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Abstract

Latent infection by Epstein-Barr virus (EBV) is highly associated with the endemic form of Burkitt lymphoma (eBL), which
typically limits expression of EBV proteins to EBNA-1 (Latency ). Interestingly, a subset of eBLs maintain a variant program of
EBV latency - Wp-restricted latency (Wp-R) - that includes expression of the EBNA-3 proteins (3A, 3B and 3C), in addition to
EBNA-1. In xenograft assays, Wp-R BL cell lines were notably more tumorigenic than their counterparts that maintain
Latency |, suggesting that the additional latency-associated proteins expressed in Wp-R influence cell proliferation and/or
survival. Here, we evaluated the contribution of EBNA-3A. Consistent with the enhanced tumorigenic potential of Wp-R BLs,
knockdown of EBNA-3A expression resulted in abrupt cell-cycle arrest in GO/G1 that was concomitant with conversion of
retinoblastoma protein (Rb) to its hypophosphorylated state, followed by a loss of Rb protein. Comparable results were seen
in EBV-immortalized B lymphoblastoid cell lines (LCLs), consistent with the previous observation that EBNA-3A is essential
for sustained growth of these cells. In agreement with the known ability of EBNA-3A and EBNA-3C to cooperatively repress
p142%F and p16™N**? expression, knockdown of EBNA-3A in LCLs resulted in rapid elevation of p14*fF and p16™¥“2. By
contrast, p16™*? was not detectably expressed in Wp-R BL and the low-level expression of p14*fF was unchanged by
EBNA-3A knockdown. Amongst other G1/S regulatory proteins, only p21WAF<P! 3 potent inducer of G1 arrest, was
upregulated following knockdown of EBNA-3A in Wp-R BL Sal cells and LCLs, coincident with hypophosphorylation and
destabilization of Rb and growth arrest. Furthermore, knockdown of p21WVAF<IP1 expression in Wp-R BL correlated with an
increase in cellular proliferation. This novel function of EBNA-3A is distinct from the functions previously described that are
shared with EBNA-3C, and likely contributes to the proliferation of Wp-R BL cells and LCLs.
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Introduction

Epstein-Barr virus (EBV) infection of primary B cells results in
sustained cellular proliferation and immortalization of infected cells
in vitro, through the expression of the viral latency-associated genes:
EBV nuclear antigens (EBNAs) 1, 2, 3A, 3B, 3C and LP, latent
membrane proteins (LMPs) 1, 2A and 2B, as well as a number of
small noncoding viral RNAs and miRNAs, a program of viral gene
expression known as Latency III (reviewed in [1]). In vivo, a highly
restricted program of EBV latency is ultimately established - the
Latency I or Latency 0 program (little or no viral protein expression)
- within infected B cells that enter the resting memory cell pool,
which serves as the long-term reservoir of the virus [2]. Selective
expression of the viral genome-maintenance protein EBNA-1 in
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Latency I is required to sustain infection during periodic
proliferation of these cells for their self-regeneration; Latency I is
also maintained by EBV-positive Burkitt lymphoma (BL) and BL-
derived cell lines. During establishment of Latency III upon primary
infection of B cells, the mRINAs encoding the six EBNAs originate
initially from a common B-cell-specific EBNA-gene promoter, Wp,
and subsequently an upstream EBNA-2-activated promoter, Cp [3—
5]. As viral gene expression transitions to the more restricted
programs of EBV latent-gene expression (e.g., Latency I), Wp and
Cp become epigenetically silenced and the exclusive expression of
EBNA-1 originates from the promoter Qp [6,7].

Latent EBV infection is believed to play an etiologic role in
approximately 98% of cases of endemic BL (reviewed in [8,9]).
While Latency I is maintained in the majority of EBV-positive BL,
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Author Summary

Epstein-Barr virus (EBV) infects over 98% of the population
worldwide and is associated with a variety of human
cancers. In the healthy host, the virus represses expression
of its proteins to avoid detection by the immune system to
enable it to remain in the body for the lifetime of its host, a
situation known as latency. This downregulation was first
observed in EBV-associated Burkitt lymphoma (BL), which
classically express only one viral protein, EBNA-1. A subset
of BL named Wp-restricted (Wp-R) BL express additional
latency-associated viral proteins. Because Wp-R BL also
express wild-type p53 (which normally prevents cellular
proliferation), we wanted to explore the possibility that
these viral proteins play a role in tumorigenesis. Indeed,
we have demonstrated that Wp-R BL cells are more
tumorigenic in immunocompromised mice than other BL.
Here, we have investigated the role of one of these viral
proteins, EBNA-3A. If we inhibit the expression of EBNA-3A,
Wp-R BL cells fail to proliferate and express increased
p21WAFI/CIPT "5 cellular protein that inhibits cell prolifera-
tion. These results suggest that this previously unde-
scribed function of EBNA-3A plays a role in the prolifer-
ation and likely contributes to tumorigenesis in Wp-R BL.

a subset accounting for as many as 15-20% of BL cases support an
intermediate program of latency in which latent gene transcription
originates from Wp, and is referred to as Wp-restricted (Wp-R)
latency [10]. Wp-R BL tumors contain both wild-type and deleted
genomes, in which all of EBNA-2 and a portion of the EBNA-LP
open reading frames are deleted [10]. Furthermore, the wild-type
genomes are silenced and are lost upon n vitro culture, while the
deleted genomes persist and result in the expression of a truncated
EBNA-LP in addition to EBNA-1 and the EBNA-3s [10]; LMP-1
and LMP-2 proteins, however, are not expressed, presumably due
to loss of EBNA-2-mediated activation of their promoters. In
addition, the deletion places BHRF1, a viral homologue of anti-
apoptotic Bcl2 protein that is primarily expressed during lytic
replication, in closer proximity to Wp, resulting in increased
latency-associated BHRF1 expression [11-14]. Importantly, per-
sistence of the Wp-R genomes, but not wild-type, genomes,
suggests that there is selective pressure for the deleted genome,
likely due to the expression of an expanded repertoire of latency-
associated proteins that contribute to tumorigenesis.

Both Latency I and Wp-R BL display the hallmark chromo-
somal translocations that lead to MYC overexpression (reviewed in
[8]). While MYC efficiently drives cellular proliferation, it also
induces apoptosis through the induction of ARF expression
(p19ARF in mice and pl4ARF in humans) [15], which binds to
and inhibits HDM2 resulting in stabilization of p53 [16-19]. Not
surprisingly then, the ARF-HDM2-p53 pathway is frequently
inactivated in BL tumors as well as in mouse models of BL
(reviewed in [20]) [21]. By contrast (although the numbers are
few), the recently identified Wp-R BL cell lines (Sal, Oku and Ava)
have wild-type p53 and express pl14*RF [22], suggesting that the
additional EBV gene products in Wp-R BL may function to
overcome the p53 pathway thereby inhibiting apoptosis and/or
facilitating proliferation, and indeed Wp-R BL exhibit increased
apoptotic resistance relative to Latency I BL [23].

Of the EBV proteins expressed in Wp-R BLs, only EBNA-3A
and EBNA-3C are known to promote proliferation. Although the
EBNA-3 proteins (-3A, -3B and -3C) are presumed to have arisen
from gene duplication [24-26], EBNA-3A and 3C are essential for
naive B cell immortalization (EBNA-3B is dispensable) [27,28] and
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for the continued proliferation of the resulting lymphoblastoid cell
lines (LCLs) [29-30], likely contributing to transcriptional
regulation of cellular genes. Through their association with both
common (such as CBF1 [31-34] or CtBP [35,36]) and unique
cellular transcription factors [37], EBNA-3A and -3C regulate
cellular genes that are relevant to the pathogenesis of EBV and
possibly the development of Wp-R BL [11,22,38-44]. For
example, EBNA-3A and EBNA-3C cooperatively repress Bim
[11,22,40] and the CDKN2A locus encompassing the inhibitors of
G1/S progression, pl4**F and the CKI pl6™"* in LCLs
[39,41,42], with the latter being the primary target of EBNA-3C
during EBV-mediated immortalization of primary B lymphocytes
[44].

Wp-R BL provide a unique opportunity to evaluate the
functions of the EBNA-3 proteins in the absence of EBNA-2
and LMP1/2, which affect proliferation and/or survival [45-51],
and define their contribution to Wp-R BL. Here, we demonstrate
that Wp-R BL exhibit enhanced tumorigenicity relative to their
counterparts that maintain Latency I. Using RNAi to knockdown
expression of EBNA-3A, we determined that EBNA-3A is essential
for continued proliferation of Wp-R BL cells i wvitro, with
reduction of EBNA-3A resulting in G0/G1 cell-cycle arrest,
followed by apoptosis. Loss of proliferation is coincident with loss
of hyperphosphorylation and subsequent depletion of Rb,
suggesting that EBNA-3A may affect the expression or activity
of cyclin/CDK complexes. Indeed, expression of the cyclin-
dependent kinase inhibitor (CKI), p2 1WA P! hue not p144RF
or pl16™5* increased following EBNA-3A knockdown in Wp-R
BL, and knockdown of p21 “VATVCIP! pegiored proliferation.
Moreover, our findings with p21"VA*!/“"1 yere conserved within
LCLs, in which p53 is wild-type and the full repertoire of latency-
associated proteins are expressed. We have, therefore, identified a
novel function of EBNA-3A, distinct from those that it shares with
EBNA-3C, whereby EBNA-3A regulates p21 WA/ CIP! protein
expression to maintain Rb in its inactive, hyperphosphorylated
state to promote cell-cycle progression.

Results

Wp-R BL cells possess greater tumorigenic potential

The significant frequency of Wp-R BLs carrying a common
deletion within their endogenous EBV genomes suggests that the
expanded repertoire of EBV gene products may contribute to
tumorigenesis, most likely through effects on cell proliferation
and/or survival. Indeed, the BHRF1 protein imparts significant
resistance to apoptosis [12,23,52]. To begin to address this
possibility, we performed xenograft assays comparing two Wp-R
BL cell lines (Oku and Sal) with a standard Latency I BL cell line
(Kem I) (Fig. 1). While tumors did not arise in mice injected with
EBV-negative Akata BL cells (negative control), the average time
to tumor development (2 cm in diameter) in mice injected with
Latency I BL cells (Kem I) was 55 days, consistent with analysis of
Latency I BLs in previous studies [53,54]. By contrast, pea-sized
tumors were detected as early as 12-14 days in mice injected with
Wp-R BL cells, that reached 2 cm in diameter in an average time
of 20 days, significantly sooner than the tumors derived from BL
cells that maintain Latency I (p<<0.001). This finding suggested
that the additional EBV gene expression in Wp-R BL has a
substantial influence on tumorigenic potential, at least within the
context of this particular form of BL.

EBNA-3A is essential for the proliferation of Wp-R BL cells

To specifically determine the potential contribution of EBNA-
3A, we generated two distinct shRNAs that target different regions
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Figure 1. Wp-R BL cells have increased tumorigenic potential.
SCID mice were injected with EBV-negative Akata BL cells (Akata™) on
one flank and either Kem | (Latency I) or Wp-R Sal or Oku BL cells on the
opposite flank. The endpoint for tumor formation was set at 2 cm in
diameter. No tumors developed on flanks injected with Akata™ cells.
The time to tumor development for Wp-R BLs (Sal or Oku) was
statistically different (p<<0.001 using either student’s T test or Mann-
Whitney U test) from Latency | (Kem I).
doi:10.1371/journal.ppat.1004415.9001
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of the EBNA-3A mRNA to identify specific effects rather than off-
target effects. Because we are unable to achieve 100% transfection
efficiency, shRNAs were expressed from a vector containing a
selectable marker and the EBV origin of latent DNA replication,
oriP, which allows for stable episomal maintenance of the plasmid
in EBNA-1-expressing cells. Following transfection, cells were
placed in media containing G418 for the duration of the
experiment to inhibit proliferation of untransfected cells (transfec-
tion efficiency was typically 75-80% as determined by flow
cytometry for GFP 48 hours post-transfection). Introduction of
either EBNA-3A-specific ShRNA (shRNAs 1490 and 601) into the
Wp-R BL cell line Sal resulted in the specific knockdown of
EBNA-3A as early as 2 days post-transfection but maximal by 4
days post-transfection (Fig. 2A). Concomitant with EBNA-3A
knockdown, cells that received an EBNA-3A-specific shRNA, but
not the empty shRNA expression vector (oriP-GFP) or two control
shRNAs (shRNA3A-C1 and shRNA3A-C2), ceased to expand
(Fig. 2B). To ensure that the requirement for EBNA-3A was not
specific to the Sal cell line, the experiment was repeated with a
second Wp-R BL cell line, Oku, with equivalent results (Fig. S1).
Oku cells survived transfection more poorly than Sal cells, and
thus, most of our downstream analysis was performed with Sal
cells. However, the loss of proliferation in Sal cells following
knockdown of EBNA-3A was so rapid that very few cells could be
obtained in each experiment, making downstream analysis
challenging. Though not all cellular pathways could be examined
in a single experiment, each experiment included verification of
EBNA-3A knockdown and loss of proliferation in addition to
analysis of other proteins and was repeated multiple times with
both EBNA-3A targeting shRNAs to determine the mechanism by
which EBNA-3A promotes the capacity of Wp-R BL cells to
expand i vitro. Notably, we observed no effect of the EBNA-3A-
targeting shRINAs when expressed in an EBV-negative BL cell line
(Louckes) that we engineered to express EBNA-1 for maintenance
of the oriP vector (Fig. $2). Importantly, no changes were
observed in the expression of EBNA-3C (Fig. 2A), and knock-
down of EBNA-3C in Wp-R BL cells did not result in a loss of
proliferation, suggesting that EBNA-3A possesses a unique
function in Wp-R BL.
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Apoptosis follows the loss of EBNA-3A-dependent
cellular expansion

While inhibition of cellular expansion could be the result of
increased apoptosis and/or decreased cellular proliferation, we
noticed a progressive loss of cell viability associated with EBNA-3A
knockdown beginning at 5 days post-transfection (Fig. 3A). These
cells exhibited morphological changes consistent with apoptosis,
and cleavage of poly-ADP-ribose polymerase (PARP) and Lamin
B, both of which are substrates of the apoptotic caspase enzymes
[55-58]. Cleavage of PARP and Lamin B was readily detectable
by 6 days post-transfection, but was most prominent at 7-8 days
(Fig. 3B), correlating with the increased loss of cell viability.
Given that the proliferation of BL cells is largely driven by
deregulated expression of MYC [59,60], which can also induce
apoptosis [61], we considered the possibility that these changes
were mediated through alterations in the levels of MYC, though
we found this not to be the case (Fig. 3C). Because BHRF1 was
not decreased following EBNA-3A knockdown and EBNA-3A is
known to repress expression of the pro-apoptotic protein Bim in
LCLs [11,22,40], we considered that increased Bim expression
could be mediating apoptosis. As shown in Figure 3C, cells
expressing either EBNA-3A-specific shRNA exhibited increased
levels of Bim by 6 days post-transfection, i.e., after the loss of
cellular expansion, but in parallel with increased apoptosis. Thus,
at least one contribution of EBNA-3A that is likely to affect
tumorigenic potential in Wp-R BL is an inhibition of apoptosis
mediated by its repression of Bim expression.

EBNA-3A promotes G1/S cell-cycle progression and
maintenance of Rb hyperphosphorylation independent
of p14*% and p16™* repression in Wp-R BL

Although reduction of EBNA-3A clearly resulted in progressive
cell death, the loss of cell expansion occurred more rapidly,
suggesting that the immediate effect of EBNA-3A knockdown was
more likely a decrease in proliferative capacity. We therefore
assessed whether knockdown of EBNA-3A caused an arrest at a
specific phase of the cell cycle. Notably, as early as 3 days post-
transfection, EBNA-3A-deficient cells arrested in the GO/Gl1
phase of the cell cycle (Fig. 4 and Table S1). By contrast, the cell
cycle profile of cells transfected with the empty shRNA expression
vector did not change (Fig. 4 and Table S1), and was similar to
results obtained with expression of a control shRINA that was not
EBNA-3A-specific (Table S1). These data suggested that EBNA-
3A was likely affecting a regulator of the G1/8S restriction point.

Unlike many tumors, p53 is wild-type in Wp-R BL [22] and Rb
is expressed and an appropriate size for wild-type protein,
suggesting that it too is wild-type. Both play major roles in
controlling the G1/8 transition, and could be affected by EBNA-
3A-enforced changes in pl4*™ and pl16™E*  expression
[39,41,42]. Therefore, we anticipated that the proliferative
advantage provided by EBNA-3A would likely be due to its
ability to repress pl4°%Y and pl16™* expression as formerly
observed in LCLs. Surprisingly, levels of p14**" in Sal Wp-R BL
cells were low and remained unaltered following knockdown of
EBNA-3A, whereas pl6™** was undetectable regardless of
EBNA-3A level (Fig. 5). We next analyzed the expression of
p33 itself. Unlike mutant p33, wild-type p53 does not generally
accumulate to high levels, yet we found that p53 was highly
expressed in Wp-R BL (Fig. 6), suggesting the possibility that
either p53 had acquired a mutation or is functionally repressed in
these cell lines. To ensure that the p53 gene in Sal and Oku cells
maintained within our laboratory had not accumulated mutations,
we assessed the nucleotide sequence of the p53 gene within our cell
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Figure 2. EBNA-3A is essential for proliferation of the Wp-R BL cell line Sal. Sal BL cells were transfected with empty vector (oriP-GFP), oriP-
GFP encoding non-EBNA-3A-targeting control shRNA (C1 and C2), or two different EBNA-3A-specific ShRNAs (1490 and 601). (A) EBNA-3A and EBNA-
3C expression at 4 days post-transfection was monitored by immunoblotting; Lamin B served as a loading control. Untransfected cell lysate was also
analyzed (unTF). (B) The average number of live cells per mL was analyzed beginning two days post-transfection. Cells were counted daily and
reseeded every two days (as indicated by vertical arrows). Results shown are an average of two independent experiments performed in triplicate.
Knockdown of EBNA-3A resulted in statistically significant effects on cell growth (shRNA3A-1490 p<<0.001; shRNA3A-601 p =0.005, both compared to
the average of three control groups). In one experiment, shRNA3A-1490-containing cells could only be maintained for 7 days, resulting in data from
only a single experiment performed in triplicate for the 8-day data point.

doi:10.1371/journal.ppat.1004415.g002

stocks and found it to be wild-type [62]. Moreover, p53 was likely
transcriptionally active given the appreciable expression of two
downstream targets, HDM?2 [63] and the p53 upregulated
modulator of apoptosis (PUMA) [64] (Fig. S3). Thus, no changes
were observed in either the levels of p53, PUMA or HDM2 that
correlated with the onset of cell-cycle arrest. In most experiments,
an increase in p53 was seen several days after cell cycle arrest (7-8
days), particularly upon knockdown of EBNA-3A with shRNA3A-
1490, which initiated a more rapid arrest than did shRNA3A-601
(Fig. S4). These data suggest that changes in p53 expression likely
occurred subsequent to the loss of cellular proliferation and
promote the late increase in apoptosis that we observed.

Because EBNA-3A did not appear to be affecting proliferation
through p33, pl4ARF or pl6INK43, we considered whether EBNA-
3A was affecting Rb, another key regulator of the G1/8 transition.
Because phosphorylation controls the activity of Rb, we
determined the level of its phosphorylation by immunoblot
analysis; while the slower migrating species of Rb is generally
accepted to be the hyperphosphorylated species, we confirmed the
identity by immunoblotting with an antibody that specifically
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recognizes phosphorylation of serine residues 807 and 811. Rb was
highly expressed and predominantly hyperphosphorylated in both
Wp-R BL cell lines (Sal, Fig. 7A; Oku, Fig. S1A). At ecarly times
following transfection with vectors encoding EBNA-3A-specific
shRNAs, we observed the appearance of a prominent hypopho-
sphorylated Rb species, as well as a corresponding decrease in
hyperphosphorylated Rb (Fig. 7A and Fig. 1A), consistent with
growth arrest in G1 (Fig. 4 and Table S1). Surprisingly, we also
observed an overall decrease in total Rb levels that was modest at
early times post-transfection, but increased over time until little to
no Rb was detected (Fig. 7B). Importantly, the loss of protein
expression was specific to Rb, since we did not observe a decrease
in other cellular or viral proteins, including p53 whose half-life is
generally short (5-20 min for wild-type p53) [65].

EBNA-3A represses expression of p21WAF/<P1 in Wp-R BL
cells

Because Rb phosphorylation is controlled by the G1 cyclin-
CDK complexes and their negative regulators, CKlIs, we
hypothesized that to promote proliferation EBNA-3A was likely
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Figure 3. Reduced EBNA-3A expression is associated with increased expression of Bim and cell death. (A) The percentage of dead cells
was measured following knockdown of EBNA-3A in two independent experiments performed in triplicate, and was determined to differ significantly
between groups using Tukey’s test on pairwise comparison at each time point. The controls were combined as one group for analysis. Cells
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expressing shRNA3A-1490 at days 3-7 were statistically different from control group at day 3 (p=0.024) and days 4-7 (p<<0.001). Those expressing
shRNA3A-601 were statistically different from the control groups at day 4-8: day 4, p<<0.001; day 5, p=0.005; days 6-8, p<<0.001. Cells expressing
shRNA3A-1490 at days 5-7 were also statistically different from those expressing shRNA3A-601 at day 4 (p=0.010), and days 5-7 (p<<0.001).
Immunoblot detection of (B) PARP and Lamin B (loading control) and (C) Bim, and GAPDH (loading control).

doi:10.1371/journal.ppat.1004415.9003

influencing the expression or activity of one (or more) of these
factors. We first analyzed the expression of CDKs 2, 4 and 6, and,
although the expression was somewhat variable between trans-
fected cell populations, we found no consistent changes in
expression in those populations upon knockdown of EBNA-3A
(Fig. S5 A & B). Consistent with a previous report of the Wp-R
BL cell line P3HR-1 [66], cyclin D3 appeared to be the
predominant cyclin D isoform in Wp-R BL, with no detectable
expression of either cyclin D1 (Fig. 85 B & C) or D2. No
consistent changes were observed, however, in either the levels of
cyclin D3 or cyclin E following knockdown of EBNA-3A (Fig. S5
A-C).

Given that EBNA-3A promoted G1/8 phase progression but did
not upregulate G1 cyclins or CDKs, we evaluated the expression of
the CIP/KIP family of CKIs including, p21*"AF!/ P po7KIF1
and p57%™? whose elevated expression could mediate inactivation
of cyclin D-CDK4/6 or cyclin E-CDK2 complexes (reviewed in
[67]). Neither p27°™" (Fig. 8A) nor p57°™? (unpublished data)
were upregulated following knockdown of EBNA-3A. Significantly,
however, we did detect increased levels of the potent pan CKI
pQIWAFl/ClPl, which is capable of repressing both cyclin D and
cyclin E-containing complexes and inducing G1 cell cycle arrest
(Fig. 8B) [68-73]. The increases in p2 |WAFL/CIPL (vere modest at 2
days post-transfection, but substantially elevated (4.5-fold) by 4 days
post-transfection (Fig. 8B). Expression of p21"VAT/CIPL can be
upregulated by the EBV productive cycle transactivator Zta [74—
76], but Zta protein was undetectable in Sal cells regardless of the
levels of EBNA-3A (Fig. 86). Given that a loss of proliferation
was observed between 3—4 days following expression of EBNA-
3A-specific shRNAs (Fig. 2B), the timing of the increases in
p2 IWAFI/CIPL g1 6\ in Figure 8B is consistent with a role in the
G1 cell-cycle arrest that we observed (Fig. 4). Together, these
data suggest that the increase in p21WA" <1 g Jikely specific to
the reduction in EBNA-3A expression.

To determine whether the elevated expression of p2
was responsible for the loss of proliferation we observed, we
employed LNA longRNA GapmeRs (Exiqon) that specifically target
the p21WAFVCTP ganscript [77]. If the elevated p21WAF/CIP!
expression was indeed mediating the loss of proliferation following
EBNA-3A knockdown, reduction of p21"VA CIPL should at least
partially restore proliferation. Indeed, we find that decreasing
pQIWAFl/CIPI expression in cells treated with EBNA-3A shRNAs
resulted in maintenance of proliferation (Fig. 9). Growth was not
restored to the level seen in control cells, likely due to the fact that
the gapmers did not decrease p21"“A*/ ™! 5 the levels seen in
control cells.

I\N’AFI/CIPI

Repression of p21VAF/APT 3nd stabilization of
hyperphosphorylated Rb are conserved in LCLs
EBNA-3A is required for the EBV-driven proliferation of LCLs
[30], which is attributed to its ability to repress p14ARF and
p16™5* expression in cooperation with EBNA-3C [41,42]. To
further evaluate the significance of EBNA-3A-mediated repression
of p21IWAFI/CIPL " ive asked whether EBNA-3A also regulated
p2IWAFI/CIPL oy pression in LCLs. Knockdown of EBNA-3A in
LCLs resulted in a loss of proliferation by 3 days post-transfection,
which correlated with diminished hyperphosphorylated Rb and
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reduced total Rb levels (Fig. 10 A & B) while p53 expression
remained unchanged at the onset of arrest (Fig. S7). These
findings are essentially the same as our findings in Wp-R BLs. We
also observed an increase in expression of p14°RF and p16™* as
described by others (Fig. 10C) [41,42]. Both the loss of
proliferation and the derepression of pl4*RT and pl6™F*?
occurred more rapidly than previously observed in cell lines
expressing a conditionally active EBNA-3A [41,42], suggesting
that the tagged EBNA-3A protein is not rapidly inactivated or
possesses some function within the cytoplasm. Notably, we also
observed an increase in p21"VATYC™Pl similar to that we observed
in Wp-R BLs (3-fold). Together, these data demonstrate that the
unique ability of EBNA-3A to regulate p21“A*/ <! s conserved
in LCLs, suggesting that it is likely to be an important function of

EBNA-3A.

Discussion

Recent studies that utilized a dominant-negative EBNA-1 to
induce the loss of the EBV episome have expanded our
understanding of the relative contributions of EBV to Wp-R and
Latency I BL [78]. Although EBV provides only minor degrees of
apoptotic resistance to Latency I BL cell lines, it provides both
apoptotic resistance as well as a proliferative advantage to Wp-R
BL cell lines. Given that MYC is described as the critical driving
force behind BL proliferation [79], these results were initially
surprising. However, p53 and Rb pathways are frequently
inactivated in Latency I BL (reviewed in [20]) as they are in
many tumors, and mutation of p33 or p14-ARF accelerates
tumorigenesis in a mouse model of BL [21]. Although the number
examined is small, Wp-R BL cell lines contain wild-type p53 [22]
that is highly expressed. Our studies indicate that Rb is also likely
wild-type given that it was readily detected in a hyperpho-
sphorylated state with wild-type mass and that a change to
hypophosphorylated Rb was associated with G1/8 arrest. Despite
the presence of these negative regulators of the cell cycle, we
demonstrate that Wp-R BL cells exhibit increased tumorigenicity
over Latency I BL cells in xenograft assays, though similar rates of
proliferation are observed in vitro (Fig. 1). Thus, EBV’s major
role in Wp-R BL is likely to be to circumvent the functional p53
and Rb pathways, and EBNA-3A likely plays a role in this process.
Although BHRF1 undoubtedly plays a major role in blocking
apoptosis, EBNA-3A contributes in part to apoptotic resistance but
its major role is likely promoting the EBV-driven proliferation of
Wp-R BL cell lines, through repression of Bim and p21™VAF/CIP
respectively.

Apoptotic resistance in Wp-R BL is largely attributed to
BHRF1 because, although EBNA-3A and EBNA-3C cooper-
atively repress Bim [11,22,40], the EBNA-3 proteins do not
affect apoptotic resistance when expressed exogenously in a
Latency I BL cell line [12]. However, the Bim promoter is
generally epigenetically silenced in Latency I BL cell lines
[80,81]. Despite the presence of BHRF1, the abrupt G1 cell
cycle arrest that occurred after EBNA-3A knockdown in Wp-R
BL was followed by a gradual increase in apoptosis, paralleled
by increases in Bim. In mouse models of BL, reduction of Bim
facilitates tumor formation [82], and thus, EBV likely offers a
growth advantage by countering apoptosis. Bim can be

October 2014 | Volume 10 | Issue 10 | e1004415



EBV EBNA-3A Represses p21WAF1/CIP1 Expression

A ] oriP-1 ; oriP-2
] ‘ Debri ] Debri
2] Agegpesgates & E ASg::gates
" B Dip G1 : B8 Dip G1
1 [ Dip G2 8] B Dip G2
2] E3J Dips ] EJ Dip S
i1 G1:201% g G1: 28 57%
=g S:64.17% = 9 S:67.35%
] hk G2:6.74% H G2: 4.08%
o \\\\ ]
R &\ ’ K B\
¢ “ Channels<FL2-A-FL3-Area) ' e : “ Channels (FL2-A-FL3-Area) '
1490-1 1490-2
5—- Debris ] Debris
-] - Aggregates
: g opor = H B op ot
21 I Dip G2 ] & Dizs
iy E3 Dips 81
¥ G1:72.68%  § 1 G1: 73.38%
58 S:20.01% £ S: 18.96%
- G2:7.32% = G2: 7.66%
g g
. ¢ “© ChannelsCFL2-A-FL3-Area) '™ e “© Channels ¢FL2-A-FLo-Ares) |
0,
9000% M oriP-GFP
80.00% [ 1shRNA3A-1490
70.00%
E __ I
3 60.00%
(&)
'S 50.00%
o
o
8 40.00%
g 69.16%
g 30.00%
o
20.00% -
10.00% 1 22.89%
0.00% -

G1 S G2
Stage of Cell Cycle

Figure 4. Knockdown of EBNA-3A results in G0/G1 cell-cycle arrest. (A) Cell cycle profiles of GFP-positive Sal cells 3 days post-transfection
with oriP-GFP empty vector (top) or oriP-GFP-encoding shRNA3A-1490 (bottom). (B) Data from three independent experiments, each performed in
duplicate, were analyzed using the two sample student T-test, and demonstrated statistically significant differences between the percentage of cells
in GO/G1 (p<<0.001) and S (p<<0.001) phases in EBNA-3A positive (oriP-GFP) compared to knockdown cells (shRNA3A-1490).
doi:10.1371/journal.ppat.1004415.g004
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Figure 5. EBNA-3A does not repress p14"fF or p16'"** expression in in Wp-R BL. The levels of p14**" and p16'*? in Sal BL were analyzed
at 4 days post-transfection and not detected. Sal cells were transfected in duplicate with expression vectors for either EBNA-3A-specific ShRNA 1490
or 601, control ShRNA (C2) or empty vector (oriP). Saos2 and MCF7 serve as positive controls for detection of p14*fF and p16™K*2; GAPDH, loading

control. Knockdown of EBNA-3A was similar to that shown in Figure 2A.

doi:10.1371/journal.ppat.1004415.9005

indirectly activated by p53 [82], and indeed, we observed an
increase in p53 at late times post-knockdown of EBNA-3A. Our
data demonstrate that EBNA-3A does indeed contribute to
apoptotic resistance in Wp-R BL cell lines by decreasing levels
of Bim, suggesting that BHRF1 alone may be insufficient to
prevent apoptosis in all circumstances.

Although EBNA-3A does repress apoptosis in Wp-R BL, the
immediate effect of knockdown of EBNA-3A was G1 cell cycle
arrest, suggesting that EBNA-3A modulated the expression or
activity of one or more G1/S regulatory factors. While p53 was
increased at late times after knockdown of EBNA-3A, we did not
see an increase in p53 coincident with cell cycle arrest, nor did we
observe changes in the p53-regulated proteins, PUMA and
HDM2, suggesting that EBNA-3A may not target the expression
or activity of p53 directly to mediate its effects on proliferation.
Although only low levels of p14*®" were expressed in Wp-R BL
cells, the level did not change following EBNA-3A knockdown.
This result is consistent with the lack of change in p53 expression
at early times post EBNA-3A knockdown because p14ARF

stabilizes p53 [15-17,19]. Instead, we found that loss of EBNA-
3A was associated with a conversion of Rb from a hyperpho-
sphorylated inactive protein to a hypophosphorylated active
species, ultimately culminating in a loss of Rb. Thus, EBV
appears to stabilize Rb in an inactive hyperphosphorylated state
rather than degrading it as has been proposed [83]. Although
changes in phosphorylation of Rb could be mediated through any
of the G1/S cyclins, CDKs and CKIs, p16"™5*" is known to be
coordinately repressed in LCLs by EBNA-3A and EBNA-3C
[41,42,44], and indeed, we do see increases in p16INK4A in LCLs.
In Wp-R BL, however, plGINK4A was undetectable irrespective of
EBNA-3A expression, suggesting that pl16™"* is likely to be
irreversible epigenetic silenced as is often observed in Latency I BL
[84]. Therefore, the changes in Rb phosphorylation and total Rb
protein levels that occur in Wp-R BL following knockdown of
EBNA-3A must be independent of p16™542,

EBV infection results in elevated expression of various cyclins and
CDKs, which promote increased Rb phosphorylation [85-87].
EBNA-2 orchestrates these changes likely through upregulation of

4 days post transfection

p53

Lamin B
light

Lamin B
dark

Figure 6. p53 expression is not modulated by EBNA-3A. Sal BL cells were transfected with the indicated shRNA expression vectors and
harvested at 4 days post-transfection for immunoblot analysis of p53 and Lamin B. Designations light and dark refer to exposure time. The faster

migrating Lamin B band is a cleavage product indicative of apoptosis.
doi:10.1371/journal.ppat.1004415.9006
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Figure 7. EBNA-3A supports maintenance of Rb hyperphosphorylation and stabilization in Wp-R latency. Inmunoblots of transfected
Sal cells harvested at (A) 4 days or (B) 8 days post-transfection were probed with a pan Rb antibody (Rb), a phospho-specific (pRb) antibody that
recognizes the phosphorylated residues Ser807/811, and antibodies to detect p53 and Lamin B (loading control). Light and dark refer to film

exposure time.
doi:10.1371/journal.ppat.1004415.g007

MYC. Although EBNA-2 is not expressed in Wp-R BL, the
translocation of MYC, which results in overexpression, likely results
in similar changes in cell cycle regulatory proteins, and indeed, the
G1/8 cyclins and CDKs that we examined were largely expressed at
similar levels in LCLs and Wp-R BLs. Despite analysis of a large
panel, loss of EBNA-3A resulted in no significant changes in any of the
G1 cyclins and CDKs evaluated. If EBNA-3A were instead repressing
the expression of one of the CKlIs, Rb phosphorylation would be
reduced following EBNA-3A knockdown, inhibiting passage through
the G1/S transition. Indeed, p21"“A""“"! but not p27 (Fig. 8) or
p57, was increased in Wp-R BL coincident with G1 growth arrest.
Increased p21WAF P! expression s likely responsible for not
only the hypophosphorylation of Rb associated with loss of EBNA-
3A, but also the eventual decrease in total Rb protein. In colon
carcinoma cell lines, similar decreases in Rb levels are elicited by
exogenous expression of p21WVATCIPL - or by induction  of
p2 I WAFZCIPL 0 DNA-damaging agents in wild-type cells, but
not in those where the gene is deleted or expression is knocked

PLOS Pathogens | www.plospathogens.org

down [88]. Similar experiments have demonstrated that exoge-
nous pl6™5* mediates only hypophosphorylation of Rb with no
changes in total levels of Rb protein [88]. Furthermore, reduction
of EBNA-3C in LCLs results in increased pl6™5* and
hypophosphorylation of Rb, but no change in levels of Rb protein
[29,41]. It has been suggested that hypophosphorylated Rb is less
stable than hyperphosphorylated Rb due to its preferential
interaction with HDM2 and subsequent targeting to the protea-
some, though how p21"VA* ™" might mediate this effect is not
clear [89,90]. Though in most cases, loss of Rb is associated with
cellular proliferation, Rb is dispensable for prolonged arrest in
some cases where p21"VAF/ O s expressed, [91]. Regardless,
knockdown of EBNA-3A results in cell cycle arrest coincident with
Rb dephosphorylation and is likely followed by an irreversible
commitment to apoptosis, suggesting that the loss of Rb may be
mediated by increased caspase activity [92].

The fact that p21"VA P expression was elevated following
RNAi-mediated knockdown of EBNA-3A in more than one LCL,
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Figure 8. EBNA-3A represses p2

expression in Wp-R BL. Cell lysates from Sal BL cells transfected with the empty shRNA expression

vector (oriP-GFP) or vector encoding EBNA-3A-specific (1490 and 601), or control (C1 or C2) shRNAs were analyzed by immunoblotting to detect (A) p27
at the onset of growth arrest (4 days post-transfection); and (B) p21"*F""“'"' prior to and coincident with the onset of growth arrest at 2 and 4 days post-
transfection, respectively. MCF7 and Saos2 lysates were used as positive controls; GAPDH served as a loading control. unTF, untransfected cells.

doi:10.1371/journal.ppat.1004415.9008

coinciding with the onset of arrest, suggested that our finding had
more global significance. While p21"VA*/ P! i best known for its
potent ability to trigger growth arrest through the inhibition of
cyclin/CDK-mediated Rb  phosphorylation, p21™VAF7CIPL 4150
plays an important role in the activation of cyclin D-CDK4/6
complexes by promoting their assembly and nuclear translocation
[68-72,93-95]. Therefore, low levels of p21"VA“IP! such as those
seen in Wp-R BL and LCLs, may be advantageous, and EBNA-3A
may promote proliferation in Wp-R BL through the fine-tuning of
p2I WAFI/CIPL o ression. Whether it does so in LCLs is complicated
by the fact that EBNA-3A also represses p14ARF and ple™E#
[41,42], and the requirement for not only EBNA-3A, but also
EBNA-3C (and EBNA-2) for cellular proliferation [28,96-98]. In
LCLs, the major function of EBNA-3C is believed to be repression of
p16™F* because the loss of EBNA-3C can be fully compensated for
by shRNA-mediated knockdown of both p 14*RF and pl 6™ (477,
and EBNA-3C is not required for immortalization of p16™ *-null
B cells (i.e., into LCLs) [44]. Importantly, in our hands and previous
studies from Maruo and colleagues, loss of EBNA-3C does not affect
p21WAFI/EIPL o oression in LCLs [29,62]. These data are consistent
with the fact that EBNA-3C is not essential for proliferation in Wp-R
BLs [62], which express minimal pl4*®" and lack p16™"*,
Conversely, the loss of EBNA-3A in LCLs is not totally compensated
for by knockdown of p14** and p16™5* [41], and EBNA-3A is
required for proliferation of Wp-R BL despite the lack of p16™5*
and minimal p14*®", suggesting that we have discovered a novel and
mmportant function of EBNA-3A. Thus far, a majority of the
pertinent functions uncovered for EBNA-3A are redundant with
those described for EBNA-3C, whereas the ability to repress
p2I WAFI/CIPL 4 ynique to EBNA-3A. EBV inhibits the induction
of leWAFl/ ciel protein expression following cisplatin treatment of

PLOS Pathogens | www.plospathogens.org

LCLs despite increases in p21"™“ A1 mRNA [99,100], but the
mechanism of regulation of p21"VA* P! may differ in the presence
of cisplatin and/or the full complement of EBV latency-associated
genes. Because EBNA-3A is a transcriptional regulator, it is probable
that the mechanism involves transcriptional regulation, either
directly or indirectly at the level of the of the p21™V4"/ ! gene

The appreciable expression of both p53 and Rb in both Wp-R
BL cells and LCLs suggest that, at least in these cell types, EBV
circumvents these cell cycle regulatory proteins by modifying their
activity rather than their expression as previously proposed
[83,101]. In Wp-R BL, BHRF1, EBNA-3A and -3C are likely
all involved in preventing p53-mediated apoptosis to some degree.
However, repression of p21"VAT/CTPL 46 4 novel and essential
function of EBNA-3A, not shared with EBNA-3C, which prevents
p53 and Rb-mediated cell-cycle arrest. Notably, this function is
conserved in LCLs, and likely contributes to their establishment
and continued proliferation. It therefore follows that this EBNA-
3A function is likely critical in the establishment of persistent latent
infection in vivo, in which the EBNA-3A-containing Latency IIT
program is responsible for driving the expansion of newly infected
B cells. Furthermore, the anti-apoptotic functions of EBNA-3A, -
3C and BHRF1, combined with the ability of EBNA-3A to repress
pQIWAFl/ CIPL mediate the essential anti-apoptotic and pro-
proliferative effects provided by EBV in Wp-R BL cells [78] and
likely contribute to the development of Wp-R BL.

Materials and Methods

Ethics statement
All animal experiments were conducted in accordance with the
recommendations in the Guide for the Care and Use of

October 2014 | Volume 10 | Issue 10 | e1004415



EBV EBNA-3A Represses p21WAF1/CIP1 Expression

A N e N a0 N a2 v
’ , Q Q Q Q ’DQ 'DQ
AT I I A S S
B R R AR AR S
x x xQ xQ Qx Qx Q)Q QQ
K & LK LK &P >

EBNASA | il ot i ol « s e .

Lamin B | e A S S s -

B R T P G N
&7 &% 97 9% 87 8" 80 8
O{QX o(\Qx o’ézx o\\QX \@Q \@Q \@Qx \@Qx
021 light e ——————
P21 dark | . m— D D et o

CAPDH | o et e i s

1.80E+06 —+-oriP + ctrl gap
C -—oriP + p21 gap
1.60E+06 -o-1490 + ctrl gap
1490 + p21 gap

1.40E+06

1.20E+06

1.00E+06

8.00E+05

6.00E+05

Living Cells per mL

4.00E+05

2.00E+05

0.00E+00

2 25 3 3.5 4 4.

o

Days Post Transfection

= oriP + ctrl gap
D PRO0% =oriP + p21 gap
25.00% %1490 + ctrl gap

1490 + p21 gap

20.00%

15.00%

o’ r

Percent Dead

5.00%

0.00%

Days Post Transfection

PLOS Pathogens | www.plospathogens.org 1 October 2014 | Volume 10 | Issue 10 | e1004415



EBV EBNA-3A Represses p21WAF1/CIP1 Expression

Figure 9. Loss of proliferation following EBNA-3A knockdown is due to p21WAF1/CIP upregulation. Sal cells were treated for 2 days
with 100 nM final concentration gapmer prior to transfection. Following transfection, cells were retreated, receiving a final gapmer dose 2 days post-
transfection. (A & B) Cells were harvested 4 days post-transfection and lysates were analyzed by immunoblotting for expression of (A) EBNA-3A and
Lamin B or (B) p21 and Lamin B. (C & D) Cells were counted on 2, 3 and 4 days post-transfection and monitored for both live cell number (C) and

viability (D).
doi:10.1371/journal.ppat.1004415.g009

Laboratory Animals of the National Institutes of Health. All
experimental protocols were approved by St. Jude Children’s

Research Hospital Institutional Animal Care and Use Committee
(Protocol # 437).

Cell culture

Kem I, Oku and Sal are human EBV-positive BL cell lines that
maintain Latency I (Kem I) or Wp-R latency (Oku and Sal).
Akata” is an EBV-negative clone derived from the EBV-positive
Akata BL cell line. Louckes-EBNA-1 is an EBV-negative BL. cell
line that contains the episomal pCEP4 plasmid that expresses
EBNA-1 and is maintained in Hygromycin (100 pg/mL). MH-
LCL is an EBV-immortalized B lymphoblastoid cell line. All B-cell
lines were grown in RPMI 1640 (HyClone, Thermo Scientific
Waltham MA) supplemented with either 10% fetal bovine serum
(FBS) (BL cell lines) or 15% FBS (MH-LCLs). For transfection,
cells were grown in roller bottles and used while in log phase of
growth (0.35-1.2x10° cells/mL). MCF-7, a human breast
adenocarcinoma-derived cell line, was maintained in EMEM
(Lonza Walkersville, MD) supplemented with 10% FBS and
0.01 mg/mL bovine insulin (Sigma #11882). Saos2, a human
osteosarcoma-derived cell line, was maintained in DMEM (Lonza)
containing 10% FBS. All cells were grown at 37°C in a 5% CO,
atmosphere.

Xenograft assay

NOD.CBI17-Prkdc**/] mice (Jackson Laboratory, Bar Harbor,
Maine) were housed in pathogen-free conditions and used to test
the tumorigenicity of BL cell lines. Immunodeficient mice were
injected subcutaneously in one flank with 1x10” EBV-negative
Akata cells, and in the other flank with Kem I cells (n = 12) or Wp-
R BL cells Oku (n = 16) or Sal (n = 14) and monitored until tumors
reached 2 cm, at which time mice were sacrificed. The data were
analyzed using student’s T test as well as by Mann-Whitney U test,
both of which yielded equivalent results, determining that the
differences in time to tumor formation between Kem I and Oku or
Sal were highly significant (p<<0.001).

Plasmids

Two shRNAs were designed to target different sites within the
EBNA-3A mRNA: shRNA3A-601 (GGTACGAAGAGAAAGC-
GGGTAAGCTTACCCGCTTTCTCTTCGTACCCTTTTTG)
targeting nucleotides 181-200, and shRNA3A-1490 (GGTCGT-
GCGTATGGGATAGAAAGC TTTCTATCCCATACGCAC-
GACCCTTTTTG) targeting nucleotides 981-1001. A BLAST
search was conducted to verify that the shRNAs would not target
other viral or cellular sequences. Control, non-EBNA-3A-targeting
shRNAs Control-1 (C1) (GACTTCTGAATGAGACAA CATC-
GAAATGTTGTCTCATTCAGAAGTC) and Control-2 (C2)
(CACCGGACTACCGACGAAG GAACGAGAGTTCCTTCG-
TCGGTAGTCC) were also generated. Each pair of deoxyoligo-
nucleotides was cloned into pBSU6 (generously provided by Dr.
Yang Shi, Harvard Medical School [102]) under control of the
cellular U6 promoter, and tested for the ability to knockdown
EBNA-3A expression in HEK-293T transient transfection with
these shRNA expression vectors. A BamHI fragment containing
the U6 promoter-shRNA cassette was then removed and cloned

PLOS Pathogens | www.plospathogens.org

12

into the Xbal site of the vector oriP-GFP (gift of Jeffery Vieira,
University of Washington) and confirmed by DNA sequence
analysis. The 0riP-GFP vector contains a neomycin-resistance
(neoR) gene, GFP (both under the control of constitutive
promoters) and the EBV origin of latent DNA replication, oriP,
allowing for stable, episomal maintenance of the plasmid by
EBNA-1 in EBV-positive cells.

Transfection

Sal cells were transfected by Amaxa nucleofection (Lonza) using
program G-16 and solution V (Lonza). Prior to transfection, cells
were seeded at 3.5x10° cells/mL and maintained in roller bottles
for 48 hours; after which 5.0x10° cells were transfected with 5 ug
of plasmid DNA and plated in a 12-well plate with 0.5 mL
conditioned media and 0.5 mL fresh RPMI growth media per
well. Cells were fed with 1.5 mL of fresh growth media at 24 hours
post-transfection. At 48 hours post-transfection, GFP expression
was monitored by fluorescence microscopy, and cells seeded at
3.5x10° cells/mL with 1:1 mixture of fresh and conditioned
RPMI growth media from the parental cell line, and thereafter re-
seeded every other day as indicated using a 1:1 mixture of fresh
and conditioned medium containing G418 at 600 pg/mL. Cell
viability was assessed by Trypan blue dye exclusion. Oku cells
were transfected as described above for Sal. Louckes-EBNA-1
were also transfected as described above, however in addition to
G418, they were also given Hygromycin (100 ug/mL). LCLs were
transfected by Amaxa nucleofection (Lonza) using Solution V and
either program O-17 or G-16 (with the latter resulting in higher
transfection efficiency with less cell death, but no differences in
experimental results) and were handled basically as described
above. Cells were initially expanded in roller bottles, and a total of
1x107 cells were used per transfection. Following nucleofection,
the cells were plated at 3.5-4.0x10° cells/mL in a 6-well plate
containing 1.75 mL fresh RPMI containing 15% FBS and
1.25 mL of conditioned media from the parental cell line.
Beginning two days post-transfection, G418 was included in the
growth medium at 600 pg/mL.

Akata induction

EBV-positive Akata cells were seeded at 5x10° cells/mL and
treated with 100 ug/ml of human anti-IgG antibody (ICN/
Cappel) per mL of culture. Cells were induced for 2 days and then
harvested.

Gapmer gymnosis

LNA longRNA GapmeRs were ordered from Exiqon. The
control gapmer (ACCagggcgtatctctccATA) [103] and p21-specific
gapmer (T'CCgcgcecagCTCC) [77] were administered to cells via
gymnosis. The uppercase letters indicate the LNA while the lower
case letters indicate phosphorothioated bases. On Day 0, the
respective gapmer was added to the media for a final concentra-
tion of 100 nM. Cells were transfected, (as described above) on
Day 2 and gapmer was readministered. On Day 4 (2 days post-
transfection), cells were treated as described above for normal Sal
transfection, with the addition of another dose of gapmer to the
same final concentration.
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Figure 10. EBNA-3A support of Rb hyperphosphorylation and repression of p21"WAF/I"! are conserved in LCLs. MH-LCLs were
transfected with shRNA expression vector encoding EBNA-3A-specific (1490 and 601) or control C2 shRNAs. (A) Lysates were analyzed by
immunoblotting for EBNA-3A and Rb. Lamin B, loading control. Untransfected cells (unTF) served as a negative control. (B) Cell expansion was
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measured by counting cells in the presence of Trypan blue dye following transfection with the vector encoding the indicated shRNAs. Data shown
are from 5 independent transfection experiments, each performed in duplicate. However, due to the lower rate of proliferation of LCLs and the need
for removal of aliquots for protein analysis, cells were not able to be counted daily in all samples. Therefore, the number of transfected-cell samples
varied at given time points: For shRNA C2, n =8 days 2-4 and n =4 days 4.5-6 post-transfection; for both shRNA3As 1490 and 601, n=10 2, 2.5 and 4
days, n=8 3 days, and n=4 4.5-6 days post-transfection. Data shown is the mean live cell concentration with standard deviation. (C) Immunoblot

detection of p14*FF, p16™K4@ and p21WAF/AP1. GAPDH, loading control.

doi:10.1371/journal.ppat.1004415.9010

Immunoblotting
Cells were harvested by centrifugation, washed twice with

phosphate buffered saline (PBS) and lysed in a derivative of

Laemmli sample buffer [104] (125 mM Tris-HCI pH 6.8, 4%
SDS, 25% glycerol, 0.01% Bromophenol blue and 10% beta-
mercaptoethanol) and sonicated. Proteins were separated by SDS-
PAGE, using the lysate equivalent of 1x10° B cells (BL or LCL),
2.5x10> MCF-7 cells, or 0.5-1.0x10° Saos2 cells loaded per lane,
and then transferred onto PVDF membranes. Membranes were
blocked in 5% milk in Tris-buffered saline containing 0.1% Tween
20 (ITBST), prior to incubation with primary antibody. The
following primary antibodies were used for immunoblotting: anti-
EBNA-3A and -3C sheep serum (Exalpha); Bim (BD Biosciences,
Franklin Lakes, NJ); MYC (9E10 hybridoma supernatant); CDK4,
CDKG6, p21WA/CIPL (19D]), PUMA, Rb (4H1), pRB (recogniz-
ing phosphorylation of S807/811), Cyclin D1 and Cyclin D3 (all
from Cell Signaling Danvers, MA); Cyclin E (BD Pharmingen,
Franklin Lakes, NJ); PARP (Roche, Indianapolis, IN); p16™ <+
(mAb4133 cloneD25; Millipore, Billerica, MA); CDK2, p14*RF
(C-18), p27°*! (C19), p53 (DO-1), HDM2 (SMP14), Zta (BZ1),
GAPDH (FL335), and Lamin B (M20) (all from Santa Cruz
Biotechnology, Santa Cruz, CA). Immunoblots were developed
with ECL+, ECL prime (GE Amersham, Piscataway, NJ) or
SuperSignal West Pico (Pierce, Rockford, IL). Immunoblots for
p21 were quantified using a Bio-Rad ChemiDocMP imaging
system and Image Lab image copture and analysis software.

Propidium iodide staining and cell cycle analysis

Transfected cells (1.0x10° cells) were harvested for propidium
1odide (PI) staining at 3, 4 or 5 days post-transfection, and, in some
experiments, fixed in 1% paraformaldehyde in PBS for 1 hour at
4°C to maintain endogenous GFP. Cells were subsequently
centrifuged at 300x g at 4°C, washed once in PBS and
resuspended in 70% ethanol. After 2 hours, cells were centrifuged
at 300x g, rehydrated in PBS, centrifuged and resuspended in
705 uL. of PBS containing 40 ug/mL PI (Invitrogen, Carlsbad,
California) and 200 pg/mL RNase A (Invitrogen), followed by
incubation in the dark for 30 minutes at room temperature.
Following PI staining, cells were analyzed at a low flow rate on a
FACScan Flow Cytometer (BD Biosciences, Franklin Lakes, NJ),
and a minimum of 10,000 events were collected. Cell-cycle
analysis was calculated based on measured DNA content of either
GFP-positive cells or total cells using ModFit LT software (Verity
Software House, Topsham, ME) with both methods yielding
consistent results.

Supporting Information

Figure S1 EBNA-3A is essential for proliferation of the
Wp-R BL cell line Oku. Oku cells were transfected using the
same protocol previously described for Sal but, could only be
carried out to 3 days for most experiments due to poor viability
post-transfection. (A) Transfected Oku cells were harvested at 3
days and lysates were assessed by immunoblotting for EBNA-3A
and Rb. Lamin B served as a loading control. Trypan blue
exclusion was used to count cells (B) and assess viability (C). Data
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shown is an average of two experiments with duplicate
transfections.

(TIF)

Figure S2 Transfection of shRNA3A does not result in
death of the EBV-negative BL Louckes- EBNA-1. Louckes-
EBNA-1 cells were transfected in duplicate using the same
protocol used for Sal cells. Cells were assessed daily via Trypan
blue exclusion and live cell number (A) and viability (B) were
analyzed. Arrows in A indicate that cells were reseeded at 3.5x10°
cells/mL in half conditioned media containing the appropriate
drugs for selection.

(TIFF)

Figure S3 Knockdown of EBNA-3A has no effect on p53
effectors PUMA and HDM2. Sal BL cells were harvested at 2
or 4 days post-transfection and lysates analyzed by immunoblot-
ting to detect (A) EBNA-3A and HDM2 (p90-active; p60-inactive
forms) or (B) PUMA. Lamin B and GAPDH served as loading
controls.

(TIF)

Figure S4 Elevated p53 at late times post-transfection
correlates with apoptosis rather than the onset of arrest.
Sal cells were transfected in triplicate. Due to the low density and
poor viability, shRNA3A-1490 samples could not be maintained
until 8 days and were harvested at 7 days. Immunoblots of EBNA-
3A, p53, PARP and Lamin B are shown. Note: PARP and Lamin
B immunoblots are from Figure 4 and are included here to
illustrate the apoptosis occurring in parallel with p53 expression.

(TIF)

Figure S5 EBNA-3A does not affect expression of G1/S
cyclin or CDKs. Immunoblot analysis was performed for (A)
CDKs 4, 6, and cyclin E; (B) CDK2 and cyclin D3; and (C) cyclin
D1 using lysates from Sal cells transfected with either empty
shRINA expression vector (oriP), EBNA-3A-specific (1490 and 601)
or control shRNAs (C1 and C2). GAPDH served as a loading
control. Representative time points post-transfection are shown,
but expression of all proteins was analyzed at 2, 4, and 6 days post-
transfection, with no consistent difference between samples,
regardless of the level of EBNA-3A.

(TIFF)

Figure S6 Increased p21 expression following EBNA-3A
knockdown is not due to Z expression and lytic
reactivation. Sal cells were transfected as previously described
and harvested at 4 or 8 days post-transfection in two independent
experiments. The productive cycle of replication was induced in
EBV-positive Akata cells, which serve as a positive control for Z
expression. The EBV-negative BL cell line BL2 serves as a
negative control. Immunoblots for Z and GAPDH are shown.

(TIF)

Figure 87 Loss of proliferation in LCLs following EBNA-
3A knockdown is not due to elevated p53 expression.
MH-LCLs were transfected as described previously, and lysates
were harvested at 4 days post-transfection. Immunoblots for p53
and Lamin B are shown.

(TIF)
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Table S1 Knockdown of EBNA-3A with either shRNA
results in G0/Gl1 cell cycle arrest while control shRNAs
have no effect. Sal cells were transfected as described previously

and cell cycle analysis was performed as described for Figure 4.
(TIF)

Acknowledgments

The authors would like to thank Nate Scheaffer of the Flow Core Facility at
the Penn State Hershey Cancer Institute for assistance with flow cytometry
and analysis of the data, and Joseph Bednarczyk of the Molecular
Genetics/DNA Sequencing Core Facility at the Penn State Hershey

References

1. Kieff E, Rickinson A (2006) Epstein-Barr Virus and Its Replication. In: Knipe
D, Howley P, editors. Fields Virology. Fifth Edition ed. Philadelphia, PA:
Lippincott Williams & Wilkins. pp. 2626.

2. Rowe M, Rowe DT, Gregory CD, Young LS, Farrell PJ, et al. (1987)
Differences in B cell growth phenotype reflect novel patterns of Epstein-Barr
virus latent gene expression in Burkitt’s lymphoma cells. EMBO J 6: 2743
2751.

3. Woisetschlaeger M, Yandava CN, Furmanski LA, Strominger JL, Speck SH
(1990) Promoter switching in Epstein-Barr virus during the initial stages of
infection of B lymphocytes. Proc Natl Acad Sci U S A 87: 1725-1729.

4. Sample J, Hummel M, Braun D, Birkenbach M, Kieff E (1986) Nucleotide
sequences of mRNAs encoding Epstein-Barr virus nuclear proteins: a probable
transcriptional initiation site. Proc Natl Acad Sci U S A 83: 5096-5100.

. Bodescot M, Perricaudet M, Farrell PJ (1987) A promoter for the highly spliced
EBNA family of RNAs of Epstein-Barr virus. J Virol 61: 3424-3430.

6. Schaefer BC, Strominger JL, Speck SH (1995) Redefining the Epstein-Barr
virus-encoded nuclear antigen EBNA-1 gene promoter and transcription
initiation site in group I Burkitt lymphoma cell lines. Proc Natl Acad Sci U S A
92: 10565-10569.

7. Nonkwelo C, Skinner J, Bell A, Rickinson A, Sample J (1996) Transcription
start sites downstream of the Epstein-Barr virus (EBV) Fp promoter in early-
passage Burkitt lymphoma cells define a fourth promoter for expression of the
EBV EBNA-1 protein. J Virol 70: 623-627.

8. Magrath IT (1991) African Burkitt’s lymphoma. History, biology, clinical
features, and treatment. Am J Pediatr Hematol Oncol 13: 222-246.

9. Rowe M, Kelly GL, Bell Al, Rickinson AB (2009) Burkitt’s lymphoma: the
Rosetta Stone deciphering Epstein-Barr virus biology. Semin Cancer Biol 19:
377-388.

. Kelly G, Bell A, Rickinson A (2002) Epstein-Barr virus-associated Burkitt
lymphomagenesis selects for downregulation of the nuclear antigen EBNA2.
Nat Med 8: 1098-1104.

. Leao M, Anderton E, Wade M, Meckings K, Allday MJ (2007) Epstein-Barr
virus-induced resistance to drugs that activate the mitotic spindle assembly
checkpoint in Burkitt’s lymphoma cells. J Virol 81: 248-260.

. Kelly GL, Long HM, Stylianou J, Thomas WA, Leese A, et al. (2009) An
Epstein-Barr virus anti-apoptotic protein constitutively expressed in trans-
formed cells and implicated in burkitt lymphomagenesis: the Wp/BHRF1 link.
PLoS Pathog 5: ¢1000341.

. Austin PJ, Flemington E, Yandava CN, Strominger JL, Speck SH (1988)
Complex transcription of the Epstein-Barr virus BamHI fragment H rightward
open reading frame 1 (BHRF1) in latently and lytically infected B lymphocytes.
Proc Natl Acad Sci U S A 85: 3678-3682.

. Pearson GR, Luka J, Petti L, Sample J, Birkenbach M, et al. (1987)
Identification of an Epstein-Barr virus early gene encoding a second
component of the restricted early antigen complex. Virology 160: 151-161.

. Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, et al. (1998) Myc
signaling via the ARF tumor suppressor regulates p53-dependent apoptosis and
immortalization. Genes Dev 12: 2424-2433.

. Kamijo T, Weber JD, Zambetti G, Zindy F, Roussel MF, et al. (1998)
Functional and physical interactions of the ARF tumor suppressor with p53
and Mdm?2. Proc Natl Acad Sci U S A 95: 8292-8297.

. Pomerantz J, Schreiber-Agus N, Liegeois NJ, Silverman A, Alland L, et al.
(1998) The Ink4a tumor suppressor gene product, pl9Arf, interacts with
MDM2 and neutralizes MDM?2’s inhibition of p53. Cell 92: 713-723.

. Stott IJ, Bates S, James MC, McConnell BB, Starborg M, et al. (1998) The
alternative product from the human CDKN2A locus, pl4(ARF), participates in
a regulatory feedback loop with p53 and MDM2. EMBO J 17: 5001-5014.

. Zhang Y, Xiong Y, Yarbrough WG (1998) ARF promotes MDM2 degradation
and stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and p53
tumor suppression pathways. Cell 92: 725-734.

. Sample JT, Ruf IK (2006) Burkitt Lymphoma In: Tselis A, Johnson HB, editor.

Epstein-Barr Virus. New York, NY: Informa Healthcare. pp. 187-222.

Eischen CM, Weber JD, Roussel MF, Sherr CJ, Cleveland JL (1999)

Disruption of the ARF-Mdm2-p53 tumor suppressor pathway in Myc-induced

lymphomagenesis. Genes Dev 13: 2658-2669.

(&

21.

PLOS Pathogens | www.plospathogens.org

15

EBV EBNA-3A Represses p21WAF1/CIP1 Expression

Cancer Institute for assistance with DNA sequencing. We also thank Jeffrey
Vieira for the gift of the oriP-GFP vector, Yang Shi for pBS-U6, Mary
Ferguson for technical assistance and Jeffery Sample for helpful discussions
and critical review of the manuscript.

Author Contributions

Conceived and designed the experiments: MLT ERB CES. Performed the
experiments: MLT ERB KCW RET. Analyzed the data: MLT ERB CES
JL JZ. Contributed reagents/materials/analysis tools: RET. Wrote the
paper: MLT CES.

. Anderton E, Yee J, Smith P, Crook T, White RE, et al. (2008) Two Epstein-
Barr virus (EBV) oncoproteins cooperate to repress expression of the
proapoptotic tumour-suppressor Bim: clues to the pathogenesis of Burkitt’s
lymphoma. Oncogene 27: 421-433.

Kelly GL, Milner AE, Baldwin GS, Bell Al, Rickinson AB (2006) Three
restricted forms of Epstein-Barr virus latency counteracting apoptosis in c-myc-
expressing Burkitt lymphoma cells. Proc Natl Acad Sci U S A 103: 14935—
14940.

Baer R, Bankier AT, Biggin MD, Deininger PL, Farrell PJ, et al. (1984) DNA
sequence and expression of the B95-8 Epstein-Barr virus genome. Nature 310:
207-211.

. Petti L, Sample J, Wang F, Kieff E (1988) A fifth Epstein-Barr virus nuclear
protein (EBNA3C) is expressed in latently infected growth-transformed
lymphocytes. J Virol 62: 1330-1338.

Ricksten A, Kallin B, Alexander H, Dillner J, Fahracus R, et al. (1988) BamHI
E region of the Epstein-Barr virus genome encodes three transformation-
associated nuclear proteins. Proc Natl Acad Sci U S A 85: 995-999.
Tomkinson B, Kieff E (1992) Use of second-site homologous recombination to
demonstrate that Epstein-Barr virus nuclear protein 3B is not important for
lymphocyte infection or growth transformation in vitro. J Virol 66: 2893-2903.
. Tomkinson B, Robertson E, Kieff E (1993) Epstein-Barr virus nuclear proteins
EBNA-3A and EBNA-3C are essential for B-lymphocyte growth transforma-
tion. J Virol 67: 2014-2025.

Maruo S, Wu Y, Ishikawa S, Kanda T, Iwakiri D, et al. (2006) Epstein-Barr
virus nuclear protein EBNA3C is required for cell cycle progression and growth
maintenance of lymphoblastoid cells. Proc Natl Acad Sci U S A 103: 19500~
19505.

. Maruo S, Johannsen E, Illanes D, Cooper A, Kieff E (2003) Epstein-Barr Virus
nuclear protein EBNA3A is critical for maintaining lymphoblastoid cell line
growth. J Virol 77: 10437-10447.

Le Roux A, Kerdiles B, Walls D, Dedieu JF, Perricaudet M (1994) The
Epstein-Barr virus determined nuclear antigens EBNA-3A, -3B, and -3C
repress EBNA-2-mediated transactivation of the viral terminal protein 1 gene
promoter. Virology 205: 596-602.

Johannsen E, Miller CL, Grossman SR, Kieff E (1996) EBNA-2 and EBNA-3C
extensively and mutually exclusively associate with RBPJkappa in Epstein-Barr
virus-transformed B lymphocytes. J Virol 70: 4179-4183.

. Zhao B, Marshall DR, Sample CE (1996) A conserved domain of the Epstein-
Barr virus nuclear antigens 3A and 3C binds to a discrete domain of Jkappa.
J Virol 70: 4228-4236.

Jimenez-Ramirez C, Brooks AJ, Forshell LP, Yakimchuk K, Zhao B, et al.
(2006) Epstein-Barr virus EBNA-3C is targeted to and regulates expression
from the bidirectional LMP-1/2B promoter. J Virol 80: 11200-11208.
Touitou R, Hickabottom M, Parker G, Crook T, Allday MJ (2001) Physical
and functional interactions between the corepressor CtBP and the Epstein-Barr
virus nuclear antigen EBNA3C. J Virol 75: 7749-7755.

Hickabottom M, Parker GA, Freemont P, Crook T, Allday MJ (2002) Two
nonconsensus sites in the Epstein-Barr virus oncoprotein EBNA3A cooperate
to bind the co-repressor carboxyl-terminal-binding protein (CtBP). J Biol Chem
277: 47197-47204.

Zhao B, Sample CE (2000) Epstein-Barr virus nuclear antigen 3C activates the
latent membrane protein 1 promoter in the presence of Epstein-Barr virus
nuclear antigen 2 through sequences encompassing an spi-1/Spi-B binding site.
J Virol 74: 5151-5160.

Krauer KG, Burgess A, Buck M, Flanagan J, Sculley TB, et al. (2004) The
EBNA-3 gene family proteins disrupt the G2/M checkpoint. Oncogene 23:
1342-1353.

Hertle ML, Popp C, Petermann S, Maier S, Kremmer E, et al. (2009)
Differential gene expression patterns of EBV infected EBNA-3A positive and
negative human B lymphocytes. PLoS Pathog 5: ¢1000506.

Clybouw C, McHichi B, Mouhamad S, Auffredou MT, Bourgeade MF, et al.
(2005) EBV infection of human B lymphocytes leads to down-regulation of Bim
expression: relationship to resistance to apoptosis. J Immunol 175: 2968-2973.
Maruo S, Zhao B, Johannsen E, Kieff E, Zou J, et al. (2011) Epstein-Barr virus

nuclear antigens 3C and 3A maintain lymphoblastoid cell growth by repressing

23.

24.

26.

27.

29.

31.

32.

34.
35.

36.

37.

38.
39.
40.

41.

October 2014 | Volume 10 | Issue 10 | e1004415



42.

43.

44.

46.

47.

48.

49.

50.

51,

52.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

pl6INK4A and p14ARF expression. Proc Natl Acad Sci U S A 108: 1919
1924.

Skalska L, White RE, Franz M, Ruhmann M, Allday MJ (2010) Epigenetic
repression of pl16(INK4A) by latent Epstein-Barr virus requires the interaction
of EBNA3A and EBNA3C with CtBP. PLoS Pathog 6: ¢1000951.

Zhao B, Mar JC, Maruo S, Lee S, Gewurz BE, et al. (2011) Epstein-Barr virus
nuclear antigen 3C regulated genes in lymphoblastoid cell lines. Proc Natl Acad
Sci U S A 108: 337-342.

Skalska L, White RE, Parker GA, Sinclair AJ, Paschos K, et al. (2013)
Induction of p16(INK4a) Is the Major Barrier to Proliferation when Epstein-
Barr Virus (EBV) Transforms Primary B Cells into Lymphoblastoid Cell Lines.
PLoS Pathog 9: ¢1003187.

. Kaiser C, Laux G, Eick D, Jochner N, Bornkamm GW, et al. (1999) The proto-

oncogene c-myc is a direct target gene of Epstein-Barr virus nuclear antigen 2.
J Virol 73: 4481-4484.

Caldwell RG, Brown RC, Longnecker R (2000) Epstein-Barr virus LMP2A-
induced B-cell survival in two unique classes of EmuLMP2A transgenic mice.
J Virol 74: 1101-1113.

Caldwell RG, Wilson JB, Anderson SJ, Longnecker R (1998) Epstein-Barr virus
LMP2A drives B cell development and survival in the absence of normal B cell
receptor signals. Immunity 9: 405-411.

Knutson JC (1990) The level of c-fgr RNA is increased by EBNA-2, an Epstein-
Barr virus gene required for B-cell immortalization. J Virol 64: 2530-2536.
Peng M, Lundgren E (1992) Transient expression of the Epstein-Barr virus
LMPI1 gene in human primary B cells induces cellular activation and DNA
synthesis. Oncogene 7: 1775-1782.

Ohtani N, Brennan P, Gaubatz S, Sanij E, Hertzog P, et al. (2003) Epstein-
Barr virus LMP1 blocks pl6INK4a-RB pathway by promoting nuclear export
of E2F4/5. ] Cell Biol 162: 173-183.

Rowe M, Peng-Pilon M, Huen DS, Hardy R, Croom-Carter D, ct al. (1994)
Upregulation of bcl-2 by the Epstein-Barr virus latent membrane protein
LMP1: a B-cell-specific response that is delayed relative to NF-kappa B
activation and to induction of cell surface markers. J Virol 68: 5602-5612.
Watanabe A, Maruo S, Ito T, Ito M, Katsumura KR, et al. (2010) Epstein-Barr
virus-encoded Bcl-2 homologue functions as a survival factor in Wp-restricted
Burkitt lymphoma cell line P3HR-1. J Virol 84: 2893-2901.

. Ruf IK, Rhyne PW, Yang H, Borza CM, Hutt-Fletcher LM, et al. (1999)

Epstein-Barr virus regulates ¢-MYC, apoptosis, and tumorigenicity in Burkitt
lymphoma. Mol Cell Biol 19: 1651-1660.

Shimizu N, Tanabe-Tochikura A, Kuroiwa Y, Takada K (1994) Isolation of
Epstein-Barr virus (EBV)-negative cell clones from the EBV-positive Burkitt’s
lymphoma (BL) line Akata: malignant phenotypes of BL cells are dependent on
EBV. J Virol 68: 6069-6073.

. Rao L, Perez D, White E (1996) Lamin proteolysis facilitates nuclear events

during apoptosis. J Cell Biol 135: 1441-1455.

Oberhammer FA, Hochegger K, Froschl G, Tiefenbacher R, Pavelka M (1994)
Chromatin condensation during apoptosis is accompanied by degradation of
lamin A+B, without enhanced activation of cdc2 kinase. J Cell Biol 126: 827
837.

Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC: (1994)
Cleavage of poly(ADP-ribose) polymerase by a proteinase with properties like
ICE. Nature 371: 346-347.

Buendia B, Santa-Maria A, Courvalin JC (1999) Caspase-dependent proteolysis
of integral and peripheral proteins of nuclear membranes and nuclear pore
complex proteins during apoptosis. J Cell Sci 112 (Pt 11): 1743-1753.
Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, et al. (1982)
Human c-myc onc gene is located on the region of chromosome 8 that is
translocated in Burkitt lymphoma cells. Proc Natl Acad Sci U S A 79: 7824~
7827.

Taub R, Kirsch I, Morton C, Lenoir G, Swan D, et al. (1982) Translocation of
the c-myc gene into the immunoglobulin heavy chain locus in human Burkitt
lymphoma and murine plasmacytoma cells. Proc Natl Acad Sci U S A 79:
7837-7841.

Askew DS, Ashmun RA, Simmons BC, Cleveland JL (1991) Constitutive c-myc
expression in an IL-3-dependent myeloid cell line suppresses cell cycle arrest
and accelerates apoptosis. Oncogene 6: 1915-1922.

Chencheri SC, Tursiella ML, Sample CE (2014) Epstein-Barr virus EBNA-3C
contributes to apoptotic resistance but not proliferation of Wp-R BL cells. In
Press.

Barak Y, Juven T, Haffner R, Oren M (1993) mdm?2 expression is induced by
wild type p53 activity. EMBO J 12: 461-468.

Nakano K, Vousden KH (2001) PUMA, a novel proapoptotic gene, is induced
by p53. Mol Cell 7: 683-694.

Hinds PW, Finlay CA, Quartin RS, Baker SJ, Fearon ER, et al. (1990) Mutant
p53 DNA clones from human colon carcinomas cooperate with ras in
transforming primary rat cells: a comparison of the “hot spot” mutant
phenotypes. Cell Growth Differ 1: 571-580.

Pokrovskaja K, Ehlin-Henriksson B, Bartkova J, Bartek J, Scuderi R, et al.
(1996) Phenotype-related differences in the expression of D-type cyclins in
human B cell-derived lines. Cell Growth Differ 7: 1723-1732.

Sherr CJ, Roberts JM (1999) CDK inhibitors: positive and negative regulators
of G1-phase progression. Genes Dev 13: 1501-1512.

Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R, et al. (1993) p21 is a
universal inhibitor of cyclin kinases. Nature 366: 701-704.

PLOS Pathogens | www.plospathogens.org

16

69.

74.

75.

77.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

EBV EBNA-3A Represses p21WAF1/CIP1 Expression

Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ (1993) The p21 Cdk-
interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent kinases.
Cell 75: 805-816.

. Harper JW, Elledge SJ, Keyomarsi K, Dynlacht B, Tsai LH, et al. (1995)

Inhibition of cyclin-dependent kinases by p21. Mol Biol Cell 6: 387-400.

. GuY, Turck CW, Morgan DO (1993) Inhibition of CDK2 activity in vivo by

an associated 20K regulatory subunit. Nature 366: 707-710.

. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, et al. (1993)

WAF1, a potential mediator of p53 tumor suppression. Cell 75: 817-825.

. Deng C, Zhang P, Harper JW, Elledge SJ, Leder P (1995) Mice lacking

p21CIP1/WAF1 undergo normal development, but are defective in Gl
checkpoint control. Cell 82: 675-684.

Cayrol C, Flemington EK (1996) The Epstein-Barr virus bZIP transcription
factor Zta causes GO/GI1 cell cycle arrest through induction of cyclin-
dependent kinase inhibitors. EMBO J 15: 2748-2759.

Countryman J, Jenson H, Seibl R, Wolf H, Miller G (1987) Polymorphic
proteins encoded within BZLF1 of defective and standard Epstein-Barr viruses
disrupt latency. J Virol 61: 3672-3679.

. Rooney CM, Rowe DT, Ragot T, Farrell PJ (1989) The spliced BZLF1 gene of

Epstein-Barr virus (EBV) transactivates an early EBV promoter and induces the
virus productive cycle. J Virol 63: 3109-3116.

Jepsen JS, Pfundheller HM, Lykkesfeldt AE (2004) Downregulation of
P21(WAF1/CIP1) and estrogen receptor alpha in MCF-7 cells by antisense
oligonucleotides containing locked nucleic acid (LNA). Oligonucleotides 14:
147-156.

. Vereide DT, Sugden B (2011) Lymphomas differ in their dependence on

Epstein-Barr virus. Blood 117: 1977-1985.

Magrath I (1990) The pathogenesis of Burkitt’s lymphoma. Adv Cancer Res 55:
133-270.

Paschos K, Parker GA, Watanatanasup E, White RE, Allday MJ (2012) BIM
promoter directly targeted by EBNA3C in polycomb-mediated repression by
EBV. Nucleic Acids Res 40: 7233-7246.

Paschos K, Smith P, Anderton E, Middeldorp JM, White RE, et al. (2009)
Epstein-Barr virus latency in B cells leads to epigenetic repression and CpG
methylation of the tumour suppressor gene Bim. PLoS Pathog 5: e1000492.
Happo L, Cragg MS, Phipson B, Haga JM, Jansen ES, et al. (2010) Maximal
killing of lymphoma cells by DNA damage-inducing therapy requires not only
the p53 targets Puma and Noxa, but also Bim. Blood 116: 5256-5267.
Knight JS, Sharma N, Robertson ES (2005) Epstein-Barr virus latent antigen
3C can mediate the degradation of the retinoblastoma protein through an SCF
cellular ubiquitin ligase. Proc Natl Acad Sci U S A 102: 18562-18566.
Klangby U, Okan I, Magnusson KP, Wendland M, Lind P, et al. (1998) p16/
INK4a and p15/INK4b gene methylation and absence of p16/INK4a mRNA
and protein expression in Burkitt’s lymphoma. Blood 91: 1680-1687.
Cannell EJ, Farrell PJ, Sinclair AJ (1996) Epstein-Barr virus exploits the normal
cell pathway to regulate Rb activity during the immortalisation of primary B-
cells. Oncogene 13: 1413-1421.

Galaktionov K, Chen X, Beach D (1996) Cdc25 cell-cycle phosphatase as a
target of c-myc. Nature 382: 511-517.

Sinclair AJ, Palmero I, Peters G, Farrell PJ (1994) EBNA-2 and EBNA-LP
cooperate to cause GO to Gl transition during immortalization of resting
human B lymphocytes by Epstein-Barr virus. EMBO J 13: 3321-3328.
Broude EV, Swift ME, Vivo C, Chang BD, Davis BM, et al. (2007) p21(Waf1/
Cipl/Sdil) mediates retinoblastoma protein degradation. Oncogene 26: 6954—
6958.

Sdek P, Ying H, Zheng H, Margulis A, Tang X, et al. (2004) The central acidic
domain of MDMZ2 is critical in inhibition of retinoblastoma-mediated
suppression of E2IF and cell growth. J Biol Chem 279: 53317-53322.

Sdek P, Ying H, Chang DL, Qiu W, Zheng H, et al. (2005) MDM2 promotes
proteasome-dependent ubiquitin-independent degradation of retinoblastoma
protein. Mol Cell 20: 699-708.

. Chang BD, Watanabe K, Broude EV, Fang J, Poole JC, et al. (2000) Effects of

p21Wafl/Cip1/8dil on cellular gene expression: implications for carcinogen-
esis, senescence, and age-related diseases. Proc Natl Acad Sci U S A 97: 4291
4296.

Janicke RU, Walker PA, Lin XY, Porter AG (1996) Specific cleavage of the
retinoblastoma protein by an ICE-like protease in apoptosis. EMBO J 15:
6969-6978.

Zhang H, Hannon GJ, Beach D (1994) p21-containing cyclin kinases exist in
both active and inactive states. Genes Dev 8: 1750-1758.

LaBaer J, Garrett MD, Stevenson LF, Slingerland JM, Sandhu C, et al. (1997)
New functional activities for the p21 family of CDK inhibitors. Genes Dev 11:
847-862.

Cheng M, Olivier P, Dichl JA, Fero M, Roussel MF, et al. (1999) The
p21(Cipl) and p27(Kipl) CDK ‘inhibitors’ are essential activators of cyclin D-
dependent kinases in murine fibroblasts. EMBO J 18: 1571-1583.
Hammerschmidt W, Sugden B (1989) Genetic analysis of immortalizing
functions of Epstein-Barr virus in human B lymphocytes. Nature 340: 393-397.
Cohen JI, Wang T, Kieff E (1991) Epstein-Barr virus nuclear protein 2
mutations define essential domains for transformation and transactivation.
J Virol 65: 2545-2554.

Cohen JI, Wang F, Mannick J, Kieff E (1989) Epstein-Barr virus nuclear
protein 2 is a key determinant of lymphocyte transformation. Proc Natl Acad

Sci U S A 86: 9558-9562.

October 2014 | Volume 10 | Issue 10 | e1004415



99.

100.

101.

Allday M]J, Sinclair A, Parker G, Crawford DH, Farrell PJ (1995) Epstein-Barr
virus efficiently immortalizes human B cells without neutralizing the function of
p53. EMBO J 14: 1382-1391.

O’Nions J, Allday MJ (2003) Epstein-Barr virus can inhibit genotoxin-induced
G1 arrest downstream of p53 by preventing the inactivation of CDK2.
Oncogene 22: 7181-7191.

Saha A, Murakami M, Kumar P, Bajaj B, Sims K, et al. (2009) Epstein-Barr
virus nuclear antigen 3C augments Mdm2-mediated p53 ubiquitination and
degradation by deubiquitinating Mdm2. J Virol 83: 4652-4669.

PLOS Pathogens | www.plospathogens.org

17

102.

103.

104.

EBV EBNA-3A Represses p21WAF1/CIP1 Expression

Sui G, Soohoo C, Affar el B, Gay F, Shi Y, et al. (2002) A DNA vector-based
RNAI technology to suppress gene expression in mammalian cells. Proc Natl
Acad Sci U S A 99: 5515-5520.

Gorska A, Swiatkowska A, Dutkiewicz M, Ciesiolka ] (2013) Modulation of p53
expression using antisense oligonucleotides complementary to the 5'-terminal
region of p53 mRNA in vitro and in the living cells. PLoS One 8: ¢78863.
Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 630-685.

October 2014 | Volume 10 | Issue 10 | e1004415



