EBNA1-only (Latency 1) infection;
such homogeneity among EBV-positive cells, and the lack of
EBV-negative comparators, hampers attempts to understand EBV's
role in BL pathogenesis. Here, we describe an endemic BL that was
unusually heterogeneous at the single-cell level and, in early
passage culture, yielded a range of cellular clones, all with the same
c¢-myc translocation but differing in EBV status. Rare EBV-negative
cells were isolated alongside EBV-positive cells displaying one of
three forms of restricted latency: (/) conventional Latency | ex-
pressing EBNA1 only from a WT virus genome, (ii) Wp-restricted
latency expressing EBNAs 1, 3A, 3B, 3C, and -LP only from an
EBNA2-deleted genome, and (iii) a previously undescribed
EBNA2*/LMP1- latency in which all six EBNAs are expressed again
in the absence of the LMPs. Interclonal comparisons showed that
each form of EBV infection was associated with a specific degree
of protection from apoptosis. Our work suggests that EBV acts as
an antiapoptotic rather than a growth-promoting agent in BL by
selecting among three transcriptional programs, all of which,
unlike the full virus growth-transforming program, remain com-
patible with high c-myc expression.

viral lymphomagenesis | cell survival | viral genome integration |
viral transformation

pstein—Barr virus (EBV) is a B lymphotropic herpesvirus

linked to several B cell malignancies (1, 2). In vitro the virus
transforms human B cells into permanent lymphoblastoid cell
lines (LCLs) expressing the full range of virus-coded latent
proteins; the nuclear antigens EBNAs 1, 2, 3A, 3B, 3C, and -LP
are expressed from adjacent promoters Cp and Wp in the
BamHI C and W regions of the genome, and the latent mem-
brane proteins LMPs 1 and 2 from independent EBNA2-
activated promoters in the BamHI N region (3). This same
growth transforming function also is apparent in vivo and can
lead to uncontrolled cell growth. Thus, most cases of EBV-
associated posttransplant lymphoproliferative disease show the
same latent gene expression profile as LCLs (Latency III) and
appear to represent directly virus-transformed lesions growing
out in the absence of host T cell surveillance. By contrast, other
EBV-positive B cell malignancies such as Burkitt lymphoma
(BL) show more restricted forms of latent gene expression, and
the virus’ contribution to lymphomagenesis is less well under-
stood (1, 2).

BL occurs as a high incidence “endemic” tumor in Africa and
New Guinea, where it is consistently EBV-positive, and else-
where as a lower incidence ‘“sporadic” disease that is less
frequently linked to EBV (2). In all BLs, irrespective of EBV
status, the key growth-transforming event appears to be consti-

www.pnas.org/cgi/doi/10.1073/pnas.0509988103

tutive activation of the c-myc oncogene through its translocation
into an Ig gene locus (4). Most EBV-positive BLs express just
one viral protein, EBNA1, from an alternative promoter Qp in
the BamHI Q region of the genome (Latency I) (3, 5), prompting
debate as to how EBNAL or, indeed, the noncoding EBER
RNAs (present in all forms of latency), might contribute to BL
pathogenesis (6-10). Although such restricted viral antigen
expression potentially reduces tumor immunogenicity, this form
of latency may have arisen during tumor evolution for reasons
other than immune evasion. Thus, in in vitro systems, enforcing
the full Latency III program in a BL cell background proved to
be incompatible with high c-myc expression and with mainte-
nance of the malignant BL cell phenotype (11, 12).

Recently, we identified BLs with a different form of restricted
virus latency, again compatible with high c-myc expression but
involving Wp rather than Qp usage and characterized by ex-
pression of EBNAs 1, 3A, 3B, 3C, and -LP in the absence of
EBNA2 and the LMPs (13). These “Wp-restricted” tumors had
arisen through infection of the tumor progenitor cell with an
EBNAZ2 gene-deleted virus, leading to Wp-initiated rather than
Qp-initiated transcription. Such selection for a rare EBNA?2
gene deletion suggested that expression of EBNA2, or the
EBNAZ2-induced LMP genes, was the source of incompatibility
between the virus-driven and c-myc-driven growth programs.

In contrast to Latency I and Wp-restricted tumors, all of which
are homogeneous at the single-cell level (5, 14), here we describe
an EBV-positive endemic BL in which the tumor clone contains
some cells displaying Latency I, others Wp-restricted latency,
and others a unique EBNA2-positive, LMP-negative form of
infection. Comparing these cells with rare EBV genome-loss
clones derived from the same tumor shows how each form of
latency is associated with a different degree of protection from
apoptosis.

Results

EBV Genome Content of Awia-BL. Screening endemic BL biopsies
by DNA PCR with different EBV primer/probe combinations
identified one tumor, Awia-BL, as carrying both an amplifiable
WT EBNAZ2 gene sequence and a BamHI W/H fusion fragment
diagnostic of EBNA2 gene deletion (Fig. 14). Sequencing
revealed a deletion whose boundaries mapped close to those
already seen in the Wp-restricted tumors Sal-BL, Oku-BL, and
Ava-BL (Fig. 1B). The Awia-BL biopsy cells grew immediately
in vitro, with first passage cells cryopreserved within 7 days, and
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gave a cell line with a single-cell growth pattern, germinal
center-like surface phenotype, and t(8:14) chromosomal trans-
location, all typical of BL. This Awia-BL line retained the same
amplifiable EBNA2 and BamHI W/H fusion sequences as the
original tumor, the presence of a WT genome being confirmed
by inducing virus replication and selectively rescuing that ge-
nome into normal B cells to produce the Awia tr-LCL (Fig. 14).

We then established 200 Awia-BL clones by limiting dilution
of early passage cultures in acyclovir-containing medium,
screened all clones for total EBV genome load by using a

14936 | www.pnas.org/cgi/doi/10.1073/pnas.0509988103

Fig.1. EBV genome content of Awia-BL. (A Left) PCR analysis of Awia-BLand
the Awia-tr-LCL by using primer/probe combinations specific for the EBNA2
sequence or for a BamHI W-H fusion fragment (EBNA2 gene deletion). BJAB
isan EBV-negative control line. Rael-BL is a standard Latency | BL line. (A Right)
Parallel data from a representative range of Awia-BL clones. The boxed
numbers refer to the total EBV genome load for each clone as determined by
quantitative PCR assay for the EBV pol gene. (B) Location of the EBNA2 gene
deletion in Awia-BL shown below a linearized map of the EBV genome with
BamHI restriction fragments. Deletion coordinates (numbered according to
the B95.8 prototype strain sequence) are shown relative to those found in the
Whp-restricted Sal-BL, Oku-BL, and Ava-BL lines (13). (C) Metaphase spreads of
Awia-BL clone e (carrying a single EBNA2-positive genome only) and clone m
(carrying a single EBNA2-deleted genome only) after FISH staining with a
fluorescein-labeled EBV probe (green) and a spectrum-orange-labeled probe
specific either for a chromosome 4 centromeric region or for a chromosome 5
telomeric region (red). Clone e shows integration on chromosome 5; clone m

quantitative PCR assay amplifying EBV pol gene sequences, and
then screened a selection of clones for EBNA2-positive (WT)
and EBNA2-deleted status as above. This identified 2 from 200
clones that were consistently EBV genome-negative and (from
70 EBV-positive clones analyzed in full) 50 clones carrying
multiple copies of the WT genome only, 6 clones carrying a
single WT genome only, 6 clones carrying a single EBNA2-
deleted genome only, and 8 clones carrying both types of
genome; representative results are shown in Fig. 1A4. All clones
were derived clearly from the same malignant population in vivo
because, where analyzed, all carried the same productive IgH
gene rearrangement and, in addition to the t(8:14) translocation,
a trisomy chromosome 20 marker that was distinctive of this
particular tumor.

The above interclonal differences in EBV genome load were
confirmed (data not shown) by using FISH with an EBV probe
capable of detecting individual virus genomes (15). We then
focused on those clones with single EBV genomes and found that
they fell into two groups, each with a different integration event.
Fig. 1C shows representative chromosome spreads dually hy-
bridized with a fluorescein-labeled EBV probe and with a
spectrum-orange-labeled chromosome-specific probe; consis-
tently, clones with a single WT virus genome (e.g., clone e)
showed integration of that genome on chromosome 5, and clones
with a single EBNA2-deleted genome (e.g., clone m) showed
integration on chromosome 4.

EBV Latency in the Awia-BL Cell Line and Derived Clones. The
Awia-BL line and derived clones then were assayed by quanti-
tative RT-PCR for Wp-initiated transcripts (typically seen at
high levels in Wp-restricted latency and at low levels in Latency
III), Cp-initiated transcripts (diagnostic of Latency III), Qp-
initiated EBNAI1 transcripts (diagnostic of Latency I), and
EBNA2, LMP1, and LMP2 gene-specific mRNAs. Transcription
data from the parental Awia-BL line and representative clones
are presented alongside the corresponding Awia tr-LCL values
in Fig. 2; LMP2 mRNA levels are not shown because they are
generally very low. The same cells also were analyzed by
immunoblotting for expression of the EBNA1, EBNA2,
EBNA3A, LMP1, and c-myc proteins. Representative results are
presented in Fig. 3, with B-actin immunoblots as loading con-
trols. The patterns observed were the following:

Awia-BL vs. Awia tr-LCL. The parental Awia-BL line was unlike any
previously studied Burkitt line. It was strongly positive for
Qp-initiated EBNALI transcripts (typical of Latency I) but also
showed some Wp activity in the absence of Cp (suggestive of
Wp-restricted latency) plus the unexpected combination of
EBNA2 transcription in the absence of LMP1 mRNA. By
contrast, the Awia tr-LCL showed a characteristic Latency III
pattern with Cp dominant over Wp, with both EBNA2 and
LMP1 transcripts strongly expressed and with no detectable Qp
activity (Fig. 2). At the level of antigen expression, as expected,
the Awia tr-LCL was positive for EBNAs 1,2, 3A, and LMP1 and
showed the same low level of c-myc protein as the X50-7 and
C2+BL16 reference LCLs. Note that the Awia-virus isolate is a
type 2 virus strain and, therefore, encodes an EBNA?2 protein of
similar size to that seen in the reference type 2 LCL, C2+BL16
(5). Awia-BL gave a unique protein profile. It was EBNAI-
positive but also contained low levels of EBNA2 and EBNA3A
in the absence of any detectable LMP1 and expressed c-myc at
the high levels typical of classical BL (Fig. 3).

EBV-negative BL clones. The two rare clones (w and z) originally
identified as EBV genome-negative indeed were completely
lacking in detectable viral transcripts or viral proteins (Figs. 2
and 3).

Latency I BL clones. All clones carrying multiple copies of only the
WT genome displayed Latency I infection. Such clones (repre-
sented by a-d) showed high-level Qp activity with barely de-
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Fig.2. Analysis of EBV latent transcription in the parental Awia-BL line, the
Awia tr-LCL, and representative EBV genome-negative, Latency |,
Whp-restricted, and EBNA2*/LMP1~ Awia-BL clones. Transcript levels (with
transcript-specific primer-probe combinations as shown) relative to an appro-
priate positive control line (assigned a value of 1). Note that the BamHI
Q-U-K-spliced transcript levels indeed reflected Qp usage because there was
no detectable F-Q-U-K-spliced transcripts from the lytic Fp promoter (data not
shown).

tectable expression of any other latent cycle transcripts (Fig. 2).
Accordingly, the cells expressed EBNAL in the absence of
EBNA2, EBNA3A, and LMP1 and displayed typically high
levels of c-myc (Fig. 3).

Wp-restricted BL clones. All clones containing only an EBNA2-
deleted genome (clones k—q) displayed classical features of
Wp-restricted latency. All had high levels of Wp-initiated tran-
scripts in the complete absence of Cp-, Qp-, EBNA2, and LMP1
transcription (Fig. 2), expressed EBNA1 and EBNA3A in the
absence of detectable EBNA2 and LMP1, and retained high
c-myc levels (Fig. 3). Clones containing both EBNA2-deleted
and WT genomes showed an essentially similar pattern of results
(data not shown), supporting the view that in such cells, Wp-
restricted transcripts derive exclusively from the EBNA2-
deleted genome (13).

EBNA2-positive, LMP1-negative BL clones. All clones carrying only a
single copy of the WT genome displayed a previously unde-
scribed EBNA2*/LMP1~ form of latency. Such clones (repre-
sented by e-i) were consistently negative for Wp-, Cp-, and Qp
activity and were negative for LMP1 transcripts, yet did contain
significant levels of EBNA2 mRNA (Fig. 2). At the protein level,
these clones were positive for EBNA1, EBNA2, and EBNA3A
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Fig.3. Analysis of EBV latent protein expression in the parental Awia-BL line,
the Awia tr-LCL, and representative Awia-BL clones as in Fig. 2. Results are
presented asimmunoblots probed with antibodies specific for EBNA1, EBNA2,
EBNA3A, and LMP1. Positive control lines were the type 1 virus-transformed
X50-7 LCL and the type 2 virus-transformed C2+BL16 LCL; BJAB is the EBV-
negative control line. Immunoblots of the same samples were probed with
antibodies against c-myc and, as a loading control, against p-actin. Note that
by immunoblotting levels of EBNA2 in the EBNA2"/LMP1~ clones was esti-
mated to be 20-60% of that seen in the C2+BL16 LCL.

but negative for LMP1. Importantly, they expressed the same
high levels of c-myc as did the Latency I and Wp-restricted clones
(Fig. 3). Moreover, cells with this unique form of infection
indeed were present in the original tumor because monoclonal
antibody staining of the Awia-BL biopsy (data not shown) and
the Awia-BL line at its first in vitro passage (Fig. 4) identified
5-10% cells, giving strong EBNA?2 staining in the absence of
LMP1. Staining of Awia-BL clones identified some clones (e.g.,
clone e) with homogeneous low-level staining and other clones
(e.g., clone j) with a greater range of intensities, including some
cells with almost LCL-like levels (compare Awia tr-LCL). Im-
portantly, all cells within these EBNA2-positive clones remained
negative for LMP1 staining.

EBV Latency and BL Cell Susceptibility to Apoptosis. One of the
cardinal features of the Burkitt tumor is a marked sensitivity to
apoptosis (16), thought to be a consequence of deregulated

EBNA2 LMP1

Awia
-BL pl

clone e

clone j

Awia
tr-LCL

Fig. 4. EBNA2 and LMP1 staining of Awia-BL (at the first in vitro passage
within 7 days of tumor cell culture), two EBNA2*/LMP1~ Awia-BL clones (e
and j), and the Awia tr-LCL. Imnmunofluorescence results are shown alongside
bright field photomicrographs of the same area.
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Fig. 5. Relationship among EBV status, form of EBV latency, and suscepti-

bility to apoptosis in Awia-BL cells. (A and B) Mean results from multiple
apoptosis assays in which Awia-BL clones were exposed to anti-lgM at 10
ng/ml for 72 h (A) or ionomycin at 1 ug/ml for 48 h (B) and then stained with
propidium iodide and Syto 16. Results are expressed as the percentage of cells
induced to die. Extending the assay period up to 96 h in each case did not affect
the pattern of results (data not shown). (C) Mean results from additional assays
in which EBV-negative and Latency | clones were tested at lower doses of 2.5
rg/ml anti-IlgM and 0.25 pg/ml ionomycin. Note that in all experiments,
essentially similar results were obtained by using caspase cleavage as a marker
of apoptosis in single cells.

c-myc expression (17). A role for EBV as an antiapoptotic agent
in BL pathogenesis first was implied from work with Akata-BL,
an unusual sporadic BL line that is EBV-positive, but in late
passage, frequently yields EBV genome-negative subclones (18);
these EBV-loss subclones proved more prone to apoptosis than
the parental line (7, 10). Here, we were able to readdress this
issue with a wider variety of clones all derived from the same
early passage endemic tumor. The clones were subjected to two
well defined apoptotic triggers, surface IgM ligation (note that
all clones showed equivalent levels of surface IgM) and iono-
mycin treatment (16), and responses were quantitated by Syto
16/propidium iodide dual labeling and flow cytometry (14). Fig.
5 shows composite data from repeated assays. At high doses of
the inducing agents (10 pg/ml anti-IgM and 1 wg/ml ionomycin),
>80% of cells in the EBV-negative and Latency I clones died,
mostly by apoptosis (Fig. 5 4 and B). However, at lower doses,
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Fig. 6. Diagrammatic representation of the three different forms of re-
stricted EBV latency found in the Awia-BL tumor compared with the standard
Latency lll infection typical of all LCLs. Note that the Latency | and EBNA2*/
LMP1~ forms of latency involve different patterns of transcription from an
EBNA2 gene-positive WT EBV genome, whereas the Wp-restricted form of
latency involves transcription from an EBNA2 gene-deleted genome. In Awia-
BL, the Wp-restricted and EBNA2*/LMP1~ latent infections have involved the
integration of single EBV genomes into chromosomes 4 and 5, respectively.

we consistently observed that Latency I clones were relatively
protected compared with clones lacking the EBV genome (Fig.
5C). By contrast, the other forms of latency showed clear
differences even in the high-dose assays. Thus, Wp-restricted
clones were much more resistant to apoptosis, with levels of cell
death always in the 5-15% range, whereas the EBNA2"/LMP1~
clones were intermediate between the two extremes, with 15—
40% cells dying. All three EBV gene programs therefore were
associated with a specific survival advantage.

Discussion

Endemic BL is the prime example of a tumor whose pathogenesis
involves complementation between a transforming virus and a
defined cellular genetic change. Identifying what EBV contrib-
utes to BL development has been difficult because endemic
tumors typically present as a homogeneous c-myc-translocation-
positive population, with every cell carrying the virus and
displaying the same form of virus latency (5, 14, 19). As a result,
one does not have access to EBV-negative cells from the same
tumor as comparators, the only exceptions being rare cases of
EBV-loss clones arising in a tumor line after many years in
culture (20). The mosaic nature of the Awia-BL tumor at
presentation, with evidence of rare EBV-negative cells and cells
displaying different forms of EBV infection, therefore provided
a unique opportunity to ask how viral gene expression influences
the BL cell phenotype.

The three forms of restricted latency seen among EBV-
positive Awia-BL clones are shown in Fig. 6, alongside the full
Latency III pattern of gene expression seen in in vitro-
transformed LCLs. The Latency I clones, like most endemic BLs,
carry multiple episomal copies of a WT EBV genome and
express EBNAL selectively from Qp. The Wp-restricted clones,
like other recently described tumors of this type (13, 14), express
EBNAs 1, 3A, 3B, 3C, and -LP exclusively from Wp; however,
these clones are unique in carrying a single EBNA2-deleted
genome integrated on chromosome 4 rather than multiple
EBNAZ2-deleted episomes. The third set of clones express all six
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EBNAs in the absence of LMPs and display yet another tran-
scription program. Thus, despite the Wp and Cp promoter
sequences being intact in these cells and 5' RACE identifying
EBNAZ2 transcripts witha W2/Y1/Y2/Y3 exon structure typical
of Wp or Cp usage (data not shown), these promoters are silent
and EBNA transcription appears to be initiating from a differ-
ent, as yet unidentified, promoter. The EBNA2*/LMP1™ anti-
gen profile not only is previously undescribed but also unex-
pected because EBNA2 (including the protein encoded by type
2 strains like Awia) normally transactivates LMP1 and LMP2
expression (21-23) and has been considered the main source of
incompatibility between the c-myc-driven and Latency I1I-driven
growth programs (12, 24). Remarkably, these EBNA2"/LMP1~
clones are also derived from a progenitor with a unique inte-
gration event, here involving a single copy of an EBNA2-positive
viral genome on chromosome 5.

Viral genome integration is rare in the context of BL. However,
the presence of these particular integrations in all Wp-restricted and
all EBNA2"/LMP1~ clones from early passage cultures of
Awia-BL strongly suggests that they must have occurred during
evolution of the tumor in vivo. This finding raises the question
whether the altered phenotypes of the above clones might be
ascribed to the effects of integration per se? For the Wp-restricted
clones, there is strong evidence against this interpretation. Thus,
these clones carry an integrated EBNA2-deleted genome that show
a pattern of viral gene expression and an enhanced survival
phenotype similar to that of other BL lines carrying multiple
episomal copies of an EBNA2-deleted virus (14). Moreover, we
recently have infected EBV-loss and Latency I Awia-BL cells in
vitro with an EBNA2-deleted recombinant virus and have gener-
ated clones that are Wp-restricted and, again, show enhanced
survival in apoptosis assays (Fig. 7, which is published as supporting
information on the PNAS web site). In the case of EBNA2"/
LMP1~ clones, we cannot exclude the possibility that this unusual
form of latency is a by-product of viral genome integration per se.
In that regard, however, integration has not led to any discernable
EBNA2 mutation nor to the disruption of key LMP1 sequences; the
EBNA2 and LMP1 genes and the LMP1 promoter region were
found to be intact in these cells and identical to those present in the
Awia-tr-LCL (data not shown). We consider it likely that the
enhanced survival phenotype of these cells (versus Latency I
clones) indeed is a result of their broader EBNA expression rather
than some other consequence of viral genome integration; however,
formal proof will require the development of a recombinant virus
capable of establishing EBNA2*/LMP1~ latency by in vitro
infection.

These issues do not detract from the wider significance of the
present findings for our understanding of BL pathogenesis.
Uniquely, the Awia-BL tumor is heterogeneous at the single-cell
level, as if caught in the act of clonal evolution. From the analysis
of biopsy material, early passage cultures, and derived clones, we
estimate that at presentation, the tumor contained ~70% cells
showing classical Latency I, 20% cells with Wp-restriction, and
5-10% cells with an EBNA2*/LMP1~ form of infection. Interest-
ingly, the proportion of Wp-restricted and EBNA2*/LMP1~ cells
in the parental Awia-BL line gradually increased with continued
passage, perhaps reflecting a selection process for cell survival that
also may have been occurring in vivo. The isolation of rare EBV-
negative Awia-BL clones from very early passage cultures of the
Awia-BL line is particularly intriguing in that regard. Although
these cells could have arisen through early loss of the virus genome
in vitro, they also could be remnants of a c-myc translocation-
positive tumor progenitor population that subsequently acquired
EBV relatively late in tumor development.

As to how EBV contributes to BL pathogenesis, the present
findings greatly strengthen the evidence that EBV’s role is
antiapoptotic rather than growth-transforming. Thus, in Awia-
BL, Latency I infection confers a small but significant protective
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effect, whereas Wp restriction, where cells also express the
EBNA3 proteins, confers much stronger protection. Interest-
ingly, further broadening of EBNA expression to include
EBNAZ2 did not give any additional survival advantage even
though EBNA2, through binding the cellular protein Nur77, has
been reported to protect cells from certain apoptotic triggers (25,
26). In fact, the EBNA2"/LMP1~ Awia-BL clones were slightly
more susceptible to apoptosis than were Wp-restricted clones, a
modification that may reflect the competition seen in other
contexts between the EBNA2 and EBNA3 proteins (27, 28).

Deregulated expression of the translocated c-myc allele is clearly
the major determinant of BL cell proliferation (11). We suggest that
tumor evolution selects for forms of EBV latency that can coun-
teract the proapoptotic influence of the c-myc-driven growth
program yet which, unlike full Latency III infection (11, 12), are
compatible with maintenance of that program. The present data
show that this condition can be achieved in at least three ways.
Latency I infection, despite offering the smallest survival advan-
tage, is seen most frequently in BL probably because Qp is the
EBNA promoter used naturally in EBV-infected germinal centre
cells (29), the population from which many cases of this tumor are
thought to arise (30). Wp restriction offers a much more significant
survival advantage but is seen only in a minority of tumors,
presumably because it requires a rare event, infection of the tumor
progenitor cell with an EBNA?2 gene-deleted mutant virus, to be
achieved. The novel EBNA2*/LMP1~ form of infection also offers
a strong survival advantage but appears to be very rare, presumably
reflecting the very special conditions required to sustain expression
of all six EBNAs without activating the full EBV transforming
program and, thereby, compromising c-myc expression.

Materials and Methods

Cell Lines. The Awia-BL cell line, derived from an ovarian tumor
in a 12-year-old Ugandan female, was established in vitro and
single-cell cloned as described in ref. 14. The standard Latency
I cell line Rael-BL carrying WT episomal genomes only, and the
Wp-restricted Sal-BL, Oku-BL, and Ava-BL lines carrying WT
and EBNA2-deleted episomes, are described in ref. 13. The
standard LCLs X50-7 (type 1 EBV) and C2+BL16 (type 2 EBV)
LCLs are described in ref. 5. The Awia tr-LCL was made by
inducing virus replication in the Awia-BL line and rescuing
transforming virus by infection of normal B cells (5). All BL lines
and LCLs were maintained as described in ref. 13.

EBV Genome Analysis. DNA was extracted from 5 X 10° cells by
using a DNEasy Tissue Kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions, and 5 ng of DNA was assayed
for EBV genome load by quantitative PCR amplification by
using primer/probe combinations specific for the EBV DNA
polymerase (pol) locus (31) and multiplexed by using primer/
probe combinations specific for the human B2 microglobulin
(B2m) gene (32, 33). Subsequently, 400 ng of DNA was PCR-
amplified as described in ref. 34 by using the E2seql and 2
primers within the EBNA2 gene to detect the WT genomes.
After gel electrophoresis, the samples were transferred to a
nitrocellulose membrane by Southern blotting and probed with
a 32P end-labeled radioactive EBNA?2 probe 5'-AGGGATGC-
CTGGACACAAGA-3" (B95.8 coordinates 48810-48829). To
detect the EBNA2 gene-deleted genome, 400 ng of DNA was
amplified by using primers 5'-GGGCCAGAGGTAAGTG-
GACTTT-3" (B95.8 coordinates 14611-14632) and 5'-
CCCACCTGGTGACACACCTTAA-3" (B95.8 coordinates
52938-52917), and the reaction cycled 35 times through 95°C for
60 sec, 55°C for 60 sec, and 72°C for 120 sec. After Southern
blotting, the membrane was hybridized with a radiolabeled probe
derived from the BamHI H region 5'-GTGTCATTTTAGC-
CCGTTGG-3' (B95.8 coordinates 52891-52910). FISH analysis
was carried out as described in ref. 35 by using an EBV
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genome-specific probe generated by nick translation of the EBV
cosmid cm302-21 of 51 kb (36), alongside a spectrum-orange-
labeled probe specific either for the centromeric region of
chromosome 4 (CEP4) or for the telomeric region of chromo-
some 5 (TelVysion 5q) (Vysis. Des Plaines, IA).

EBV Gene Expression. Total RNA extraction and cDNA synthesis
were carried out as described in ref. 14. Quantitative RT-PCR
assays specific for Wp-initiated, Cp-initiated, EBNA2, LMP1 and
LMP2 mRNAs, and Qp-initiated (BamHI Q-U-K spliced) EBNA1
latent transcripts are described in Supporting Text and Table 1,
which are published as supporting information on the PNAS web
site. Levels of transcription in test cells are expressed relative to that
seen in an appropriate positive control cell line which was assigned
an arbitrary value of one; these control lines are described in
Supporting Text. Blotting was carried out by using mAbs to EBNA1
(1H4), EBNA2 (PE2), LMP1 (CS1-4) (14), c-Myc [(C-8): sc41;
Santa Cruz Biotechnology, Santa Cruz, CA) and B-actin (AC-15,
Sigma, St. Louis, MO) and a polyclonal antibody specific for
EBNA3A (Exalpha Biologicals, Maynard, MA).
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