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To determine whether latent Epstein-Barr virus (EBV) modifies DNA damage responses in B lymphocytes,
cells were treated with agents either producing DNA cross-links and adducts or generating double-strand

breaks. The cyclin-dependent kinase inhibitor p2

1WAF1

accumulated in mitogen-stimulated primary B cells

following exposure to all genotoxins tested. In contrast, when proliferation was EBV driven, p21"4*! failed to
accumulate after treatment with the DNA adduct-producing agents. The tumor suppressor p53 was stabilized
and phosphorylated after all treatments, irrespective of whether latent EBV was present. This suggests that
regulatory pathways upstream of p53 are unaffected by latent EBV but downstream effectors are altered if DNA

adducts or distortions are involved.

Epstein-Barr virus (EBV) is a gammaherpesvirus that pro-
duces an asymptomatic infection in the majority of the human
population. However, EBV is also associated with a number of
human tumors of B-cell origin, including Burkitt’s lymphoma,
some types of Hodgkin’s lymphoma, and immunoblastic B
lymphoma in the immunosuppressed. Although the precise
contribution that EBV makes to the development of these
diseases is not yet known, it has been suggested that interfer-
ence with cell cycle checkpoints and responses to DNA dam-
age by EBV may play an important role in B lymphomagenesis
(reviewed in reference 11).

In vitro, EBV has the ability to infect and transform primary
B cells into continuously proliferating lymphoblastoid cell lines
(LCLs) that have a pattern of viral gene expression known as
latency III. This is characterized by the expression of nine viral
proteins: six EBV nuclear antigens (EBNAL, -2, -3A, -3B, -3C,
and -LP) and three latent membrane proteins (LMP1, -2A, and
-2B). Additional RNA species (the EBV-encoded RNAs and
the BamH1A rightward transcripts) are also expressed during
latency III (3).

Generally, oncogenic viruses are able to disrupt cell cycle
checkpoints that are induced by genotoxic stress (reviewed in
reference 11). Although the tumor suppressor p53 is one of the
major targets of other oncogenic viruses, several studies indi-
cate that EBV does not specifically target p53 in LCLs (1, 2,
12). Nevertheless, recent studies have demonstrated that al-
though not directly targeting p53, EBV may still interfere with
cell cycle checkpoints at both G,/S and G,/M (7, 12, 17). Also,
it has been suggested that EBV might target upstream path-
ways involving Chk2 and may alter the stability of p53 (7, 14).

We previously showed that during cisplatin-induced geno-
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toxic stress in normal B cells, EBV suppresses a checkpoint
downstream of p53 by preventing the inactivation of Cdk2 by
p21WVAFL This involves the modulation of p21WAF! stability
and can result in the cells undergoing apoptosis (12). However,
when normal proliferating B cells respond to gamma irradia-
tion (y-IR), p21WAF! protein accumulates and the cells un-
dergo cell cycle arrest irrespective of whether EBV is present
(4, 12). Here we explore further this selective facility of latent
EBV gene expression to modulate DNA damage responses.

Genotoxic agents producing different types of damage
induce different responses in EBV-immortalized LCLs. Cis-
platin is a bifunctional alkylating agent that forms intra-
strand and interstrand DNA cross-links, mono-adducts, and
DNA-protein adducts, all of which lead to distortions of the
DNA double helix (5). In contrast, y-IR largely disrupts
phosphodiester bonds, leading to single-strand breaks and
double-strand breaks (DSBs) in DNA (10). In order to test
the hypothesis that EBV latency III gene expression modu-
lates responses associated with DNA cross-linking and ad-
duct formation, but not responses to agents that induce
other types of damage such as DSBs, a selection of geno-
toxic agents was investigated.

Three newly established LCLs (each produced by EBV in-
fection of primary B cells from mixed donors and cultured for
less than 3 months) were treated with mitomycin C and mel-
phalan, two unrelated drugs that, like cisplatin, are bifunc-
tional alkylating agents and generate DNA cross-links and
adducts (6, 15). The same LCLs were also treated with the
radiomimetic drug bleomycin or the topoisomerase II inhibitor
etoposide, which, like y-IR, can induce DSBs (but not cross-
links) in DNA (10). The responses of cells were monitored by
Western immunoblotting using antibodies directed against
p53, p21WVAF! "and poly(ADP-ribose) polymerase (PARP), us-
ing techniques described previously (12, 17). The cell cycle
distribution was monitored by flow cytometry after staining
with propidium iodide, also as described previously (12, 17).
Figure la and b show the responses of a representative LCL
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FIG. 1. Genotoxic agents that produce different types of DNA damage induce different responses in LCLs. (a) Protein was extracted from
untreated cells and cells exposed to a variety of genotoxins for the number of hours indicated. After resolution by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the levels of p53, p21WAF! and PARP were analyzed by Western blotting. The presence of a lower-molecular-
weight cleaved fragment of PARP is shown as an indication of caspase activity. (b) The distribution of ED-LCL cells throughout the cell cycle was
analyzed by flow cytometry after exposure to the same panel of genotoxins. Samples were stained with propidium iodide to reveal the DNA content.
Cells in G, (with a 2N DNA content) were set at 200 on the FL2-A axis, and those in G, (with 4N DNA) were set at 400. A DNA content of less
than 2N (<G1) indicates cells that are probably in the late stages of apoptosis. (c) Normal peripheral B cells stimulated to proliferate with
CDA40L/IL-4 were treated with melphalan or mitomycin C and analyzed as for panel a. Gamma-tubulin was used as a loading control. Genotoxic
agents used: Cp, cisplatin (Faulding Pharmaceuticals) (10 wg/ml); Mel, melphalan (Glaxo-Wellcome) (10 pg/ml); MMC, mitomycin C (Sigma) (10
wg/ml); v, gamma irradiation (850rads); Bleo, bleomycin (Kyowa Hakko [United Kingdom] Ltd.) (351U/ml); Eto, etoposide (PCH Pharmachemie)
(10 pg/ml). Primary antibodies used: anti-p53 MAb (DO1) and anti-p21VAF! (§X118) (both gifts from Xin Lu, Ludwig Institute, London, United
Kingdom), anti-PARP rabbit polyclonal antibody (Roche), and anti-y-tubulin MAb (Sigma).

(essentially similar responses were seen in the other two LCLs
[data not shown]). Consistent with the hypothesis, melphalan
and mitomycin C both produced a response very similar to that
induced by cisplatin. That is, they induced the accumulation of
p53, but this was not accompanied by an increase in p21WVAF!
protein. The outcome was that after 24 h, 25 to 30% of the cells
exhibited a sub-G; cell cycle distribution and proteolytic cleav-

age of PARP, indicative of caspase activation and apoptosis. In
contrast, treatment with y-IR, bleomycin, or etoposide induced
both p53 and p21WAF! and the cells accumulated in both the
G, and G, phases of the cell cycle (y-IR and bleomycin) or
only in G, (etoposide), indicative of cell cycle arrest.

In order to demonstrate that melphalan and mitomycin C can
increase p53 and p21WAT! expression when EBV is absent, pri-
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FIG. 2. Latent EBV does not alter modifications of p53 or upstream signaling in response to the DNA cross-linking agent cisplatin. (a)
Schematic showing the major phosphoserines on p53 and the kinases responsible for their phosphorylation during DNA damage stress
responses. (b) EBV-driven (LCL) or CD40L/IL-4-stimulated B cells were treated with 10 wg/ml cisplatin and harvested at 4-hour intervals.
Protein extracts were analyzed by Western blotting with antibodies that recognize p21WAF! (SX118), p53 (DO1), or individual phosphory-
lated serines (S) on p53. The phospho-specific antibodies against p53 (serines 15, 20, 37, 46, and 392) were all supplied by Cell Signaling
Technology. PCNA was used as a loading control (using MAb PC10, a gift from Xin Lu, Ludwig Institute, London, United Kingdom). (c)
The ATM/ATR-Chk1/2 pathways are activated in B cells exposed to cisplatin. Following treatment with 10 wg/ml cisplatin, EBV-driven or
CDA40L/IL-4-driven B cells were harvested at the indicated intervals, and protein was extracted and analyzed by Western blotting.
Gamma-tubulin was included as a loading control. S, serine; T, threonine. The phospho-specific antibodies against Chk1 (S345), Chk2 (T68),
and ATM (s1981) were all from Cell Signaling Technology. MAbs against cdc25A (F-6) and Chkl (G-4) and polyclonal antibodies against

Chk2 (H-300) and cdc25C (C-20) were from Santa Cruz.

mary B cells induced to proliferate by the T-cell-derived mitogens
CD40 ligand and interleukin-4 (IL-4) as described previously (12,
13) were treated and analyzed as described above. Figure 1c
shows that both drugs induced an accumulation of both p53 and
p21WAF! in EBV-negative proliferating normal B cells.

These results are all consistent with EBV differentially reg-
ulating the responses of B cells to DNA damage. They confirm
that in normal B cells treated with agents producing DNA
strand cross-links, adducts, and distortions, EBV suppresses
the accumulation of p21WAF! but it has no obvious effect in
cells responding to DNA strand breaks.

Latent EBV has no effect on the stabilization or phosphory-
lation of p53 at major serine residues after genotoxic stress. In
response to several forms of stress, p53 is phosphorylated at
multiple serine residues by a number of kinases (Fig. 2a).
Phosphorylation at serines 15, 20, and 37 promotes the stabi-
lization and activation of p53; serine 46 is thought to be in-
volved in the regulation of p53-mediated apoptosis, and mod-
ification of serine 392 influences the DNA-binding capacity of
p53 (8,9, 16). It has been proposed that EBNA1 may lower p53
levels during stress, because it can bind to the cellular factor
USP7/HAUSP and potentially disrupt its interaction with p53
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FIG. 3. Phosphorylation on p53 is largely unaltered by the type of DNA damage and unaffected by EBV gene expression. LCL or CD40L/
IL-4-stimulated primary B cells were exposed to either melphalan (Mel), mitomycin C (MMC), or bleomycin (Bleo) as described in the legend to
Fig. 2. Protein extracts were Western blotted and probed with antibodies specific to individual phosphoserines on p53.

(14). Furthermore, it has been suggested that EBNA3A might
modulate the activity of the checkpoint kinase Chk2, since
these proteins can be coimmunoprecipitated (7). We therefore
explored events upstream of p53 accumulation.

The kinetics of accumulation of total p53 and its main phos-
phoderivatives were compared in an LCL and in CD40L/IL-4-
driven primary B cells driven to proliferate by CD40 ligand and
IL-4 following treatment with cisplatin. As predicted, there was
an accumulation of p21"™A" in the mitogen-driven cells but
not the LCL cells. However, Western blot analysis of p53 with
a pan-specific anti-p53 monoclonal antibody (MAb) and phos-
pho-specific antibodies against various phosphoderivatives
revealed no significant differences in the timing of their ap-
pearance when CDA40/IL-4-driven cells were compared with
EBV-driven LCL cells (Fig. 2b). These data strongly suggest that
EBV latency III gene expression has little or no effect on the
DNA damage response and signaling pathways upstream of p53.
To reinforce this, similar Western blots were probed with anti-
bodies specific for components of upstream pathways (Fig. 2c).
Levels of activated, phosphorylated ATM, Chkl, and Chk2
kinases increased with similar kinetics in both B-cell popula-
tions after exposure to cisplatin. Consistent with these data, the
level of cdc25A, which is phosphorylated and thus marked for
degradation by active Chk2, decreased in both EBV-positive
and -negative populations. We conclude that major DNA dam-
age response pathways functioning upstream of p53 and trig-

gered by cisplatin are not significantly affected by EBV latent
gene products.

Similar patterns of p53 phosphorylation are produced by
two classes of DNA-damaging agents, and neither is altered by
EBV. The responses of p53 in EBV-positive and EBV-negative
normal B cells to the cross-linking agents melphalan and mito-
mycin C were compared with those in similar cells responding
to the DSB-inducing agent bleomycin (Fig. 3). Stabilization
and phosphorylation of p53 were apparently unaffected by
EBV gene expression. The only residue that was not consis-
tently phosphorylated under all circumstances was serine 46.
This was not detectably phosphorylated in either LCLs or
mitogen-stimulated B cells treated with bleomycin for 16 h.
This serine was, however, phosphorylated in cells exposed to
melphalan and mitomycin C for a similar period. Since phos-
phorylation of serine 46 is specifically associated with transac-
tivation of pS3AIP1 and the induction of apoptosis (9), this
result is consistent with the bleomycin-treated cells arresting
rather than dying (Fig. 1 and data not shown).

p53 target genes are activated to similar extents in EBV-
positive and EBV-negative B cells responding to cisplatin.
Finally, to show that p53 transactivates target genes as effi-
ciently in the presence of EBV as in its absence, the levels of
p21WVAFL and GADD45B mRNAs extracted from B cells
treated with cisplatin were determined by quantitative real-
time PCR. The results (Fig. 4a and b) indicate that EBV has no
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FIG. 4. Quantitative real-time PCR analysis of mRNA corresponding to (a) p21™4F! and (b) GADD45B extracted from LCL or CD40L/IL-
4-stimulated B cells at the times indicated after exposure to cisplatin. (Error bars indicate standard deviations.) There are no significant differences
between the increases in transcription of these p53-responsive genes with or without latent EBV. (c) Summary of responses described in this study.
Genotoxins that produce DSBs induce p21WAF! accumulation in B cells, regardless of latent EBV; in contrast, genotoxins that induce cross-links
and DNA distortions induce p21¥A¥! only in the absence of EBV. Generally, when there was an increase in p21WAF! the cells underwent cell cycle

arrest, but sometimes (*) there was also some apoptosis detected.

significant effect on p53-mediated transactivation of the
p21WAF! or GADD45B gene. While these data do not rule out
the possibility that up-regulation might involve factors other
than p53 (e.g., p73), they confirm that the EBV-mediated de-
regulation of p21WAF* is posttranscriptional and are consistent
with previous data showing that deregulation is at the level of
p21WA protein turnover (12). Taken together with our pre-
vious demonstration that latent EBV does not prevent the
induction of hMDM?2 after p53 activation (2, 12), these results
indicate that EBV does not impair the ability of activated p53
to enhance transcription of target genes or nonspecifically
block the accumulation of pS3-induced proteins.

In summary, EBV, by suppressing the accumulation of the

cyclin-dependent kinase inhibitor p21"VAF!, modulates a check-

point induced by agents that cause DNA cross-links and the
formation of adducts. However, EBV appears to have no effect
if other forms of DNA damage are involved (summarized in
Fig. 4c). A discussion of which EBV latency gene products
might be involved in these phenotypes has been presented
elsewhere (11). Irrespective of the nature of the insult, the
phosphorylation, stabilization, and activation of p53 appear to
be unaffected by EBV in LCLs. We can only assume that the
data presented here differ from the report suggesting that
EBNAI might affect p53 turnover (14) because we have exam-
ined responses in B cells expressing EBNAI from latent EBV.
In contrast, the results of Saridakis and colleagues (14) were
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obtained when EBNAL1 was (over)expressed from plasmids in
carcinoma or osteosarcoma cells and therefore removed from
the context of EBV latency.

We thank the Wellcome Trust for their financial support of this
research.
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