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To identify cell proteins regulated by the Epstein-Barr virus (EBV) transcription factor EBNA-2, we analyzed
a cell line with conditional EBNA-2 activity by using microarray expression profiling. This led to the identi-
fication of two novel target genes induced by EBNA-2. The first of these, interleukin-16, is an immunomodu-
latory cytokine involved in the regulation of CD4 T cells. The second, AML-2, is a member of the Runt domain
family of transcription factors. Quiescent B cells initially expressed AML-1 but, 48 h after virus infection, the
levels of AML-1 decreased dramatically, whereas the amount of AML-2 protein increased. Analysis of a panel
of B-cell lines indicated that AML-2 expression is normally predominant in EBV latency III, whereas AML-1
is associated with EBV latency I or EBV-negative cells. The AML genes are the first example of cell transcrip-
tion factors whose expression correlates with the latency I/III phenotype.

EBNA-2-mediated transactivation of cell and viral genes
plays a critical role in the generation and maintenance of
continuously proliferating cells after infection with Epstein-
Barr virus (EBV). Mutant viruses (e.g., PAHR1) which contain
deletions or truncations of the EBNA-2 gene are unable to
immortalize primary B cells after infection (7, 40, 41), but this
function can be restored by complementation of the EBNA-2
deletion. Lymphoblastoid cell lines (LCLs) generated by EBV
infection have a defined pattern of latent viral gene expression
that, in addition to EBNA-2, includes the EBV nuclear anti-
gens EBNA-1, EBNA-3A, EBNA-3B, and EBNA-3C and the
latent membrane proteins LMP-1, LMP-2A, and LMP-2B.
LCLs also express two nonpolyadenylated viral RNA tran-
scripts, EBER1 and EBER2, and low levels of the BamHI-A
rightward transcripts (BARTS). This pattern of latency is also
characteristic of EBV-positive Burkitt’s lymphoma (BL) cell
lines with what is termed a group III phenotype. BL cell lines
with a group I phenotype have a much more restricted expres-
sion pattern that is generally confined to EBNA-1 and the
EBERSs, whereas group II BL cells express a variable pattern of
viral genes intermediate between group I and group III. Group
I BL cells can sometimes drift in culture to express the full
range of latent genes, acquiring a group III phenotype (14, 43).

Since EBNA-2 is one of the first viral genes expressed upon
infection and is absolutely essential for immortalization, many
studies have been carried out to identify both viral and cellular
genes that are regulated by EBNA-2. Among the direct targets
of EBNA-2 transcriptional activation are the viral Cp pro-
moter, which controls the expression of the EBNA genes, the
latent membrane proteins LMP-1, LMP-2A, and LMP-2B, the
cellular proteins CD21, CD23, and c-fgr (reviewed in reference
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24), and the proto-oncogene c-myc (21, 49). The activation of
the LMP-1 promoter and the LMP-1/LMP-2B bidirectional
regulatory element by EBNA-2 is enhanced by functional co-
operation between EBNA-2 and EBNA-LP (16, 38). In pri-
mary B cells, transfection of both EBNA-LP and EBNA-2
expression plasmids into cells activated by ligation of CD21
with the virus gp350 protein results in the induction of cyclin
D2 mRNA (47). As well as its role in activating cellular genes,
EBNA-2 is also able to suppress the expression of the immu-
noglobulin mu gene (19).

EBNA-2 has no intrinsic DNA-binding activity, but it can be
tethered to EBNA-2-responsive promoters through interac-
tions with cellular factors. The recruitment of EBNA-2 to
DNA can occur via interactions with RBP-Jk (17, 32, 59, 68),
Spi-1/PU.1 (20, 27), and ATF/CRE (48). EBNA-2 itself can
also recruit the CREB-binding protein CBP (60) and the SWI/
SNF chromatin remodeling complex (62, 63) and can interact
via its acidic transactivation domain with components of the
basal transcription machinery (55-57) to regulate promoter
activity.

We and others have described a number of genes including
cyclin D2, cdk-4 and the cytokines tumor necrosis factor alpha
(TNF-a), granulocyte colony-stimulating factor (G-CSF),
and lymphotoxin (LT) (21, 50) that are induced rapidly after
EBNA-2 activation but are not regulated directly by EBNA-2.
These genes require the synthesis of other intermediary factors
for their transcription, since their activation is completely in-
hibited by the addition of protein synthesis inhibitors prior to
the activation of EBNA-2. In this study we used microarray
expression profiling to identify novel cellular genes involved in
the cascade of events regulated by EBNA-2. By this process
we identified several genes transcriptionally regulated after
EBNA-2 activation. One of the genes regulated is the Runt
domain transcription factor AML-2 (RUNX3). We have also
found a direct association between AML-2 expression and the
EBV group III latency phenotype in BL cell lines and LCLs
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and an inverse correlation between AML-2 expression and that
of another Runt domain family member (AML-1). AML-1
expression was associated with the group I latency phenotype
in Burkitt lymphomas. This is the first example of a cell tran-
scription factor whose expression distinguishes between the
two phenotypes.

MATERIALS AND METHODS

Cell lines. DG75 (2) BL2, BL41, and Akata 31 are EBV-negative BL cell lines.
Karpas 620 is an EBV-negative plasma cell leukemia kindly provided by Abra-
ham Karpas (Department of Haematology, University of Cambridge) (36).
BJAB is an EBV-negative B-cell lymphoma line. IB4, LCL-3, and LCL-C are
EBV-immortalized LCLs generated by the infection of B cells with B95-8 EBV.
Mak 1, Mutu cl216, Akata 2000, Mutu c1179, Elijah, Wewack, and Rael are all
EBV positive and have been described as having a group I phenotype. BL37,
P3HR1, Namalwa, and Raji are EBV positive with a group II phenotype,
whereas Jijoye and Mutu IIT cl148 express a group III latency phenotype (43).
BL41/P3HR1 and BL41/B95.8 are BL41 cells infected with the P3HR1 and B95.8
viruses, respectively. The cell lines were maintained in RPMI 1640 medium
(Gibco-BRL) supplemented with 10 to 20% (vol/vol) heat-inactivated fetal calf
serum and antibiotics. EREB2.5 cells (23) contain a conditional EBNA-2 regu-
lated by estrogen and were maintained in RPMI 1640 without phenol red
(Gibco-BRL) supplemented with 10% heat-inactivated fetal calf serum, antibi-
otics, and 1 pM B-estradiol. SV LMP-1 11c and SV LMP-1 13c are derived from
EREB2.5 cells and constitutively express LMP-1. pHEBo1A is a control cell line
stably transfected with empty vector pHEBo (67). These cells were maintained as
for EREB2.5 but SV LMP-1 11¢, SV LMP-1 13c, and pHEBo1A also had
hygromycin B added (75, 75, and 150 pg/ml, respectively). For estrogen with-
drawal experiments, cells were washed twice in serum-free medium before being
resuspended at 5 X 10°/ml in RPMI 1640 medium without B-estradiol. Cells were
then incubated for 5 days. In experiments to identify direct targets of EBNA-2
transcription, protein synthesis was inhibited by pretreating cells for 2 h with 50
ng of cycloheximide/ml and 100 wM anisomycin (Sigma) prior to the addition of
estrogen.

Purification of B cells, and EBV and virus infections. Primary B cells from
peripheral blood were isolated as described previously (4, 47). Buffy coats were
centrifuged over Ficoll-Paque (Pharmacia LKB) gradients, and CD19-positive
lymphocytes were immunoselected by using pan-B Dynabeads M450 (Dynal).
Beads were removed by competition with Detachabeads (Dynal), and the cells
were resuspended at 10°/ml in RPMI 1640 supplemented with penicillin, strep-
tomycin, and 15% heat-inactivated fetal calf serum. The cells were incubated for
40 h prior to infection with EBV. The isolated cells were analyzed by flow
cytometry for purity by using fluorescein isothiocyanate-conjugated anti-CD20.
Cells were infected with the B95-8 strain of EBV as described previously (18).

Microarray analysis. Estrogen-starved cells were treated with protein synthe-
sis inhibitors for 2 h and either left unstimulated or stimulated with estrogen for
4 h. Total cell RNA was extracted by using RNAzol B. Samples of the RNA were
analyzed by RNase protection assay (RPA) for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) content to ensure that the RNA was intact. Then,
50-pg samples from unstimulated and stimulated cells were then labeled in
reverse transcription (RT) reactions with dCTP-Cy3 and dCTP-Cy5. Unstimu-
lated RNA labeled with Cy3 was mixed with stimulated RNA labeled with Cy5
and vice versa. Both mixes were used in overnight hybridization reactions with
Ludwig/Sanger/ICRF Consortium microarray chips (5K1 and 5K2). The chips
contained 9,932 sequence-verified probes representing ca. 5,300 different genes
(see online site [http://www.sanger.ac.uk/Projects/Microarrays/] for details of the
arrays). Labeling both samples with Cy3 and Cy5 enabled us to minimize the
variation within the experiment caused by differential labeling with two different
dyes. The slides were washed and then scanned by using a GSI Lumonics
ScanArray 4000 and analyzed by using QuantArray software. Six data sets from
three independent experiments were collated by using GeneSpring analysis soft-
ware. Genes induced more than twofold were analyzed further by independent
RPA or RT-PCR assays.

Immunoblotting and antibodies. Radioimmunoprecipitation assay (RIPA) ly-
sates were prepared and quantitated, and immunoblots were performed as de-
scribed previously (3). Proteins were fractionated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membranes. After the membranes were blocked with 10% milk powder in
phosphate-buffered saline-0.05% Tween 20, the membranes were probed with
the following antibodies: a 1/500 dilution of anti-pleckstrin mouse monoclonal
(clone 25; Transduction Laboratories), a 1/500 dilution of anti-EBNA-2 mouse
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monoclonal (PE-2; Dako), and a 1/10 dilution of anti-LMP-1 mouse monoclonal
S12 (33), a 1/1,000 dilution of anti-cleaved caspase 3 (D175; Cell Signaling
Technology, Beverly, Mass.), 1/40 dilutions of rabbit polyclonal anti-AML-1
(Ab-2) and AML-2 (Ab-1; Oncogene Research Products), a 1/1,000 dilution of
anti-interleukin-16 (anti-IL-16) (14.1) (PharMingen, B.D.), and 1 pg of anti-
PI3KR1 p85a (AB6; Calbiochem)/ml. The secondary antibodies were horserad-
ish peroxidase-conjugated goat anti-rabbit immunoglobulin (Dako) and sheep
anti-mouse immunoglobulin (Amersham). Bound immunocomplexes were de-
tected by enhanced chemiluminescence (Amersham).

RPA. Total cellular RNA was extracted by using RNAzol B and then quanti-
fied by measuring its absorbance at 260 nm. Probes for use in RPAs were
generated by in vitro transcription of linearized plasmids. The plasmids were as
follows: pleckstrin, Image clone 299599 linearized with the Spel (T3 transcript)
367-bp probe; GADDA45B, Image clone 772288 linearized with the Aval (T3
transcript) 316-bp probe; and IL-16, Image clone 809776 linearized with the
BstXI (T3 transcript) 300-bp probe. The c-myc and cyclin D2 probes were
included in a RiboQuant custom-made template (PharMingen, BD Bioscience);
PI3KR1 p85a, a 522-bp Hincll/Pst] fragment, was subcloned from Image Clone
34184 into pBluescript II SK and linearized with the Hincll (T3 transcript)
522-bp probe; and PTK2B was prepared from Image Clone 163468 linearized
with the HinclI (T3 transcript) 300-bp probe. All probes for the candidate genes
were resequenced to confirm their identities. RPAs were performed as recom-
mended by the manufacturers of the RPA TIII kit (Ambion). Briefly, 1 pg of
linearized plasmid was used to generate 3?P-labeled antisense RNA probes.
Cellular RNA was hybridized overnight at 42°C with 50,000 cpm of the probe. An
equivalent amount of yeast RNA was included in a hybridization reaction as a
negative control. Single-stranded RNA was digested with an RNase A-T1 mix-
ture for 30 min at 37°C. Protected fragments were precipitated and separated on
an acrylamide gel, and the gel was analyzed on a phosphorimager.

cDNA synthesis and RT-PCR. Total cell RNA was extracted with RNAzol B,
and 5 pg of the RNA was included in a cDNA synthesis reaction by using a
ProStar first-strand RT-PCR kit (Stratagene) as recommended by the manufac-
turer. PCR for AML-2 was carried out with the forward primer 5'-ATT GCT
CTT CCT ACC CCA TCC CCC-3' and the reverse primer 5'-CGT GCT TCC
TAC ATC AGT GTG TTT G-3'. PCR conditions were 94°C for 5 min, followed
by 22 cycles of 94°C/30 s, 56°C/30 s, and 72°C/30 s, with a final incubation at 72°C
for 7 min. PCR for GAPDH was carried out with the forward primer 5'-TGA
AGG TCG GAG TCA ACG GAT TG-3' and the reverse primer 5'-GCC ATG
GAA TTT GCC ATG CCA TGG GTG G-3'. PCR products were analyzed by
gel electrophoresis. GAPDH PCR conditions were 95°C for 5 min, followed by
35 cycles of 95°C/60 s, 59°C/55 s, and 72°C/45 s, and a final incubation at 72°C for
7 min.

RESULTS

EBNA-2 transcription targets identified by using the
EBNA-2 conditional EREB2.5 cell line. Our aim was to identify
novel targets of EBNA-2 transcription. We have successfully
used this system in a previous study to distinguish between
genes regulated directly (e.g., c-myc) and indirectly (e.g., cyclin
D2, TNF-qa, and LT) by EBNA-2 (50). In this study we ana-
lyzed ca. 5,300 microarrayed cellular genes.

We compared RNA extracted from EREB2.5 cells that were
either untreated or treated with estrogen for 4 h in the pres-
ence of protein synthesis inhibitors. From three independent
array experiments (two determinations per experiment) we
identified 13 genes that were, on average, regulated by our
criterion of more than a twofold induction. Two of the genes
identified were c-myc (Fig. 1, 5.2-fold induction) and CD21
(2.8-fold induction). Both of these genes have been identified
as direct targets of EBNA-2 and therefore provided useful
internal positive controls to confirm that our assay successfully
detected EBNA-2-regulated genes.

For a more complete analysis of the regulation of the can-
didate genes, we subsequently analyzed RNA levels (using
RT-PCR or RPA) immediately after protein synthesis inhibi-
tion and after 6 or 8 h in the absence or presence of estrogen
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FIG. 1. (A) Validation of the microarray data (shown as arithmetic mean fold induction) by using independent RPA and RT-PCR. To confirm
genes as direct targets of EBNA-2 activity, EREB2.5 cells were washed and starved of estrogen for 5 days. The protein synthesis inhibitors
cycloheximide and anisomycin were added for 2 h prior to the start of the experiment, and the cells were then either left untreated (—) or were
treated with 1 pM estrogen (+) for 6 or 8§ h as indicated. Total cellular RNA was extracted and analyzed by RPA or RT-PCR. (B) To confirm
that genes were regulated during normal cell cycle progression after EBNA-2 activation, a similar time course was performed in the absence of
protein synthesis inhibitors. EREB2.5 cells were washed and starved of estrogen for 5 days as in panel A and were then either left untreated or
treated with estrogen for 6 or 8 h. Total cellular RNA was analyzed by RPA (5 pg) or RT-PCR for AML-2 and GAPDH. (C) As a control for
the possible effects of addition of estrogen to B cells, LCL cells were treated with protein synthesis inhibitors and were then either left untreated
or treated with estrogen for 4 h. RNA was extracted from the cells and assayed as described for panels A and B.

(Fig. 1A). We also compared RNA levels at the same time
points and conditions but in the absence of protein synthesis
inhibitors to establish that the genes were regulated during the
normal course of EBNA-2-mediated proliferation (Fig. 1B).
Of the 13 initial targets, 5 were increased by estrogen stim-
ulation of cells treated with protein synthesis inhibitors, but
there was no clear induction in cells that had not been treated
with the inhibitors (data not shown). The Image clones form-
ing these probes and corresponding genes were 26418
(EDG1), 1335534 (BLR1), 810881 (EHD1), 302539 (caspase
4), and 469768 (BRF2). Presumably, the effect on these genes
was specific to the experimental system, and they are not nor-
mally regulated during cell proliferation driven by EBNA-2.
These genes were therefore excluded from further analysis.
The RPA and RT-PCR analyses of the remaining seven
genes is shown in Fig. 1. c-myc was clearly induced at 6 and 8 h
after the addition of estrogen in the treated cells (Fig. 1A) and
to an even greater level in the untreated cells (Fig. 1B), con-
firming previous results (50). Cyclin D2 was included as an
example of an indirect target of EBNA-2 activity and, as ex-

pected, was only induced in the absence of protein synthesis
inhibitors (Fig. 1B). Figure 1C shows the levels of RNA de-
tected in an LCL, LCL C, treated for 2 h with protein synthesis
inhibitors and then either left unstimulated or stimulated with
estrogen for 4 h (comparable to the experimental conditions
used in the microarray experiment). This demonstrated that
estrogen treatment itself did not affect the levels of any of the
RNAs analyzed in our system and that changes in expression
levels were due to the presence of the ER-EBNA-2 fusion
protein.

The other genes investigated included those encoding a cy-
tokine (IL-16), a transcription factor (RUNX3), components
of cell signaling pathways (pleckstrin, PI3KR1 p85«, and PTK
2B), and a gene involved in the stress response (GADDA45B).
The RNA for GADDA45B was upregulated after EBNA-2 ac-
tivation by a predominantly indirect mechanism (Fig. 1B). This
result is consistent with the regulation of GADD45B by NF-«B
(9), whose activity is induced by LMP-1 (a known EBNA-2
target). It might additionally respond to activation of the TNF
signaling pathway after TNF-a induction by EBNA-2 (50).
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FIG. 2. Analysis of IL-16 protein expression. (A) EREB2.5 cells were starved of estrogen for 5 days and were then either left unstimulated (—)
or were activated by the addition of estrogen (+) for the times indicated. RIPA extracts were prepared, and 50 pg of protein was analyzed by
SDS-PAGE (lanes 1 to 11). Then, 10 ng of human recombinant IL-16 was included to ensure detection of the 20-kDa mature secreted form of
IL-16 (lane 12). Primary B cells were isolated by CD19-positive selection and either left uninfected, infected with EBV, or stimulated with PMA
for 48 h (lanes 13 to 16). Then, 50 wg of protein extract was analyzed for the presence of IL-16 with the mouse monoclonal antibody 14.1. (B) The
membrane was reprobed for the expression of the 20-kDa cleaved active form of caspase 3.

The RNA for PTK2B, PI3KR1 p85a subunit, and pleckstrin
was upregulated by estrogen addition to a far higher degree in
the absence of protein synthesis inhibitors than in the presence
of inhibitors, thus demonstrating that all three genes are pre-
dominantly induced indirectly. In the case of pleckstrin the
induction might be due to the activity of the EBNA-3 family of
viral proteins (25). Despite large increases in the RNA levels,
no increases in protein levels were detected by Western blot-
ting (data not shown).

The regulation of the immunomodulatory cytokine IL-16
was analyzed by RPA. IL-16 RNA was present after the 2-h
treatment of estrogen-starved EREB2.5 cells with protein syn-
thesis inhibitors (Fig. 1A, T0). After a further 6 h of incubation
without estrogen, this basal level could no longer be detected,
but we could still detect IL-16 RNA in cells stimulated with
estrogen during the same 6-h period. The relative levels of
RNA detected in the 6— and 6+ samples were consistent with
the fold induction detected by microarray, thus confirming our
initial observation. IL-16 RNA was also clearly induced in
estrogen-stimulated cells in the absence of protein synthesis
inhibitors, indicating that IL-16 is a genuine target for regula-
tion after EBNA-2 activation (Fig. 1B).

Figure 2A shows the result of a Western blot for IL-16 with
the 14.1 monoclonal antibody which recognizes an epitope
within the C-terminal 130 amino acids of the protein. IL-16 is
predominantly expressed as an 80-kDa precursor protein (pro-
IL-16) that is cleaved at the C terminus to release the mature
20-kDa secreted form (1, 6). The antibody therefore recog-

nizes both the precursor and mature forms of IL-16. A time
course of estrogen stimulation of EREB2.5 cells is shown in
lanes 1 to 11. Lane 12 was loaded with 10 ng of recombinant
human IL-16 as a positive control for the secreted mature form
of the protein. After estrogen addition, there was little observ-
able effect on the level of the 80-kDa precursor protein during
the 14-h time course. However, we detected a smaller protein
of ca. 50 kDa in cells stimulated with estrogen for 8 and 14 h
and in primary B-cell infection. Since this protein was recog-
nized by the 14.1 antibody, it represents a truncated form
including the C terminus and is therefore a potential donor of
mature IL-16. The 50-kDa protein was not induced in B cells
mitotically stimulated by phorbol myristate acetate (PMA) in
the absence of EBV infection (Fig. 2A). Caspase 3, which
mediates processing of the IL-16 precursor to the active form
(44, 65), was induced by both EBV infection and PMA treat-
ment (Fig. 2B). The kinetics of induction of the 50-kDa IL-16
protein indicate that it is induced in B cells activated by func-
tional EBNA-2 but that it is unlikely to be a direct target of
EBNA-2.

EBNA-2-mediated regulation of AML-2 (RUNX3). The ar-
ray experiment also identified AML-2 as being a potential
target for regulation by EBNA-2. AML-2 RNA was induced
2.2-fold after EBNA-2 activation by estrogen addition. Valida-
tion of our array experiment by RT-PCR with AML-2-specific
primers showed that AML-2 RNA was induced after estrogen
activation in cells both in the absence and in the presence of
protein synthesis inhibitors (Fig. 1A and B), even though there
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FIG. 3. AML-2 protein levels increase after activation of EBNA-2
in EREB2.5 cells and after EBV infection of primary B cells.
(A) EREB2.5 cells were treated as described in Fig. 2 and analyzed for
the expression of AML-2 and LMP-1. The blot was then stripped and
reprobed with an anti-AML-1 antibody. (B) The indicated cell lines
were maintained in the presence or absence of estrogen for 5 days.
Extracts were analyzed by Western blotting for AML-2 or LMP-1
expression. (C) Purified B cells were isolated by CD19-positive selec-
tion and were left uninfected, were infected with EBV, or were stim-
ulated with PMA for 48 h. RIPA lysates were prepared, and 50 pg of
protein was analyzed by SDS-PAGE.

was a slight stabilization of AML-2 RNA by the protein syn-
thesis inhibitors. Subsequent analysis of protein expression in
growth-arrested EREB2.5 cells during a time course of estro-
gen refeeding showed increased AML-2 protein levels detect-
able 4 h after estrogen addition (Fig. 3A). Accumulation of
AML-2 then continued throughout the 14-h experiment. The
kinetics of AML-2 induction were very similar to the expres-
sion of LMP-1 (a direct target of EBNA-2) during the same
experiment (Fig. 3A). AML-2 (also known as RUNX3,
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CBFa-3, or PEBP2a-C) is a member of the mammalian Runt
domain family of transcription factors, which includes two
other proteins, AML-1 and AML-3. All three members of the
family can bind the same consensus DNA sequence, but
AML-3 is not usually expressed in B-cell lines (34). The same
Western blot was therefore stripped and reprobed with an
antibody specific for the other family member, AML-1. AML-1
showed no regulation in response to EBNA-2 activity in the
EREB2.5 cells (Fig. 3A).

The expression of AML-2 was not maintained in estrogen-
starved EREB2.5 cells transfected with a plasmid constitutively
expressing LMP-1 (SVLMP-1 11c and 13c). These cells express
LMP-1 even when EBNA-2 is no longer functional after the
withdrawal of estrogen. The expression of AML-2 was identi-
cal in parental EREB2.5 cells, in EREB2.5 cells stably trans-
fected with the control plasmid pHEBo1A, and in the 11c and
13c cell lines (Fig. 3B). The expression of AML-2 therefore
depended upon the activity of EBNA-2 rather than on expres-
sion of LMP-1. The RT-PCR and the protein expression data
taken together indicate that AML-2 can be a direct target of
EBNA-2 regulation.

Western blotting showed the expression of AML-2 and
AML-1 protein in primary B cells undergoing infection with
EBYV or activation by treatment with PMA (Fig. 3C). As in
growth-arrested EREB2.5 cells, the amount of AML-2 ex-
pressed in quiescent primary B cells was low and remained low
during the 48-h experiment in uninfected cells. After virus
infection, AML-2 expression levels increased and were in-
duced to an even higher degree in cells activated by PMA. This
may reflect the higher proportion of cells that we are able to
activate by using PMA compared with the 25% of cells we
routinely infect with EBV (49).

The expression of AML-1 in primary B cells contrasted
significantly with the expression seen in growth arrested
EREB2.5 cells. AML-1 was highly expressed in primary B cells,
but there was no evidence that AML-1 was expressed in estro-
gen-starved EREB2.5 cells. Upon both EBV infection and
PMA activation of primary B cells, the amount of AML-1
detected was greatly reduced. The difference between primary
B cells and EREB2.5 cells starved of estrogen in their AML-1
protein levels is even greater than what we observed previously
for p27 (50). The estrogen-starved EREB2.5 cells thus only
partially mimic the conditions found in primary B cells.

AML-2 and AML-1 expression distinguishes between group
IIT and group I phenotypes. AML expression patterns were
compared in LCLs and lymphoma cell lines that were either
EBYV negative or expressed different EBV proteins ranging
from group I to group III latency phenotypes (Fig. 4A).
EBNA-2 is characteristically absent in latency I but is ex-
pressed in latency II and III. The variation in size of EBNA-2
protein (Fig. 4A) is a result of repeat copy number variation in
different EBV strains, except in the EREB2.5 cells which con-
tain an EBNA-2 estrogen receptor fusion protein. There was a
remarkable correlation between a group III or LCL phenotype
and expression of AML-2. AML-2 protein levels were high in
all five LCLs tested, as well as in the group III BL cell line
Mutu III cl148 and in the EBNA-2 expressing group II BL
Raji. Our observation that AML-2 is highly expressed in Raji
cells agrees with previous published data (28). The Elijah cells
were originally group I but have drifted in culture to express
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FIG. 4. AML family expression in B cell lines. (A and B) RIPA lysates were prepared from a range of B-cell lines, and 50 wg of protein extract
was analyzed by SDS-PAGE for expression of the proteins indicated. The lines used included an EBV-negative B-cell lymphoma (lane 1), an
EBV-negative plasma cell leukemia (lane 2), EBV-negative BL cell lines (lanes 3 to 5 and lane 23), group I BL cells (lanes 6 to 10 and lane 12),
group II BL cells (lanes 13, 14, 18, 19, and 24), group III BL cells (lanes 15, 20, and 25), and LCLs (lanes 16, 17, 21, and 22). *, Elijah (lane 11)
normally has a group I phenotype, but these cells drifted in culture so that they then expressed EBNA-2. (C) Analysis of AML-2 RNA levels in
BL and LCL cell lines by RT-PCR. RT-PCR for GAPDH is shown as a control for cDNA synthesis.

EBNA-2, and these cells also expressed AML-2. The BL41
converts (BL41 cells infected with either the P3BHR1 or B95-8
viruses) also showed a similar correlation between EBNA-2
expression and higher AML-2 expression (Fig. 4B). The in-
creased expression of AML-2 protein in certain B-cell lines was
reflected by an increase in the level of RNA transcribed (Fig.
4C), indicating that the control of expression is likely to be at
the RNA level. One exception was Namalwa, which did not
express AML-2 despite having detectable EBNA-2, although it
is not known whether the EBNA-2 in Namalwa EBV is func-
tional.

The cell lines that did not express AML-2 expressed high
levels of AML-1 instead. These cell lines included a plasma-
cytoma (Karpas 620), EBV-negative BL (BL2 and Akata 31),
group I BL cell lines, and the BL cells of intermediate pheno-
type that lacked EBNA-2. In agreement with our data, BL2
cells have previously been shown to contain predominantly
AML-1 DNA-binding activity (34). Previous work on AML-2
in Mutu cells did not distinguish whether the Mutu line was
group I or group III phenotype (34), but our data would pre-
dict that the line was latency group III. Although there were

some B-cell lines where AML-1 and AML-2 were coexpressed
(e.g., in DG75 cells where both proteins were present at low
level), usually one of the two AML family members domi-
nated.

DISCUSSION

We have used microarray technology to identify novel cel-
lular genes that are induced in response to the activation of
EBNA-2. The candidate genes identified in our initial array
analysis covered a range of proteins, including a cytokine,
transcription factors, cell signaling molecules, and a gene in-
volved in cell stress. For several of these genes we did detected
changes in protein level in response to EBNA-2 activation, but
the RNA levels were increased. Our analysis concentrated on
IL-16 and the AML genes, for which the effects were observed
at the protein level.

IL-16. The cytokine identified as a candidate gene was IL-16,
which is an addition to the list of cytokines identified previ-
ously as being regulated by EBNA-2 (i.e., TNF-o, LTB, LT,
and G-CSF [50]). The evidence presented here suggests that
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IL-16 is an indirect target of EBNA-2, although the RNA
analysis in cells treated with protein synthesis inhibitors is
often difficult to interpret due to possible effects of cyclohexi-
mide and anisomycin on RNA stability (13). No effect was
observed on the 80-kDa precursor protein of IL-16 after
EBNA-2 activation; however, we identified the induction of a
50-kDa IL-16 product. Cloned cDNA fragments encoding
IL-16 proteins of this size have been identified previously and
are capable of acting as a donor of mature IL-16 (65). In
addition, multiple proteins of <80 kDa (including a major
band at 50 kDa) have been detected after activation of CD4*
and CD8™ T cells by treatment with anti-CD3 antibodies (6).
It is possible therefore that EBV enhances the release of ma-
ture IL-16 in vivo via induction of the 50-kDa form of the
protein.

IL-16 has previously been shown to be secreted by both
EBV-negative and EBV-positive B-cell lines, including BJAB,
Raji, Namalwa, and Daudi cells (45). We tested IL-16 secre-
tion upon infection of purified B cells (data not shown) but
were unable to detect an enhancement of release of active
IL-16 because of a high background of IL-16 release from the
uninfected cell preparation, perhaps reflecting the high endog-
enous levels of the 80-kDa precursor in the purified B cells. We
did, however, observe induction of activated caspase 3 upon
EBYV infection, this being the caspase involved in IL-16 matu-
ration (44, 65). It thus remains possible that IL-16 release is
stimulated during primary EBV infection in vivo. IL-16 is a
cytokine involved in the modulation of CD4™ T-cell activity. It
directly binds to CD4, effects migration of CD4™ T cells and
can induce a loss of responsiveness via the T-cell receptor (8,
54). CD4" effector T cells can inhibit the proliferation of newly
infected B cells in vitro (65) and may therefore play an impor-
tant role in the immune regulation and prevention of the early
phases of EBV infection (37). Any perturbation of the immune
effector response after infection caused by release of IL-16
might be beneficial to the establishment of the EBV infection.

An alternative potential role for IL-16 in the context of EBV
infection could involve the superantigen encoded by an endog-
enous human retrovirus whose expression is induced by EBV
infection (51). This activates T-cell proliferation, perhaps pro-
viding T-cell help for B-cell outgrowth, and may be responsible
for some of the T-cell proliferation observed in infectious
mononucleosis. It is possible that IL-16 secreted in response to
EBYV infection of B cells might serve as the attractant that
recruits T cells to the infected B lymphocytes (22). The poten-
tial role of IL-16 in these processes should be assessed in in
vivo models.

AML transcription factors. We found a clear general cor-
relation between AML-1 expression and the group I pheno-
type in BL and between AML-2 expression and the latency III
phenotype. Some BL cell lines that have been in culture for
many years, such as Daudi and Namalwa, have acquired inter-
mediate phenotypes in culture that do not correspond well to
the group I to III paradigms. Thus, Namalwa was exceptional
in having EBNA-2 expression, but no AML-2 and Daudi cells
have been reported to have high AML-2 RNA expression
despite having a deletion of the EBNA-2 gene (30). Namalwa
and Daudi seem to be exceptions to the general relationship
between the group I and III phenotype and AML expression.
AML-2 (also known as RUNX3, CBFa-3, or PEBP2a-C) is a
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member of the “Runt domain” family of transcription factors
which are important regulators of hematopoiesis and osteo-
genesis. The family, which includes AML-1, AML-2, and
AML-3, has a highly conserved 100- to 120-amino-acid Runt
homology domain (RHD) that mediates binding to the DNA
motif PyGPyGGT (called the Runt domain-binding element).
The activity of the AML proteins is enhanced by the formation
of the core binding factor (CBF) heterodimer containing one
of the AML proteins and CBF. This CBF transcription factor
complex may repress or activate genes depending on the pro-
moter (29) and the cell type. The Runt domain binding ele-
ment is frequently found in the promoters of hematopoietic
genes, and the known target genes of AML-1 include the
cytokines IL-3 and G-CSF (52, 58), cytokine receptors (64),
subunits of the T- and B-cell receptors (10, 39), and the B-cell-
specific protein BLK (31).

The AML transcription factors are already known to be
important in human leukemia. The CBF complex is one of the
most frequent targets of chromosomal translocation in acute
leukemia (reviewed in reference 61). The translocations occur
primarily between the AML-1 gene locus on chromosome 21
and up to 10 other loci, often resulting in the generation of
fusion proteins between AML-1 and transcriptional repressors,
thus altering the normal function of the AML protein (12, 35,
42). Although its function is frequently disrupted in leukemias,
AML-1 also acts as an oncogene in its wild-type form (26, 53).
Similar experiments with AML-2 did not reveal any transform-
ing activity. Transformation of the group I BL cells that express
high levels of AML-1 occurs through translocation of the c-myc
gene so that it is constitutively expressed under the control of
the immunoglobulin enhancer element. There is therefore no
evidence yet to suggest that either AML-1 or AML-2 have an
oncogenic function in EBV-infected B cells, but the presence
of either AML-1 or AML-2 in the group I or group II BL cell
lines may contribute to other phenotypic differences.

Our observation that both AML-2 and AML-1 are regulated
within 48 h of primary B-cell infection suggests that the AML
transcription factors may have a role in EBV induced prolif-
eration. AML-1 has previously been reported to bind the EBV
LMP-1 promoter, although this binding was not thought to
contribute to the activation of the LMP-1 promoter caused by
EBNA-2 (20). That study was completed prior to the identifi-
cation of two other members of the AML family, AML-2 and
AML-3. Our data suggest that where EBNA-2 and LMP-1 are
both active, then the AML family member most likely to be
present and binding the LMP-1 promoter is AML-2. However,
the promoter mutation analysis concluding that the AML site
does not contribute to EBNA-2 responsiveness was carried out
in BJAB cells, which themselves contain much more AML-2
than AML-1, so it is not likely that AML-2 is a significant
regulator of LMP-1.

We have shown that AML-1 is the dominant AML family
member present in primary B cells prior to its rapid downregu-
lation after EBV infection. Three major isoforms of AML-1
are generated by alternate splicing and the activity of two
distinct promoters: the proximal promoter driving expression
of AML-1A and AML-1B and the distal promoter generating
the AML-1C isoform (11). Primary B cells have previously
been reported to lack AML-1A and AML-1B transcripts but
contain AML-1 transcripts generated from the distal promoter
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lacking exons 1 to 4 and exons 2 to 4 (5). The products gen-
erated from these transcripts would not contain an RHD re-
gion and were therefore predicted to interfere with growth
factor signaling in normal circulating B cells. In our study, we
have detected AML-1 by Western blotting with an AML-1-
specific antibody generated against the region corresponding
to residues 50 to 177. This antibody therefore recognizes the
RHD, and we would predict that the AML-1 protein detected
in peripheral blood B cells would be functional. It was notable
that the expression of AML-1 was rapidly downregulated after
EBYV infection and PMA stimulation, whereas the levels of
AML-2 simultaneously increased. Both the distal and proximal
promoter regions of AML-1 have CBF binding sites, and it has
been suggested previously that AML-1 expression may be reg-
ulated by one of the AML family members (11). We could
speculate therefore that the increased AML-2 levels induced
by EBV infection could have a direct effect on the activity of
one or both of the AML-1 promoters.

Relatively little is known about the function of AML-2,
which maps to the short arm of chromosome 1 at p36 (30). As
well as being induced by EBV infection in our system, AML-2
is induced in hematopoietic cells through the retinoic acid
receptor a-dependent signaling pathway (28). In the mouse
system, AML-2 is induced by TGFB1 (46) and both binds and
functionally cooperates with SMAD?3 to stimulate transcription
of the germ line immunoglobulin Ca promoter (15, 66). It
therefore appears to have an important function in class
switching to produce immunoglobulin A. Since all of the family
members bind to the same consensus DNA sequence, there is
likely to be highly complex transcriptional regulation of re-
sponsive genes depending on the AML family members and
cofactors present. We are carrying out further investigations
into the possible effects of induction of AML-2 in B cells and
whether AML-2 might contribute to downstream effects as-
cribed indirectly to EBNA-2. The data we have presented
provides evidence that AML-2 is a direct target of EBNA-2
transcription but, because EBNA-2 has wide-ranging effects on
many viral genes, we cannot rule out the possibility that other
EBYV genes are involved in its regulation.

To our knowledge, this is the first cell transcription factor
identified whose expression distinguishes between phenotypi-
cally group I and group III BL cells and may play an important
role in contributing toward phenotypic differences between
these two cell types.
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