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An EBV recombinant deleted for residues 130-159 in EBNA3C
can deregulate p53/Mdm2 and Cyclin D1/CDK6 which results in
apoptosis and reduced cell proliferation
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ABSTRACT

Epstein-Barr virus (EBV), a gamma herpes virus is associated with B-cell
malignancies. EBNA-3C is critical for in vitro primary B-cell transformation.
Interestingly, the N terminal domain of EBNA3C which contains residues 130-159,
interacts with various cellular proteins, such as p53, Mdm2, CyclinD1/Cdk6 complex,
and E2F1. In the current reverse genetics study, we deleted the residues 130-159
aa within EBNA3C open reading frame (ORF) by BACmid recombinant engineering
methodology. Our experiments demonstrated that deletion of the 130-159 aa showed
a reduction in cell proliferation. Also, this recombinant virus showed with higher
infectivity of human peripheral blood mononuclear cells (PBMCs) compared to wild
type EBV. PBMCs- infected with recombinant EBV deleted for 130-159 residues have
differential expression patterns for the p53/Mdm2, CyclinD1/Cdk6 and pRb/E2F1
pathways compared to wild type EBV-infected PBMCs. PBMCs infected with recombinant
virus showed increased apoptotic cell death which further resulted in activation of
polymerase 1 (PARP1), an important contributor to apoptotic signaling. Interestingly,
cells infected with this recombinant virus showed a dramatic decrease in chromosomal
instability, indicated by the presence of increased multinucleation and micronucleation.
In addition infection with recombinant virus have increased cells in GO/G1 phase and
decreased cells in S-G2M phase when compared to wild type infected cells. Thus,
these differences in signaling activities due to 29 amino acid residues of EBNA3C is of
particular significance in deregulation of cell proliferation in EBV-infected cells.

INTRODUCTION

Epstein—Barr virus (EBV), a ubiquitous herpes
virus, infects approximately 90-95% of the world’s
population and is associated with various malignant
tumors, including Burkitt’s lymphoma, nasopharyngeal
carcinoma, and B-cell lymphoma in immune deficient
individuals [1]. EBV can infect the cells in either a
latent or a lytic manner. Most of the cells are infected
latently with EBV and only a small number of the total
viral genes are expressed. Viral DNA is maintained in
the episomal state and replicates using the host cell DNA
polymerase. Infectious virus particles are produced
during the lytic reactivation that ultimately causes cell

death [2]. EBV has the potential to transform human
B-lymphocytes in vitro by maintaining a continuous
proliferative state, known as “immortalization” leading
to generation of lymphoblastoid cell lines (LCLs) [3].
The LCLs, which are produced in culture carry the viral
genome as extra-chromosomal episomes and express
nine latent EBV proteins including, the six nuclear
antigens (EBNAL, 2, 3A, 3B, 3C & LP), an additional
three membrane associated proteins (LMP1, LMP2A &
2B), and the twenty-nine EBV-encoded small RNAs and
microRNAs BARTs [4]. These viral factors contribute to
activation of the quiescent B-cells from G into the cell
cycle, and to sustain proliferation and maintenance of the
viral genome [5].
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Among the potential EBV latent antigens,
EBNA3A, EBNA3B, and EBNA3C are sequentially
encoded in the EBV genome and generate protein products
of approximately 1,000 aa. These latent proteins are also
essential for EBV to drive primary human B lymphocytes
into continuously proliferating LCLs and for maintaining
LCL growth [6]. Notably, EBV nuclear antigen 3C
(EBNA3C) plays a regulatory role in the transcription of
several viral and cellular genes [7].

Cancer development critically depends on the subtle
balance between cell proliferation and apoptosis-mediated
cell death. The amino- terminal domain of EBNA3C
specifically, 130-159 amino acids bind to various
proteins which substantially disrupt the coordination of
cell proliferation and apoptosis which drives oncogenic
transformation. Some of these include p53, Mdm2, Pim-
1, CyclinD1, CyclinA and IRF-4 [8, 9, 10, 11, 12]. These
molecules can deregulate the cell cycle as well as inhibit
apoptosis which can lead to oncogenic transformation of
B cells [13].

Previously, we showed that residues 130-190 of
EBNA3C strongly stabilizes Mdm?2 [8]. Importantly,
EBNA3C simultaneously binds to both Mdm2 and
pS3 and can form a stable ternary complex [9]. Further
we also showed that EBNA3C enhances the intrinsic
ubiquitin ligase activity of Mdm2 toward p53, which
in turn facilitated pS3 degradation and control of cell
cycle. Besides the p53/Mdm2 complex [12], other
complexes such as CyclinD1/Cdk6 important for cell
cycle regulation was also stabilized by residues 130-
159 of EBNA3C [8]. Together with its binding partners
Cdk6, CyclinD1 forms active complexes like CyclinD1/
Cdk6 which facilitates cell-cycle progression by
phosphorylating and inactivating Rb. This subsequently
releases the repression of E2F1 target genes and permits
the cell cycle progression.

In the field of herpesvirus, homologous
recombination are widely applied tools for generating
mutants [14]. The use of bacterial artificial chromosome
(BAC) technology in herpesvirus genetics has made their
genomes accessible to the tools of bacterial genetics [15].
Previously, we successfully constructed an EBVBAC
system with a GFP tag [16]. The recombinant virus not
only successfully infected human peripheral B-cells, but
also expressed GFP signal during early primary infection
making it a useful reagent for infection studies [16].
Interestingly, recombinant virus was found to activate the
CDA40 receptor in a time dependent manner [16].

In this report, we generated a recombinant virus by
using galK positive/negative selection to delete residues
130-159 within the N terminal domain within EBNA3C
open reading frame (ORF). This recombinant virus were
examined to delineate the role of EBNA3C, and its
binding domain for p53/Mdm2, CyclinD1/Cdk6 and pRb/
E2F1 in B-cell proliferation and activation during latent
and primary infection.

RESULTS

Generation of a recombinant BACEBV-GFP
deleted for residues 130-159 of EBNA3C

Our previous studies showed that EBNA3C
contributes to proliferation of EBV-associated lymphomas
[11, 17, 18, 19]. The p53/Mdm2 and Cyclin D1/Cdk6
binding site within EBNA3C are located in the amino-
terminal residues 130-190 aa of EBNA3C. This binding
site were shown to be associated with EBV growth and
proliferation [8, 12]. However, no further investigation were
performed within the viral genome. Here we constructed
A130-159 EBNA3C recombinant virus, on the backbone of
the BACEBV-GFP, a GFP tagged EBV generated previously
[16]. The BACEBV-GFPWT carries the EBV genome,
a GFP tag and resistance genes for ampicillin, kanamycin
and puromycin [16]. Infectious EBV can be produced by
transfection of BACEBV-GFPWT into HEK-293T cells,
selection followed by chemical induction [16]. We used a
homologous recombination system in sw102, a modified
E.coli strain and a gal-positive/negative selection method
[20], which has been described in additional methods, to
introduce the desired mutation into BACEBV-GFPWT.
Briefly, we have adopted the gal selection method to first
insert the gal expression cassette into the coding region of
BACEBV-GFPWT (Figure 1A). In the second step, the ga/
cassette is substituted by the DNA fragment containing the
50 bp upstream and 50 bp downstream of the EBNA3C 130-
159 region ORF (100bp). Thereafter, gal-negative clones
were selected by resistance to 2-deoxy-galactose (DOG)
on minimal plates with glycerol as the carbon source. The
resulting BAC recombinants were screened and analyzed
on 0.65% agarose and Southern blot analysis to show that
the specific domain was removed from the EBV genome
(Figure 1B and 1C). Digestion of the BACEBV-GFPWT
with Agel generated a 2.4kb fragment compared to 2.5kb of
the full-length EBNA3C domain suggesting that the 130-159
domain was removed at the desired site (Figure 1B and 1C).
To further re-confirm whether the altered digestion pattern of
the BAC mutant was the result of expected recombination,
we performed PCR across the junction by using the primers
designed at the recombination site. The result showed that
the PCR bands from EBNA3C ORF shifted based on the
presence of deletion (Figure 1C). Finally, the PCR products
were sequenced to confirm the expected deletion (Figure 1D
and 1E).

Generation of the EBNA3C recombinant virus

To reconstitute the recombinant viruses, we transfected
EBVGFPAE3C130-159 DNA into HEK-293T cells. The
transfection efficiencies were monitored by fluorescence
microscopy for GFP-positive cells which were detected after
24 to 48 hrs of post-transfection (Figure 1D). The transfected
cells were selected by 1 pg/ml puromycin to generate
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Figure 1: Generation of the recombinant viruses EBVGFPAE3C130-159. A. Schematic diagram showing generation of
EBVGFPAE3C130-159, a recombinant BACEBV-GFP with deletion of the residues 130-159 of EBNA3C. B. Ethidium bromide-stained
gel and Southern blots with BACEBV-GFPWT (lane 6) and the mutated BACmid, EBVGFPAE3C130-159, cleaved with Agel (Lanes 2-5).
C. PCR analysis for EBVGFPAE3C130-159 recombinant virus at the junction of the deletion within EBNA3C. D. Cells were transfected
with EBVGFPAE3C130-159. GFP expression levels were monitored by fluorescent microscopy 2 days after transfection. E. Selected
chromatogram of the junction PCR products. Number indicates the position of sequence at B95.8 EBV genome.
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HEK-293T cell lines harboring EBVGFPAE3C130-159
DNA (Figure 2A). Subsequently, the cells were fixed and
immunostained against EBNA1, which confirmed that the
EBVGFPAE3C130-159 DNA stable cell line harbored
the EBV genome (Figure 2C). Furthermore, we examined
the expression of EBNA3C, EBNA1, LMP1 and BZLF1
expression by Western blot (WB) analysis. The expression
patterns of these proteins are shown in Figure 2B. Similar
levels of expression for EBNA1, LMP1 and EBNA3C
proteins were found in EBVGFPAE3C130-159 when
compared to BACEBV-GFPWT indicating that the mutation
had little effect on the stability of EBNA3C. The BZLF1
protein was minimally expressed, suggesting that the stable
cell lines are tightly latent with minimal lytic activities
(Figure 2B).

EBNA3C recombinant deleted for residues
130-159 showed reduced cell growth activity

EBV is a ubiquitous human oncovirus and can
induce cellular transformation of infected cells [21, 22].
The cells harboring the viral genome have an enhanced

capability for driving cell growth. Therefore, to determine
the growth rate of EBVGFPAE3C130-159, transfected
HEK-293T cells were evaluated using cell growth assays
with 0.2 million EBVGFPAE3C130-159 and compared
with BACEBV-GFPWT cells. HEK-293T cells were
seeded in 100 mm petri dish with DMEM plus 5% BGS
and 1 pg/ml puromycin. The dishes were collected at
1, 2, 3 and 4 days, washed and fixed on plates with 4%
Para-formaldehyde and stained with 0.1% crystal violet. The
cells were scanned using a LiCor Odyssey scanner and the
area of cells (pixels) in each dish was calculated using
the Odyssey V3.0 software. Our results demonstrated that
the number of HEK-293T positive EBVGFPAE3C130-159
cells were reduced by 40-70% compared to BACEBV-
GFPWT HEK-293T positive cells at day 3 and 4 (Figure
3A). Therefore, residues 130-159 which binds p53/
Mdm?2 and CyclinD1/Cdk6 complex is important for
EBV-mediated cell growth. We further supported our
observations by performing cell proliferation assays. Our
data demonstrated that cell proliferation was significantly
reduced by greater than 50% by 5 days with A130-159
recombinant when compared with BACEBV-GFPWT
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Figure 2: Characterization of EBVGFPAE3C130-159 stable 293T cell lines. A. HEK-293T cells were transfected with
EBVGFPAE3C130-159 DNA. The transfected cells were split and selected with puromycin. The puromycin-resistant cells were pooled
and passed for 3—4 weeks. The homogenous population of GFP-positive cells harboring EBVGFPAE3C130-159 (AE3C130-159) genome
were obtained. GFP expression levels were monitored by fluorescent microscopy and compared with BACEBV-GFPWT (WT) stabilized
HEK-293T cells B. Western blots for EBNA3C, EBNA1, LMP1 and BZLF1 for the BACEBV-GFPWT and EBVGFPAE3C130-159
stable HEK-293T cell lines. GAPDH was an endogenous control. C. Immunofluorescence analysis for EBNA1 in BACEBV-GFPWT and

EBVGFPAE3C130-159 stable HEK-293T cell lines.
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infected cells (Figure 3C). Therefore, these residues are
important for promotion of cell growth and proliferation.

The recombinant virus EBVGFPAE3C130-159
can infect human PBMCs

Earlier, studies showed that BACEBV-GFPWT
was highly competent for infecting PBMCs [16].
Here we determined whether this recombinant virus
possess the ability to efficiently infect human PBMCs
in vitro. BACEBV-GFPWT and EBVGFPAE3C130-159
expressing HEK-293T cells were induced in the presence
of butyric acid at a final concentration of 3mM and TPA
at a concentration of 20 ng/ml [16]. The supernatant
from cell culture were collected and treated with DNAse.
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The viruses were concentrated by ultracentrifugation
70,000xg at 4°C and the virus stocks were quantified
by qRT-PCR. Equal virus particles were added to 1x10°
PBMCs washed and replaced with complete media.
The infected PBMCs were monitored for GFP signal
using fluorescence microscopy. The concentrated
viruses were used to infect PMBCs and the infected
cells were monitored at 2, 5 and 7 days post infection
(dpi). Importantly, we have found that virion particles
from both BACEBV-GFPWT and recombinant virus was
detected as GFP as early as 2 dpi (Figure 4A). Our results
showed that EBVGFPAE3C130-159 infected PMBCs
showed detectable higher GFP signals compared to
BACEBV-GFPWT at 5 and 7 dpi (Figure 4A). Infected
PBMCs were collected at 2, 5 and 7 dpi for further
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Figure 3: Cell growth assay for BACEBV-GFPWT and EBVGFPAE3C130-159 stable HEK-293T cell lines. A. 1x10°
BACEBV-GFPWT (WT) and EBVGFPAE3C130-159 (AE3C130-159) stable HEK-293T cell lines were plated in DMEM with 5% FBS
and cultured in 37°C incubation with 5% CO,. The medium were removed and the plates were washed by 1x PBS. The cells were fixed
on the plates with 4% formaldehyde and stained with 0.1% crystal violet. The photographs were acquired by Li-Cor Odyssey. B. The
relative density was quantitated using Odyssey V 3.0. The number represents the averages of data from three independent experiments.
2-tailed Student’s ¢-test was performed to evaluate the significance of differences in the mean values, and p values < 0.05 were considered
statistically significant and is denoted by an asterisk *. C. 1 x 103 million BACEBV-GFPWT and EBVGFPAE3C130-159 expressing HEK-
293T cells were subjected to cell proliferation assays by Trypan blue dye exclusion method.
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Figure 11: A model for EBNA3C residues 130-159 of EBV in B-cell proliferation. The schematic shows the vital role of
EBNA3C with CyclinD1/CDK6, MDM2/p53 and pRb/E2F1 binding site within EBNA3C for modulating cell signaling pathways which

ultimately regulating cell proliferation.

MATERIALS AND METHODS

Cells and antibodies

Wild type and mutant viruses expressing HEK-293T
cells were cultured in DMEM with 5% bovine growth serum
(Gibco, Carlsbad, CA). De-identified PBMCs were provided
from the Human Immunology Core at the University of
Pennsylvania. The Core maintains an IRB approved protocol
in which Declaration of Helsinki protocols were followed
and each donor gave written informed consent. PBMCs
were maintained in RPMI with 10% fetal bovine serum
(FBS) (Hyclone, South Logan, Utah). A10 (EBNA3C), S12
(LMP1) hybridoma were described previously [23,44] .
BZLF1 antibody was provided by Martin Rowe, (University
of Birmingham, UK) [45]. EBNAI antibody was purchased
from Advanced Biotechnologies, Inc., Columbia, MD. Mouse
monoclonal anti-p53 antibody (DO-1), mouse monoclonal
antibody reactive to Mdm2 (SMP14) and Mouse antibodies
to CyclinD1 (DSC-6) antibodies were purchased from Santa
Cruz Biotechnology, Inc (Santa Cruz, CA), GAPDH antibody
was obtained from US-Biological Corp. (Swampscott, MA).

Constructs of BACEBV-GFP mutations

BACEBV-GFP were constructed as described
previously [16]. Our protocol was based a method using
positive and negative selection of the galactokinase
expression cassette (galk) [20]. The galk cassette was
amplified from plasmid pga/K using primers 50 bp upstream

and downstream of 130-159 aa domain of the EBNA3C
OREF. Further, 100 bp double strand oligo used to remove
the galk cassette. The primers and oligoes sequence used
for constructing EBV mutation are listed in Supplementary
Table S1. The deletion was confirmed by restriction enzyme
analysis followed by Southern blot analysis. The clone were
further confirmed by junction PCR followed by sequencing.

Induction and purification of recombinant virus

Construct of BACEBV-GFP mutation were
transfected into HEK-293T cells via CaPO, method.
Puromycin (1pg/ml) was then added for selection 24 hrs
after transfection. Three weeks after selection, homogenous
populations of GFP-positive cells harboring EBV episomes
were obtained. The stable cell lines were confirmed by
visualization of GFP protein by immunofluorescence.
Butyric Acid at a final concentration of 3 mM and TPA
(Sigma) at 20 ng/ml was used for lytic induction [16]. Cell
suspensions were centrifuged at 3000 rpm for 20 min and
the supernatant was filtered through a 0.45 pm cellulose
acetate filter. The viral particles were concentrated by
ultracentrifugation at 70,000xg at 4°C and stored at -80°C.

Infection of PBMCs with recombinant EBYV virions

Infection of PBMCs were performed as described
previously [46]. In brief, 1x107 were infected by incubation
with virus suspension in 1ml of RPMI 1640 (with 10% FBS)
medium in the presence of Polybrene at a final concentration
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