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It was demonstrated that Epstein-Barr virus (EBV)-encoded small RNAs (EBERs) were nonessential for
B-lymphocyte growth transformation. We revisited this issue by producing a large quantity of EBER-deleted
EBV by using an Akata cell system. Although the EBER-deleted virus efficiently infected B lymphocytes, its 50%
transforming dose was approximately 100-fold less than that of the EBER-positive EBV. We then engineered
the genome of EBER-deleted virus and generated a recombinant virus with the EBER genes reconstituted at
their native locus. The resultant EBER-reconstituted EBV exhibited restored transforming ability. In addition,
lymphoblastoid cell lines established with the EBER-deleted EBV grew significantly more slowly than those
established with wild-type or EBER-reconstituted EBV, and the difference between the growth rates was
especially highlighted when the cells were plated at low cell densities. These results clearly demonstrate that
EBERs significantly contribute to the efficient growth transformation of B lymphocytes by enhancing the
growth potential of transformed lymphocytes.

Epstein-Barr virus (EBV) is a ubiquitous human gammaher-
pesvirus that establishes life-long latent infections in B lym-
phocytes following the primary infection (10, 18). EBV is as-
sociated with various malignancies, such as Burkitt’s
lymphoma, nasopharyngeal carcinoma, Hodgkin’s disease, gas-
tric carcinoma, and lymphoproliferative diseases in immuno-
suppressed patients. In these tumor cells, the EBV genome is
maintained as an �170-kb plasmid form and expresses a lim-
ited number of viral gene products (10, 18).

EBV readily infects human resting B cells in vitro and trans-
forms B cells into indefinitely proliferating lymphoblastoid cell
lines (LCLs). LCLs express only 11 EBV gene products, in-
cluding 6 EBV nuclear antigens (EBNA-1, EBNA-2, EBNA-
3A, EBNA-3B, EBNA-3C, and EBNA-LP), 3 latent mem-
brane proteins (LMP-1, LMP-2A, and LMP-2B), BamHI A
rightward transcripts, and 2 EBV-encoded small RNAs
(EBER1 and EBER2) (10, 18). Among them, EBNA-1,
EBNA-2, EBNA-3A, EBNA-3C, EBNA-LP, and LMP-1 have
been reported to be essential for growth transformation,
whereas EBNA-3B, LMP-2A, LMP-2B, BamHI A rightward
transcripts, and EBERs are not essential (10).

EBERs are the most abundant viral transcripts observed in
cells with an EBV latent infection. There are two EBERs,
EBER1 and EBER2. EBER1 and EBER2 are nonpolyadeny-
lated, untranslated RNAs of 167 and 172 nucleotides long,
respectively, and transcribed by RNA polymerase III (3, 19).
DNA sequence analyses of various EBV isolates have revealed
that the EBER genes are structurally very highly conserved (1).
The high levels of expression and sequence conservation
strongly suggest that EBERs have some important biological
functions.

Several reports have described growth-stimulatory roles of
EBERs (12, 21, 30). EBERs are known to make complexes
with several cellular proteins, such as RNA-activated protein
kinase PKR (2), ribosomal protein L22 (28), and La antigen
(15). Therefore, EBERs may exert various biological effects
through their direct interactions with these cellular proteins.
For example, the significance of the interaction between
EBERs and PKR, a key mediator of the antiviral effect of
alpha interferon (IFN-�), has been well studied (2, 17, 22). We
have shown that, in Burkitt’s lymphoma cells, EBERs confer
resistance to IFN-�-induced apoptosis by directly binding to
PKR and inhibiting its phosphorylation (17). Alternatively,
EBERs can also induce the expression of cellular growth fac-
tors. We have also shown that EBERs induce the expression of
interleukin 10 (IL-10) in B cells (11), IL-9 in T cells (31), and
insulin-like growth factor 1 in epithelial cells (9), each of which
acts as an autocrine growth factor. However, the mechanism by
which EBERs induce the expression of such growth factors
remains unclear.

Regarding the role of EBERs in the process of EBV-in-
duced B-cell transformation, Swaminathan et al. demonstrated
that EBERs were not essential for the immortalization of B
lymphocytes or for the replication of the virus (26). They tried
to restore the transformation defect of the EBV P3HR-1
strain, having a deletion of the essential transforming gene
encoding EBNA-2, by letting it homologously recombine with
an EBER-deleted [EBER(�)] EBV DNA fragment spanning
the EBNA-2 locus. Their attempt resulted in the obtaining of
LCLs harboring only EBER-deleted recombinant viruses, in-
dicating that EBERs are dispensable for B-cell transformation
(26). They also demonstrated that the LCLs carrying EBER-
deleted EBV episomes were permissive for producing progeny
viruses and that the progeny virus still transformed B lympho-
cytes. However, they failed to produce a large quantity of pure
EBER-deleted EBV. Instead, a cocultivation method was used
to passage the EBER-deleted EBV from primary LCLs to
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secondary LCLs. Therefore, the titer of EBER-deleted EBV to
transform B lymphocytes has never been determined by using
a pure recombinant virus.

We hypothesized that the reported growth-stimulatory role
of EBERs could also contribute to the process of EBV-medi-
ated B-cell transformation. Therefore, we set out to reinvesti-
gate the role of EBERs by generating recombinant EBVs lack-
ing the EBER genes using EBV Akata strain. It is
advantageous to use the Akata cell system, as one can establish
isogenic cell lines to produce large quantities of various pure
recombinant viruses (24). We utilized cre-mediated site-spe-
cific recombination to keep the EBER loci of the recombinant
genomes free of marker genes. We generated three isogenic
Akata cell lines harboring recombinant EBVs with the EBER
genes intact, the EBER genes deleted, or the EBER genes
reconstituted to the EBER-deleted genome [EBER(�)]. Our
data provide the first direct evidence that EBERs significantly
contribute to efficient B-cell transformation.

MATERIALS AND METHODS

Cells and culture. The EBV-negative Akata cell line (23) was grown in RPMI
1640 medium supplemented with 10% fetal bovine serum, penicillin (40 U/ml),
and streptomycin (50 �g/ml) at 37°C in 5% CO2. The Akata cell line harboring
NeorEBV (24) was maintained in complete culture medium containing 700 �g of
G418 (Sigma-Aldrich Fine Chemicals, St. Louis, Mo.)/ml.

Plasmids. The EBER1 and EBER2 genes are located within the BamHI C
fragment of Akata EBV DNA. pUC-A/C�PstI/EcoK contained the part of the
BamHI C fragment of Akata EBV genome (corresponding to the EcoRI-PstI
fragment spanning nucleotides 4163 through 9699 of EBV B95-8 strain). A
hygromycin resistance marker gene driven by simian virus 40 early enhancer and
promoter was cloned into the BamHI site of pBS246 (Life Technologies) to
make pBS246/hyg so that the hygromycin resistance marker gene was flanked by
two loxP sites. The AccI fragment of pUC-A/C�PstI/EcoK spanning the EBER
genes (corresponding to nucleotides 6612 through 7263 of EBV B95-8 strain) was
replaced with the NotI fragment of pBS246/hyg to make pEBER-KO. pEBER-KO
was used as a targeting construct to generate EBER knockout EBV. The NotI
fragment of pBS246/hyg was inserted into the SacI site (nucleotide 6285 of EBV
B95-8 strain) of pUC-A/C�PstI/EcoK to make pEBER-KI, which was used as a
targeting construct to generate EBER knock-in EBV. Other known EBV open
reading frames were not affected by this insertion. pSG-Cre was constructed by
cloning the blunted XhoI-MluI fragment of pBS185 (Life Technologies), con-
taining a cre recombinase gene, into the blunted BglII site of pSG5 (Stratagene).

Generation of homologously recombined EBVs. Twenty micrograms of the
targeting construct was digested with BstPI and EcoRV and introduced into
EBV-infected Akata cells by an electroporation method as described previously
(33). Transfected cells were cultured for 2 days and plated in 96-well plates at 104

cells per well in medium containing 150 �g of hygromycin B (Wako)/ml for
selection. Half of the culture medium was replaced with fresh medium containing
hygromycin B every 5 days. To obtain cell clones harboring the EBER knockout
EBV, a total of 483 hygromycin-resistant cell clones that arose from 3,840 wells
were screened for the existence of homologously recombined EBV episomes by
Southern blotting. To obtain cell clones harboring the EBER knock-in EBV, a
total of 507 hygromycin-resistant cell clones that arose from 2,400 wells were
screened. Both screenings resulted in obtaining one clone each which harbored
homologously recombined EBV episomes.

Virus infection and drug selection. Virus production was induced by cross-
linking surface immunoglobulin G (IgG) as described previously (24). Briefly,
Akata cells harboring EBV episomes (2 � 106 cells) were resuspended with 1 ml
of fresh medium containing 0.5% rabbit anti-human IgG (DakoCytomation,
Carpiteria, Calif.) and incubated for 6 h to induce lytic replication. The culture
medium was replaced with fresh medium, and 2 days later, the culture superna-
tant was harvested. The culture supernatant was filtered by 0.45-�m-pore-size
membrane and used as a virus solution. For infection, EBV-negative Akata cells
(106) were suspended in 1 ml of virus solution and incubated at 37°C for 90 min
with continuous gentle mixing. After the removal of the virus solution, the
infected cells were cultured for 2 days. These cells were then plated in 96-well
plates at 104 cells per well in medium containing 150 �g of hygromycin B
(Wako)/ml or 700 �g of G418 (Sigma)/ml for selection. Half of the culture

medium was replaced with appropriate medium every 5 days. Drug-resistant
clones were screened by Southern blotting to obtain cell clones harboring re-
combinant EBVs of interest.

Excision of the hygromycin resistance gene by cre expression. To excise the
hygromycin resistance gene from EBV genomes, Akata cells carrying episomes
of either EBER(�)HygrEBV or EBER(�)HygrEBV were transfected with 20
�g of pSG-Cre by an electroporation method. At 2 days posttransfection, the
cells were induced for virus production, and the culture supernatants were
harvested 2 days later. EBV-negative Akata cells were then infected with the
culture supernatants, and the infected cells were selected by 700 �g of G418/ml.
Drug-resistant cell clones with EBV episomes with the Hygr gene deleted were
screened by Southern blotting.

Southern blotting. DNA was extracted by using the AquaPure genomic DNA
isolation kit (Bio-Rad) according to the manufacturer’s instructions. Extracted
DNA was digested with BamHI, separated by electrophoresis in 0.8% agarose
gel, and transferred to a Hybond N� nylon membrane (Amersham Pharmacia
Biotech). The HincII-SacI fragment (1,115 bp) of the BamHI C fragment of
Akata EBV DNA (nucleotides 5176 through 6285 of EBV B95-8 strain) was used
as a probe. Probe labeling was carried out using the AlkPhos direct labeling kit
(Amersham), and the signals were detected with CDP-Star detection reagent
(Amersham).

Northern blotting. Total RNA was isolated using TRI reagent (Sigma) ac-
cording to the manufacturer’s instructions. The RNAs (7.5 �g each) prepared
from each cell clone were electrophoresed in 1% agarose gel containing 0.66 M
formaldehyde and transferred to a Hybond N� nylon membrane. 18S rRNAs
were visualized by ethidium bromide staining. Probes were prepared by PCR
amplification using primers 5�-AGGACCTACGCTGCCCTAGA-3� and 5�-AA
AACATGCGGACCACCAGC-3� for EBER1 (27) and primers 5�-AGGACAG
CCGTTGCCCTAGTGGTTTCG-3� and 5�-AAAAATAGCGGACAAGCCGA
ATACC-3� for EBER2 (17). PCR conditions were described previously (17). The
EcoRI-SacI fragment of the BamHI C fragment (nucleotides 6286 through 7315
of B95-8 strain EBV) (designated the EKS fragment; 1,045 bp [12]) was also used
as a probe for detecting both of the EBERs. Probe labeling and detection
procedures were the same as those for the Southern blot analysis.

Quantification of virions in the culture supernatants. Akata cells (7.5 � 107)
were induced for virus production by surface IgG cross-linking, and virus solu-
tions were prepared as described above. Thirty milliliters of the virus solutions
were ultracentrifuged by using an SW28 rotor (Beckman) at 15,000 rpm (30,000
� g) at 4°C for 2 h. The pelleted virions were resuspended in 400 �l of phos-
phate-buffered saline (without calcium and magnesium), and 200 �l of lysis
buffer (75 mM Tris-HCl [pH 8.0], 25 mM EDTA, 3% sodium dodecyl sulfate)
and 3 �l of proteinase K (20 mg/ml) were added. After the lysates were incubated
at 37°C for 1 h, they were extracted twice with phenol and once with a chloro-
form-isoamyl alcohol (24:1) mixture. The viral DNAs were then ethanol precip-
itated and dissolved in 30 �l of H2O. Five microliter aliquots of each viral DNA
were digested with EcoRI and analyzed by 0.8% agarose gel electrophoresis. The
amounts of produced viruses were estimated by checking the band intensities of
the ethidium bromide-stained DNAs.

Immunofluorescence. EBV-negative Akata cells (106) were infected with
equivalent amounts of recombinant EBVs at 37°C for 90 min with continuous
gentle mixing. The medium was replaced with fresh medium, and the infected
cells were cultured for 2 days. The infected cells were smeared on a slide glass
and fixed with a 1:1 mixture of acetone and methanol. The expression of EBNA
proteins was visualized by the anticomplement immunofluorescence method. A
human serum reactive to EBNA proteins was used as a primary antibody, and
fluorescein isothiocyanate-conjugated anti-human C3C antibody (DaKo) was
used as a secondary antibody.

Transformation assay. Cord blood lymphocytes were plated at a density of 1.2
� 105 to 1.3 � 105 cells per well in 96-well plates, and they were infected with
serial 10-fold dilutions of each recombinant virus. The infected lymphocytes were
cultured while half of the culture medium was replaced with fresh medium every
5 days. The number of wells with proliferating lymphocytes was counted at 6
weeks postinfection, and the titers for transformation (50% transforming doses
[TD50/ml]) were calculated by the Reed-Muench method (4).

LCL growth assay. Serially diluted LCLs were plated in 96-well plates, and
they were cultured while half of the culture medium was replaced with fresh
medium every 5 days. The number of wells with proliferating cells was counted
at 4 weeks after starting cell culture.

Immunoblotting. Immunoblot analysis was performed as previously described
(32). Whole cell lysates were prepared from various cell clones (105 cells), and
they were separated in sodium dodecyl sulfate-polyacrylamide (6% for EBNAs
and 10% for LMP-1) gels. The expression of EBNA proteins was detected with
a human serum reactive to six EBNA proteins as a primary antibody and a
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horseradish peroxidase-conjugated anti-human IgG (Amersham) as a secondary
antibody, while the expression of LMP-1 was detected using monoclonal anti-
body S12 (specific for LMP-1) and peroxidase-conjugated anti-mouse IgG (Am-
ersham).

RT-PCR. Reverse transcription PCR (RT-PCR) analysis was carried out to
investigate the expression of EBV latent genes and BamHI Q promoter-initiated
mRNA as described previously (8, 11). Total cellular RNA was isolated using
TRI reagent (Sigma) and then treated with DNase I (Sigma) according to the
manufacturer’s instructions. cDNA synthesis was performed using Molony mu-
rine leukemia virus reverse transcriptase (Invitrogen) and 100 pmol of random
primer (Takara) at 37°C for 60 min, followed by heat inactivation of reverse
transcriptase at 94°C for 10 min. The cDNA samples were then subjected to 30
cycles of PCR in a thermal cycler. The PCR products (7.5 �l each) were elec-
trophoresed in 2% agarose gel, transferred to Hybond N� (Amersham), and
specifically amplified DNA was detected by the Gene Images 3�-oligolabeling
module (Amersham) and ECL detection reagents (Amersham). The quality of
RNA was checked by PCR amplification of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) cDNA.

RESULTS

Generation of recombinant EBV lacking EBER genes. We
generated a recombinant EBV lacking both EBER1 and
EBER2 genes to examine the roles of EBERs in B-lymphocyte
growth transformation. Figure 1 shows a schematic diagram of

our strategy to generate the EBER-deleted EBV. Akata cells
having episomes of NeorEBV (24), a recombinant EBV carry-
ing a neomycin resistance gene inserted into the BXLF1 open
reading frame, were used for the EBER-targeting. The BXLF1
open reading frame is nonessential for infection and replica-
tion, and the phenotype of NeorEBV is indistinguishable from
that of wild-type EBV (24).

First, the EBER genes of NeorEBV were replaced with a
hygromycin resistance gene, which was flanked by two loxP
sites, via homologous recombination in Akata cells (Fig. 2A).
Akata cells carrying NeorEBV were transfected with a target-
ing construct containing the Hygr gene, and transfected cells
were selected by hygromycin. Hygromycin-resistant cell clones
were screened by Southern blotting for the presence of cell
clones with homologously recombined EBV episomes. One of
the cell clones proved to contain homologously recombined
episomes, designated EBER(�)HygrEBV, in addition to
NeorEBV episomes (Fig. 2B, lane 2). The obtained cell clone
was treated with anti-human IgG for virus production, and the
mixture of EBER(�)HygrEBV and NeorEBV was used to
infect EBV-negative Akata cells to derive cells carrying only

FIG. 1. Experimental strategies for the construction of EBER knockout EBV in Akata cells. The EBER genes (black boxes), neomycin
resistance gene (neor; open boxes), and hygromycin resistance gene (hygr; gray boxes), and loxP sites (white arrowheads) are indicated. Akata cells
having episomes of NeorEBV were subjected to the EBER targeting by using the Hygr gene as a marker gene. The Hygr gene was then removed
from the genome of the homologous recombinant by the excision reaction of cre recombinase.
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EBER(�)HygrEBV episomes. Hygromycin selection of the
infected cells resulted in the isolation of cell clones carrying
only EBER(�)HygrEBV episomes (Fig. 2B, lane 3).

Second, the Hygr marker gene, which was flanked by two
loxP sites, was removed from the targeted locus by the excision
reaction mediated by cre recombinase. This method enabled us

to generate an EBER-deleted EBV without leaving a heterol-
ogous enhancer and promoter activity of the Hygr gene at the
EBER locus. We could thereby minimize the artifacts affecting
the expression of viral genes surrounding the EBER locus.
Akata cells harboring EBER(�)HygrEBV were transiently
transfected with a plasmid encoding cre recombinase. A

FIG. 2. (A) Map of the genome of Akata strain EBV surrounding the EBER locus before and after the EBER targeting. The EBER genes of
Neor EBV were replaced with the hygromycin resistance gene by homologous recombination. Subsequently, the Hygr gene was removed by the
transient expression of cre recombinase in Akata cells. The positions of restriction enzyme recognition sequences are indicated by B (BamHI), Bs
(BstPI), Sa (SacI), A (AccI), RI (EcoRI), and RV (EcoRV). A gray line indicates a probe used for Southern blotting. White arrowheads indicate
loxP sites. The EBER genes (black boxes) and hygromycin resistance gene (hygr; open box) are also indicated. (B) Southern blotting of Akata cell
clones harboring various recombinant EBVs. The results from a NeorEBV-infected cell clone (lane 1), a targeted cell clone (recombinant; lane
2), an EBER(�)HygrEBV-infected cell clone (lane 3), the same cell clone with transient cre expression (lane 4), and EBER(�)EBV-infected cell
clones (lanes 5 through 8) are shown. (C) Northern blotting of EBERs. The results from a EBV-negative Akata cell clone (Akata�; lane 1), a
NeorEBV-infected cell clone (lane 2), and EBER(�)EBV-infected cell clones (lanes 3 through 6) are shown. (D) EBV gene expression in
EBER(�) EBV-infected cell clones. Immunoblotting was used to examine the expression of EBNA proteins and LMP-1 protein (top), whereas
RT-PCR analysis was used to examine BamHI Q promoter (Qp) usage and the expressions of other latent genes (bottom). The results from an
LCL (lane 1), an EBV-negative Akata cell clone (Akata�; lane 2), a NeorEBV-infected cell clone (lane 3), and EBER(�)EBV-infected cell clones
(lanes 4 through 7) are shown.
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band representing the episome that had lost the Hygr gene,
designated EBER(�)EBV, appeared after the transient ex-
pression of cre recombinase (Fig. 2B, lane 4). The cre-trans-
duced cells, having EBER(�)EBV episomes in addition to
EBER(�)HygrEBV episomes, were then treated with anti-
human IgG to induce virus replication. The mixture of
EBER(�)EBV and EBER(�)HygrEBV was then used to
infect EBV-negative Akata cells, and the infected cells were
subjected to G418 selection. Cell clones having only
EBER(�)EBV were obtained by screening the G418-resis-
tant cell clones. We finally obtained cell clones harboring
only EBER(�)EBV (Fig. 2B, lanes 5 through 8). The re-
sultant EBER(�)EBV had the EBER genes (EBER1 and
EBER2) replaced by one residual loxP site (and short flank-
ing sequences), and no heterologous enhancer and pro-
moter activity remained at the EBER locus.

We next confirmed the absence of EBER RNAs in the
obtained Akata cell clones harboring EBER(�)EBV episomes
by Northern blotting. The result revealed that Akata cell
clones harboring EBER(�)EBV were devoid of EBER RNA,
whereas an Akata cell clone harboring NeorEBV expressed
abundant EBERs (Fig. 2C). We also checked the expressions
of various viral genes by immunoblotting and RT-PCR analysis
and found that EBER(�)EBV-infected cell clones exhibited a
viral gene expression pattern identical to that of NeorEBV-
infected cell clones (Fig. 2D), except for the absence of EBERs
(Fig. 2C). Taken together, these results demonstrate that the
EBER genes were successfully knocked out while the expres-
sion patterns of other viral genes were kept intact. It was
therefore appropriate to use the obtained EBER(�)EBV for
examining the effect of EBER loss on B-cell growth transfor-
mation.

Large-scale production of EBER-deleted EBV. A previous
report demonstrated that LCLs harboring EBER-deleted EBV
episomes could produce progeny viruses, indicating that
EBERs were dispensable for viral lytic replication and infec-
tion (26). However, the amount of the EBER-deleted virus
obtained from LCLs was small, as LCLs usually exhibit poor
virus-producing abilities (26). Therefore, we next employed the
Akata cell system to produce EBER-deleted viruses in a large
quantity. Akata cell clones harboring either EBER(�)EBV or
NeorEBV were induced with anti-IgG for virus production.
Immunofluorescence analyses revealed that approximately
60% of Akata cells harboring EBER(�)EBV became positive
for gp110 (BALF4 gene product) expression after anti-IgG
treatment (data not shown), indicating that EBER(�)EBV
entered the lytic cycle of viral replication as efficiently as
NeorEBV did. We then harvested the culture supernatants,
extracted viral DNAs from the pelleted virions, and analyzed
the EcoRI-digested DNAs by agarose gel electrophoresis. The
amounts of virions were estimated based on the band intensi-
ties of the ethidium bromide-stained DNAs. The results re-
vealed that the band intensities of EBER(�)EBV were com-
parable to those of NeorEBV (Fig. 3A), demonstrating the
successful production of a large quantity of the EBER-deleted
EBV. Furthermore, these results indicated that EBERs had no
quantitative effect on viral late protein synthesis or on virion
maturation.

We next examined the infectivity of EBER(�)EBV com-
pared to that of NeorEBV. Equivalent amounts of these vi-

ruses were used for infecting EBV-negative Akata cells. The
expression of EBNA proteins in the recipient cells was exam-
ined by indirect immunofluorescence analysis at 2 days postin-
fection. We found that more than 50% of the recipient cells
became EBNA-positive, a result which was comparable to that
obtained with NeorEBV (Fig. 3B). Therefore, the loss of
EBERs did not affect the infectivity of the virus.

Thus, we succeeded in producing a large quantity of pure
EBER-deleted recombinant viruses, and the obtained EBER-
deleted viruses fully retained the infectivity of wild-type EBV.

EBER(�)EBV exhibited impaired B-cell transforming abil-
ity. A previous report demonstrated that EBERs were non-
essential for B-lymphocyte growth transformation (26).
However, the roles of EBERs may have been overlooked
due to the unavailability of a large quantity of pure EBER-

FIG. 3. (A) Comparison of the amounts of the produced recombi-
nant viruses. Akata cell clones harboring either NeorEBV or
EBER(�)EBV were treated with anti-IgG, and the culture superna-
tants were harvested. Viral DNAs were extracted from the pelleted
virions, digested with EcoRI, and analyzed by agarose gel electro-
phoresis. (B) EBV-negative Akata cells infected with either NeorEBV
(left) or EBER(�)EBV (right) were processed for immunofluores-
cence analysis to detect the expression of EBNA proteins at 48 h
postinfection (bottom). The corresponding differential interference
contrast (DIC) images are shown (top). The percentages of cells that
are positive for EBNA staining are also indicated.
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deleted virus. The establishment of the cell clones producing
large quantities of the EBER-deleted virus enabled us, for
the first time, to quantitatively examine the role of EBERs
in B-cell growth transformation. We produced large quan-
tities of EBER(�)EBV and NeorEBV by treating the re-
spective cells with anti-IgG. The amounts of the viruses in
the culture supernatants were quantitated by agarose gel
electrophoresis. We first confirmed that, when equivalent
amounts of EBER(�)EBV and NeorEBV were used for
infection, both viruses induced EBNA proteins in the recip-
ient cells at similar efficiencies. Based on the EBNA-staining
results obtained by infecting EBV-negative Akata cells with
serially diluted virus solutions, we estimated that the EBNA
induction titers of NeorEBV and EBER(�)EBV were 9.5 �
105 and 9.9 � 105 EBNA induction units/ml, respectively.

Cord blood lymphocytes were plated at a fixed cell density
(1.2 � 105 to 1.3 � 105 cells per well) and then infected with
serial 10-fold dilutions of either NeorEBV or EBER(�)EBV.
The 50% transforming doses (TD50 per milliliter) of
EBER(�)EBV and NeorEBV were determined by counting
the numbers of wells with proliferating lymphocytes at 6 weeks
postinfection. The calculated TD50/ml of EBER(�)EBV was
approximately 100-fold less than of that of NeorEBV (Table
1). These results demonstrated that the loss of the EBER
genes significantly impaired the ability of EBV to transform B
lymphocytes.

Generation of EBER knock-in EBV. The impaired trans-
forming ability of the EBER(�)EBV could have been due to
accidental genetic alterations acquired elsewhere on the EBV
genome during the course of EBER deletion. We therefore
tested whether the titer of EBER(�)EBV to transform B
lymphocytes could be restored by putting the EBER genes
back into the genome of EBER(�)EBV. The processes of
restoring the EBER genes are referred to as “EBER knock-in
processes” hereafter.

A targeting construct was designed so that the EBER genes
(EBER1 and EBER2) would be inserted back into the native
EBER locus of EBER(�)EBV. The marker Hygr gene was
used for getting homologous recombinants, as EBER(�)EBV
had only the marker Neorgene (Fig. 1 and 4A). Akata cells
carrying EBER(�)EBV episomes were transfected with a tar-
geting construct for the EBER knock-in, and transfected cells
were selected by hygromycin. The results of Southern blotting
revealed that one of the hygromycin-resistant cell clones con-
tained homologously recombined episomes, designated
EBER(�)Hygr EBV, in addition to EBER(�)EBV episomes
(Fig. 4B, lane 2). The virus mixture of EBER(�)HygrEBV and
EBER(�)EBV was produced from the cell clone, and after the
infection of EBV-negative Akata cells with the mixture and

hygromycin selection, cell clones harboring only EBER(�)
HygrEBV episomes were obtained (Fig. 4B, lane 3).

Subsequently, the Hygr gene of the EBER(�)HygrEBV was
removed by expressing cre recombinase in Akata cells harbor-
ing EBER(�)HygrEBV. A band representing the episome that
had lost the Hygr gene, designated EBER(�)EBV, appeared
in the cre-transduced cells (Fig. 4B, lane 4). A virus mixture of
EBER(�)EBV and EBER(�)HygrEBV was obtained, and af-
ter EBV-negative Akata cells were infected with the virus
mixture and the G418-resistant cell clones were screened, cell
clones harboring only EBER(�)EBV episomes were obtained
(Fig. 4B, lanes 5 through 8). The genome of EBER(�)EBV
was expected to be identical to that of NeorEBV except for one
residual loxP site (and short flanking sequences) inserted up-
stream of the reconstituted EBER genes.

We then examined whether the expression of EBERs was
restored in Akata cells infected with the EBER knock-in EBV.
Total RNAs prepared from Akata cells harboring NeorEBV,
EBER(�)EBV, or EBER(�)EBV were examined for the ex-
pression of EBERs by Northern blotting. We found that four
independent Akata cell clones harboring EBER(�)EBV ex-
pressed both EBER1 and EBER2 as expected (Fig. 4C, lanes
4 through 7), although the expression levels of EBERs were
slightly lower than those in Akata cells harboring NeorEBV
(Fig. 4C, compare lane 2 and lanes 4 through 7). Furthermore,
we found that EBER(�)EBV-infected cell clones exhibited a
viral gene expression pattern identical to that of NeorEBV-
and EBER(�)EBV-infected cell clones (data not shown), ex-
cept for the difference of EBER expression (Fig. 4C). Thus, we
successfully restored the expression of EBERs by putting the
EBER genes back into the EBER-deleted EBV, and the re-
sultant EBER knock-in EBV exhibited normal viral gene ex-
pression, just like the wild-type counterpart.

EBER knock-in restored the ability to efficiently transform
B lymphocytes. We thus made three isogenic Akata cells lines;
the first one contained the wild-type episomes (NeorEBV), the
second one contained the EBER knockout episomes
[EBER(�)EBV], and the third one contained EBER knock-in
episomes [EBER(�)EBV]. These three cell lines were treated
with anti-IgG for virus production, and NeorEBV,
EBER(�)EBV, and EBER(�)EBV were produced in large
quantities. Again, the amounts of virions in the culture super-
natants were estimated by agarose gel electrophoresis. We
then examined a set of three viruses for their EBNA induction
titers, and the values were 9.9 �105, 9.8 � 105, and 9.6 �105

EBNA induction units/ml for NeorEBV, EBER(�)EBV, and
EBER(�)EBV, respectively. Thus, we used equivalent
amounts of each virus for infecting cord blood lymphocytes,
and we found similar levels of EBNA induction in the recipient
cells (data not shown). The results of three independent ex-
periments, utilizing three independent preparations of the vi-
ruses, revealed that the TD50/ml of EBER(�)EBV were ap-
proximately 20-fold higher than those of EBER(�)EBV,
approaching the TD50/ml of NeorEBV (Table 2). These results
provided concrete evidence that the loss of EBERs was truly
responsible for the impaired transforming ability of
EBER(�)EBV.

EBERs are critical for the growth of LCLs, especially at low
cell density. A previous report demonstrated no significant
difference between the growth rates of EBER-positive LCLs

TABLE 1. Comparison of 50% transforming doses of NeorEBV
and EBER(�)EBV

EBV type
TD50/ml

Expt 1 Expt 2

Neor 105.7 105.7

EBER(�) 103.7 103.5
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and EBER-negative LCLs (25, 26). The ability to produce each
of the three different viruses, NeorEBV, EBER(�)EBV, and
EBER(�)EBV, in large quantities enabled us to reexamine
this issue. Using viruses with high EBNA induction titers for
infecting lymphocytes enabled the rapid outgrowth of the
LCLs, and we could eliminate the artifacts that might arise
from long-term cultivation.

We successfully established two independent sets of LCLs
derived from each of the three viruses. Each set of LCLs was
derived from cord blood lymphocytes of different donors.
LCLs belonging to each set were established in parallel, and
they were maintained in culture for the same time period
before they were subjected to the assays. Immunoblotting and
RT-PCR analyses revealed that EBER(�)EBV-infected LCLs
were indistinguishable from NeorEBV- or EBER(�)EBV-in-
fected LCLs in their expression of viral latent proteins (Fig. 5
and data not shown).

We first compared the growth rates of the established LCLs.
We employed two independent sets of LCLs for this assay (Fig.
6). Using both sets of LCLs, we found that EBER(�)EBV-
infected LCLs grew significantly more slowly than NeorEBV-
infected LCLs. By contrast, EBER(�)EBV-infected LCLs
grew as well as NeorEBV-infected LCLs (Fig. 6). When the
growth rates of the established LCLs were examined shortly
after infection, the results clearly demonstrated that the ex-
pression of EBERs substantially accelerated LCL growth.

We next examined whether the established LCLs could
grow when they were plated at low cell densities. Serially
twofold-diluted LCLs were plated in 96-well plates, and the
number of wells with proliferating cells was counted at 4
weeks after starting the culture. We again employed two sets
of LCLs for this assay (Table 3). We found a marked
difference in cell proliferation between EBER(�)EBV-
infected LCLs and NeorEBV-infected or EBER(�)EBV-
infected LCLs. EBER(�)EBV-infected LCLs did not pro-
liferate at low cell densities, while NeorEBV-infected and
EBER(�)EBV-infected LCLs proliferated well even when
they were plated at low cell densities (Table 3). These re-
sults revealed that plating the LCLs at low cell densities
could augment the effect of EBER loss on LCLs.

The overall result clearly demonstrated that EBERs signif-
icantly contributed to EBV-induced B-cell transformation by
enhancing the growth potential of transformed lymphocytes.

DISCUSSION

We employed the Akata system to produce a large quantity
of pure EBER-deleted virus and examined the role of EBERs
in B-cell transformation. The EBER-deleted virus exhibited
impaired transforming ability, and the LCLs established by the

FIG. 4. (A) Map of the genome of Akata strain EBV surrounding
the EBER locus before and after the EBER knock-in. The EBER
genes were reconstituted in the genome of EBER(�)EBV via homol-
ogous recombination by using the hygromycin resistance gene as a
marker gene. Subsequently, the Hygr gene was removed by the tran-
sient expression of cre recombinase in Akata cells. The positions of
restriction enzyme recognition sequences are indicated by B (BamHI),
Bs (BstPI), Sa (SacI), RI (EcoRI), and RV (EcoRV). A gray line
indicates a probe used for Southern blot analysis. White arrowheads
indicate loxP sites. The EBER genes (black boxes) and the hygromycin
resistance gene (hygr; open box) are also indicated. (B) Southern blot
analysis of Akata cell clones harboring various recombinant EBVs.

The results from an EBER(�)EBV-infected cell clone (lane 1), a
targeted cell clone (recombinant; lane 2), an EBER(�)HygrEBV-
infected cell clone (lane 3), the same cell clone with transient cre
expression (lane 4), and EBER(�)EBV-infected cell clones (lanes 5
through 8) are shown. (C) Northern blot analysis of EBERs. The
results from an EBV-negative Akata cell clone (Akata�; lane 1), a
NeorEBV-infected cell clone (lane 2), a EBER(�)EBV-infected cell
clone (lane 3), and EBER(�)EBV-infected cell clones (lanes 4
through 7) are shown.
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EBER-deleted virus grew significantly more slowly than those
established with the wild-type counterpart (NeorEBV). Impor-
tantly, reconstituting the EBER genes at their native locus of
the EBER-deleted EBV resulted in restored transformation
efficiency, demonstrating that the loss of EBERs was truly
responsible for the impaired transformation efficiency. Our
data represent the first demonstration that EBERs play signif-
icant roles in B-cell transformation. The data also underpin
our previous studies in which we demonstrated the growth-
stimulatory effects of EBERs by using already dividing B cells
(12, 17).

Our data fit well with a previous finding (26) that EBERs are
nonessential for transforming B lymphocytes and producing
progeny viruses. The discrepancy between our study and the
previous study resides in the relative transformation efficiency
of the EBER-deleted virus compared to that of the EBER-
positive virus. In the previous study, lethally irradiated EBER-
negative LCLs were cocultivated with primary lymphocytes in
order to passage the transforming virus (26). The researchers
found that EBER-positive and EBER-negative LCLs yielded
secondary transformants with similar efficiencies, leading to
the conclusion that EBERs were not significant for the entire
process of B-cell transformation. However, they failed to show
that similar amounts of viruses were produced from the pri-
mary LCLs and were used for generating secondary LCLs. By
contrast, we quantitated the amounts of virions in the culture

supernatants, checked their infectivities, and used equivalent
amounts of recombinant viruses for the transformation assay.
Therefore, our system is more appropriate for accurately com-
paring the transforming efficiencies of EBER-positive and
EBER-negative viruses.

Another critical discrepancy resides in the growth rate of the
established EBER-negative LCLs. While Swaminathan et al.
did not see any significant difference in the growth rates of
EBER-positive and EBER-negative LCLs (25, 26), we found
that EBER(�)EBV-infected LCLs grew significantly more
slowly than NeorEBV-infected- or EBER(�)EBV-infected
LCLs (Fig. 6). We also observed significant differences be-
tween the outgrowth of EBER-negative LCLs and that of
EBER-positive LCLs when they were plated at low cell den-
sities (Table 3). We speculate that the EBER-negative LCLs

FIG. 5. Immunoblot analysis of EBNA proteins and LMP-1 protein
in the established LCLs. The results from two independent NeorEBV-
infected LCLs (lanes 1 and 2), two independent EBER(�)EBV-in-
fected LCLs (lanes 3 and 4), and four independent EBER(�)EBV-
infected LCLs (lanes 5 through 8) are shown. Note that all of the LCLs
express similar amounts of EBNA-1, EBNA-2, EBNA-3s, and LMP-1.

FIG. 6. Comparison of the growth rates of the established LCLs at
low cell densities. Two independent sets of LCLs (panels A and B),
each derived from cord blood lymphocytes of different donors, were
subjected to the assay. The LCLs established by infection with
NeorEBV, EBER(�)EBV, or EBER(�)EBV were plated to the
wells of 24-well plates at a density of either 5 � 104 (A) or 2 � 105

(B) cells per ml, and the numbers of cells were counted daily
(except for day 6). The results for NeorEBV-infected LCLs (open
circles), EBER(�)EBV-infected LCLs (solid circles), and
EBER(�)EBV-infected LCLs (open triangles) are shown. The
growth curves represent the averaged results (means 	 standard
deviations) obtained with four independent LCLs (A) or two inde-
pendent LCLs (B).

TABLE 2. Comparison of 50% transforming doses of NeorEBV,
EBER(�)EBV, and EBER(�)EBV

EBV type
TD50/ml

Expt 1 Expt 2 Expt 3

Neor 104.7 105.5 105.5

EBER(�) 102.7 103.0 103.2

EBER(�) 104.0 104.3 104.5
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used for the previous study may not represent typical EBER-
negative LCLs, because establishing secondary LCLs by cocul-
tivating lymphocytes with irradiated LCLs apparently requires
long-term cultivation and it is difficult to exclude the possibility
that untypical LCLs, having acquired additional growth advan-
tages, have been selected during the period of expansion. By
contrast, we produced large amounts of recombinant viruses,
and they all exhibited high EBNA induction titers. As a result,
many lines of LCLs were established relatively quickly, within
4 weeks at the earliest, which can eliminate artifacts that might
arise from long-term cultivation.

One can argue that reconstituting the EBER genes into the
EBER-deleted virus did not fully compensate for the EBER
defect (Table 2). One possible explanation is that the EBER
expression level of EBER(�)EBV is slightly lower than that of
NeorEBV, as has been observed for infected Akata cells (Fig.
4C). It has been shown that the upstream regions of the EBER
genes contain elements for efficient EBER expression (7). A
slight structural change introduced to the further-upstream
region of the reconstituted EBER genes (Fig. 4) may result in
reduced EBER expression from EBER(�)EBV. Our previous
study demonstrated that there was a good correlation be-
tween the amount of EBER transgene expression and the
malignant phenotype of Akata cells (12). We speculate that
EBER(�)EBV is not as transformation competent as
NeorEBV, due to its slight decrease of EBER expression.

The molecular mechanism by which EBERs enhance trans-
formation as well as growth potentials of LCLs remains un-
known. One possibility is that EBERs confer resistance to
apoptosis in LCLs, as has been demonstrated for Burkitt’s
lymphoma cells (17). However, we did not see any significant
increase of apoptotic cells in EBER(�)EBV-infected LCLs
(M. Yajima, unpublished result), making such a possibility
unlikely. We also found that the loss of EBERs did not impair
the insensitivity of the EBV-transformed LCLs to the antipro-
liferative effect of IFN-�, consistent with a previous report that
EBERs did not modulate the effect of interferons in the es-
tablished LCLs (25). The antiapoptotic effect of EBERs, how-
ever, may be masked by LMP-1 expression, as LMP-1 has been
shown to upregulate the expression of antiapoptotic proteins,
such as A20 (13) and bcl-2 (6, 20). Furthermore, we compared
the levels of phosphorylated � subunit of translation initiation
factor (eIF-2�) in the LCLs, since we previously showed that
EBERs inhibit the phosphorylation of eIF-2� through their

direct binding to PKR in case of Burkitt’s lymphoma cells (17).
However, no significant increase of the levels of phosphory-
lated eIF-2� in EBER(�)EBV-infected LCLs was observed
(unpublished result). The inhibition of the phosphorylation of
eIF-2� by EBERs may not be obvious in case of LCLs, as
LMP-1 can phosphorylate eIF-2� in EBV-infected cells (14).

Another possibility is that EBERs induce the expression of
growth factors in LCLs, just as they do in Burkitt’s lymphoma
cells (11), T cells (31), and epithelial cells (9). We therefore
checked the expression levels of various growth-stimulatory
cytokines (IL-1
, IL-2, IL-4, IL-6, and IL-10) in EBER-posi-
tive and EBER-negative LCLs. We did not see any differences
in the expression levels of these cytokines in EBER-negative
and EBER-positive LCLs (data not shown). Again, the effect
of EBERs on cytokine expression might have been masked by
LMP-1 expression, as LMP-1 has been demonstrated to induce
the expression of various cytokines, such as IL-6 (5) and IL-10
(16, 29).

The biological significance of EBERs has been enigmatic
until recently, but accumulating evidence indicates that the
expression of EBERs is critical for the life cycle of EBV.
EBERs may have additional functions that are critical for EBV
infection in vivo. Further studies are required to clarify the
molecular mechanisms by which EBERs exert their biological
activities.
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