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Abstract

Latent membrane protein 1 (LMP1) is the major transforming protein of Epstein-Barr virus
(EBV) and is critical for EBV-induced B-cell transformation in vitro. Poly(ADP-ribose) poly-
merase 1 (PARP1) regulates accessibility of chromatin, alters functions of transcriptional
activators and repressors, and has been directly implicated in transcriptional activation. Pre-
viously we showed that LMP1 activates PARP1 and increases Poly(ADP-ribos)ylation
(PARylation) through PARP1. Therefore, to identify targets of LMP1 that are regulated
through PARP1, LMP1 was ectopically expressed in an EBV-negative Burkitt’s lymphoma
cell line. These LMP1-expressing cells were then treated with the PARP inhibitor olaparib
and prepared for RNA sequencing. The LMP1/PARP targets identified through this RNA-
seq experiment are largely involved in metabolism and signaling. Interestingly, Ingenuity
Pathway Analysis of RNA-seq data suggests that hypoxia-inducible factor 1-alpha (HIF-1a)
is an LMP1 target mediated through PARP1. PARP1 is acting as a coactivator of HIF-1a-
dependent gene expression in B cells, and this co-activation is enhanced by LMP1-medi-
ated activation of PARP1. HIF-1a forms a PARylated complex with PARP1 and both HIF-1a
and PARP1 are present at promoter regions of HIF-1a downstream targets, leading to accu-
mulation of positive histone marks at these regions. Complex formation, PARylation and
binding of PARP1 and HIF-1a at promoter regions of HIF-1a downstream targets can all be
attenuated by PARP1 inhibition, subsequently leading to a buildup of repressive histone
marks and loss of positive histone marks. In addition, LMP1 switches cells to a glycolytic
‘Warburg’ metabolism, preferentially using aerobic glycolysis over mitochondrial respiration.
Finally, LMP1+ cells are more sensitive to PARP1 inhibition and, therefore, targeting
PARP1 activity may be an effective treatment for LMP1+ EBV-associated malignancies.
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Author summary

Epstein-Barr virus (EBV) is one of the most ubiquitous human viruses, with over 90% of
adults worldwide harboring lifelong latent EBV infection in a small fraction of their B-
lymphocytes. EBV is known to cause lymphoproliferative disorders and is associated with
several other types of cancer, including Hodgkin’s lymphoma, Burkitt’s lymphoma and
Nasopharyngeal carcinoma. However, in most cases, the approach to EBV-positive lym-
phomas does not differ from EBV-negative lymphomas of the same histology. Latent
membrane protein 1 (LMP1) is the major transforming protein of EBV and is critical for
EBV-induced B-cell transformation in vitro. LMP1 activates several epigenetic regulators
to modify host gene expression, including the chromatin-modifying enzyme Poly(ADP-
ribose) polymerase 1, or PARPI. In the current study we have determined that LMP1 can
activate PARP1 to increase hypoxia-inducible factor 1-alpha (HIF-10)-dependent gene
expression, leading to a change in host cell metabolism indicative of a ‘Warburg effect’
(aerobic glycolysis). This subsequently provides a proliferative advantage to LMP1-
expressing cells. The LMP1-induced increase in HIF-1a-dependent gene expression, alter-
ation of cellular metabolism, and accelerated cellular proliferation, can be offset with the
PARP inhibitor olaparib. Therefore, targeting PARP1 activity may be an effective treat-
ment for LMP1+ EBV-associated malignancies.

Introduction

The Epstein-Barr virus (EBV) is a human gammaherpesvirus that latently infects approxi-
mately 95% of the population worldwide [1]. Latent EBV infection causes lymphoproliferative
disease in immunosuppressed patients and is associated with Burkitt’s ymphoma and naso-
pharyngeal carcinoma [2, 3]. Following infection in epithelial cells, EBV often initially estab-
lishes a latent type III infection in naive B cells, where it expresses its full repertoire of latency
genes. Expression of these genes within infected B cells drives proliferation and differentiation
by triggering intracellular signals which mimic antigenic stimulation [4]. Type III latency
genes include the six Epstein-Barr nuclear antigens (EBNAs 1, 2, 3A, 3B and 3C and EBNA
leader protein (EBNA-LP)), latent membrane proteins LMP1 and LMP2 (which encodes two
isoforms, LMP2A and LMP2B) and the non-coding EBV-encoded RNAs (EBER1 and EBER2)
and viral microRNA (miRNA) [5].

During various stages of B cell differentiation in vivo, EBV will express either the latency III
program, or one of two alternative forms of virus latency (known as latency I and latency II).
Expression of the large set of EBV genes in latency III is highly immunogenic and eventually
leads to the implementation of a limited gene expression profile (type I latent gene expression
program) [3, 6], with only Epstein-Barr nuclear antigen 1 (EBNA1) expressed. EBNA1 is
essential for viral episomal maintenance and replication [7] and allows the EBV-infected host
cell to evade detection by the immune system [8].

Specific EBV-associated malignancies are associated with different latency types [3, 6].
Therefore, understanding EBV gene regulation during latency and latency switching will pro-
vide fundamental new insights into the development of novel, targeted treatments against
EBV-associated malignancies. In particular, there is an unmet need for the specific targeting of
EBV-positive lymphomas, as in most instances the approach to EBV-positive lymphomas does
not differ from EBV-negative lymphomas of the same histology [9].

ADP-ribosylation is a post-translational modification where single units (mono-ADP-ribo-
sylation) or polymeric chains (poly-ADP-ribosylation) of ADP-ribose are conjugated to
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proteins by ADP-ribosyltransferases [10]. This post-translational modification by the ADP-
ribosyltransferases (also known as PARPs) plays a key role in a variety of nuclear processes
including transcriptional regulation via epigenetic mechanisms [11-14], and direct histone
modification [15, 16]. PARylation of histones reduces their affinity for DNA due to electro-
static repulsion [13], allowing greater accessibility to DNA repair or transcriptional machiner-
ies [13, 17, 18]. The host also uses PARylation, specifically through the PARP1 protein, to
regulate both the lytic and latent infection of EBV [19-21].

Our group has previously shown that viral gene products can also influence PARylation,
and that disruption of PARP regulation is sufficient to alter host gene expression. In that
study, the relationship between EBV latency type and PARylation was explored, and type III
cells latently infected with EBV were determined to have significantly higher PAR levels than
type I latently infected EBV cells [22]. Expression of the type III latency-associated EBV pro-
tein Latent membrane protein 1 (LMP1) alone was sufficient to promote PARP1-mediated
PARylation [22]. LMP1 is the major transforming protein of EBV and is critical for EBV-
induced B-cell transformation in vitro [23, 24].

As LMP1 alone was sufficient to promote PARP1-mediated PARylation, we are reporting
here an unbiased approach to identify global targets of LMP1 that are regulated through
PARPI. In this approach, LMP1 was ectopically expressed in an EBV-negative Burkitt’s lym-
phoma cell line DG75. These LMP1-expressing cells were then treated with the PARP inhibitor
olaparib and prepared for RNA sequencing. The LMP1/PARP targets identified through this
RNA-seq experiment are largely involved in metabolism and signaling. Interestingly, Ingenu-
ity Pathway Analysis, IPA, of RNA-seq data suggests that the transcription factor hypoxia-
inducible factor 1-alpha (HIF-1c) is an LMP1 target mediated through PARP1. Dysregulation
and overexpression of HIF-1o due to hypoxia or genetic alternations are heavily implicated in
oncogenesis, as well as several other pathophysiologies, involving vascularization and angio-
genesis, energy metabolism, cell survival, and tumor invasion [25].

Transcriptionally active HIF-1 is a heterodimer composed of o- and B-subunits. The dimer
is a member of the basic helix loop helix-PER-ARNT-SIM (bHLH-PAS) family of transcrip-
tion factors which play a role in cancer development [26]. In normal, non-hypoxic cells, HIF-
Lo is continually synthesized and degraded, while HIF-1p is constitutively expressed to rela-
tively constant levels within the nucleus. HIF-1o degradation is initiated by hydroxylation of a
proline residue (Pro-402 and/or Pro-564) by prolyl hydroxylases (PHD-1, PHD-2, and PHD-
3) using molecular oxygen as a co-substrate [27, 28]. Upon hydroxylation, HIF-1a- OH
becomes ubiquitinated by the von Hippel Lindau E3 ubiquitin ligase protein (VHL), and sub-
sequent proteasomal breakdown occurs. In low oxygen, PHDs cannot function, resulting in
stabilization of HIF-1o in the cytoplasm and its translocation to the nucleus [29].

Interestingly, several human oncogenic viruses increase levels of the transcription factor
HIF-1, including EBV [30]. Specifically, LMP1 was shown to enhance the synthesis of HIF-1o
and the expression of HIF-1a-responsive genes in a nasopharyngeal carcinoma (NPC)-derived
cell line [31], which could be attributed to enhanced degradation of prolylhydroxylases (PHD)
1 and 3 mediated by STAH1 [32]. More recent work illustrates that infection of full length EBV
increases HIF-1a. protein levels and its translocation to the nucleus in comparison to normal
cytokine-induced proliferating B cells. EBNA-3 and EBNA-LP were shown to bind directly to
PHD-2 and PHD-1, respectively, preventing HIF-1o hydroxylation and consequently allowing
it to escape degradation [33]. In addition, PARP1-deficient chronic myelogenous leukemia
cells showed reduced HIF-1 transcriptional activation dependent on PARP1 enzymatic activ-
ity. PARP1 was found to complex with HIF-1a through direct protein interaction and
increased HIF-1o~dependent gene expression [34].
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We report here that PARP inhibition offsets LMP1-mediated gene activation. Specifically,
we determined that LMP1 can modulate host gene expression by using PARP1 as a coactivator
of HIF-1a-dependent gene expression in B cells. PARP1 directly co-activates HIF-1o~depen-
dent gene expression by binding to the promoter regions of HIF-1a. targets. Many of these
HIF-lo-dependent gene targets are involved in metabolism, and consequently LMP1+ cells
are much less dependent on mitochondrial respiration and instead use aerobic glycolysis, con-
ferring a “Warburg effect’/aerobic glycolysis (high rate of glycolysis followed by lactic acid fer-
mentation even in the presence of abundant oxygen) [35]. Finally, LMP1+ cells are more
sensitive to PARP1 inhibition and therefore targeting PARP1 activity may be an effective treat-
ment for LMP1+ EBV-associated malignancies.

Results
PARP inhibition offsets LMP1-mediated gene activation

To identify global targets of LMP1 regulated by PARP1, LMP1 was ectopically expressed in the
EBV-negative Burkitt’s lymphoma cell line DG75 (S1A Fig). Cells were transduced with retro-
viral particles containing either pBABE (empty vector) or pPBABE-HA-LMP1 vectors. Trans-
duced cells were placed under long-term selection in medium containing 1 pg/ml puromycin
and LMP1 expression was confirmed by western blotting, which showed physiological protein
levels as observed in latency type III cell lines (S1B Fig). Previously we have demonstrated that
expression of the type III latency-associated EBV protein LMP1 alone was sufficient to pro-
mote PARP1-mediated PARylation [22], and this was also observed following ectopic expres-
sion of LMP1 in DG75 (S1D Fig). LMP1 positive (+) and LMP1 negative (-) cells were
incubated for 72 hrs with 1 uM of the PARP inhibitor olaparib or the DMSO vehicle as a con-
trol. RNA was then isolated and prepared for RNA sequencing. We observed that the expres-
sion of 2504 genes were significantly changed (FDR<0.01) when comparing LMP1- vs LMP1
+ cells, with 1578 and 926 genes upregulated and downregulated by LMP1, respectively (S2A
and S2B Fig). Ingenuity Pathway Analysis (IPA) predicted HIF-1a as one of the top upstream
regulators activated by LMP1 (S2D Fig). Furthermore, gene function analysis identified path-
ways such as glycolysis I, gluconeogenesis I, Notch signaling and B cell development to be
upregulated by LMP1 (S2C Fig). Inspection of regulated genes and IPA analysis showed well-
known targets of LMP1 that have been reported in prior literature, confirming that ectopic
expression in DG75 could recapitulate the changes in gene expression induced by LMP1.

We then compared untreated LMP1+ cells with LMP1+ cells treated with the PARP inhibi-
tor olaparib. In total, we observed expression of 2435 genes to be significantly changed
(FDR<0.01), with balanced up and downregulation following PARP inhibition (1163 and
1272 genes, respectively) (S3A and S3B Fig). In contrast to IPA predicted HIF-1o activation
by LMP]I, olaparib treatment is predicted to inhibit HIF-1o in LMP1+ cells (S3D Fig). Gene
function analysis also identified regulation of pathways such as glycolysis I and gluconeogene-
sis I by PARP1 (S3C Fig).

We then overlaid the aforementioned two datasets and introduced log2 I1I Fold Change to
identify our TMP1/PARPI’ targets, of which there were 292 (Fig 1A). Of these 292 genes, the
majority (225) were upregulated by LMP1 and offset by PARP1 inhibition (Fig 1B). We per-
formed unsupervised hierarchical clustering and observed that the LMP1+ samples treated
with olaparib and the LMP1- samples clustered together and separately from the LMP1
+ untreated samples. We observed that two clusters emerged among the LMP1/PARP]1 targets,
which were analyzed by IPA gene function analysis. Cluster 1 genes were upregulated by
LMP1 and downregulated following PARP1 inhibition, while cluster 2 genes were downregu-
lated by LMP1 and upregulated following PARP1 inhibition (Fig 1C). IPA revealed PARP1/
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Fig 1. PARP inhibition offsets LMP1-mediated gene activation. A) Expression of 292 genes were significantly changed (FDR<0.01 log, I1I Fold Change) when
comparing LMP1- vs LMP1+ cells and overlaying this dataset with LMP1+ untreated cells vs LMP1+ cells treated with 1 uM olaparib for 72 hrs. B) Of these 292 genes, the
majority (225) were upregulated by LMP1, which was offset by PARP inhibition. C) Heat map showing two gene clusters- cluster 1 genes are those upregulated by LMP1
and subsequently downregulated following PARP1 inhibition, and cluster 2 genes are those downregulated by LMP1 and subsequently upregulated following PARP1
inhibition. Gene expression is plotted as z-score normalized FPKM values. D) Ingenuity Pathway Analysis, IPA, reveals the gene functions of the PARP1/LMP1 targets are
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largely involved in metabolism and signaling. E) IPA Disease or function analysis identifies cancer, proliferation of lymphatic system and proliferation of lymphocytes as
being LMP1/PARPI targets that are decreased following olaparib treatment. F) IPA identified HIF-1o. as a top upstream regulator activated by LMP1/PARP1 and

inhibited following PARP inhibition.
https://doi.org/10.1371/journal.ppat.1007394.g001

LMP1 targets were largely involved in metabolism and signaling, with two clusters emerging
from gene function analysis (Fig 1D). In addition, disease or function analysis identified can-
cer, proliferation of lymphatic system, and proliferation of lymphocytes as LMP1/PARP1 tar-
gets that were decreased following olaparib treatment (Fig 1E).

LMP1 activates HIF-1a-dependent gene expression through PARP1

IPA identified HIF-1a, as well as its dimerization partner ARNT (HIF-1B), as top upstream regu-
lators activated by LMP1/PARP1 and repressed following PARP inhibition (Fig 1F). This was
based on increased transcription of HIF-1a-targets by LMP1 and their downregulation following
PARP inhibition (Fig 2A). We validated several of these HIF-1c targets by QRT-PCR in both the
DG75 cell line (fold change LMP1+/LMP1-) (Fig 2B) as well as EBV infected cells with latency III
and I setting (fold change Mutu III/T) (S5E Fig). To establish that the inhibition of HIF-1c targets
was due to PARP1 inhibition rather than off-target effects of olaparib, PARP1 was knocked down
in LMP1+ and LMP1- DG75 cells (Fig 2C and 2D). Corresponding to PARP1 inhibition with ola-
parib, HIF-1o targets were upregulated in LMP1 + cells vs LMP1 —cells and this upregulation was
diminished by PARP1 knockdown, as shown by qRT-PCR (fold change LMP1+/LMP1-) (Fig
2E), indicating that PARP1 is necessary for activation of these genes by LMP1.

HIF-1o0. and PARP1 form a PARylated complex

It has been reported in the literature that PARP1 forms a complex with HIF-1o. through direct
protein interaction and increases HIF-1o~dependent gene expression [34]. To see if this was
the case in our B cell lines, we performed an immunoprecipitation assay and found that HIF-
lo immunoprecipitated with PARP1. We also observed that the HIF-1a/PARP1 interaction
was increased in LMP1+ cells (around 40%) and PARP1 inhibition caused dissociation of the
complex (Fig 3A and 3B). Whilst this LMP1-induced global increase in HIF-10/PARP1 inter-
action was modest, we observed much greater increases in LMP1-induced PARP/HIF-1o.
binding at specific HIF-1a-responsive gene promoters (see below).

As there is an increase in PARP1 activity and HIF-1 transcriptional activation in LMP1+
cells, and inhibition of PARP1 catalytic activity reduces HIF-1 transcriptional activation, we
wanted to determine if the PARP1/HIF-1a complex was PARylated in LMP1+ cells. As shown
in Fig 3C and 3D, following incubation with Poly-ADP-ribose binding macrodomain resin,
western blot for HIF-1o: and PARP1 confirms that the PARP1/HIF-1o complex is PARylated.
Specifically, LMP1+ cells exhibited a two-fold increase in HIF-10: and PARP1 levels, respec-
tively, compared to LMP1- cells following pull down with the Poly-ADP-ribose binding
macrodomain resin (Fig 3D). Biological replicates of the IP and PAR resin assays are shown in
S6 Fig. This suggests that PARylation of HIF-10, or proteins bound to HIF-1o in a complex,
may play a role in the stability of the complex as well as the increased transcriptional activation
of HIF-1o in LMP1+ cells.

PARP1 co-activates HIF-1a-dependent gene expression by binding to the
promoter regions of HIF-1a targets

To determine if increased PARP activation in LMP1+ cells was augmenting HIF-1 transcrip-
tional activation by influencing HIF-1 binding to its downstream promoters, we performed
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Fig 2. Validation of RNA-seq data. A) Heatmap showing HIF-1o. targets that are induced in LMP1+ cells vs LMP1- cells and decreased with PARP inhibition (FDR<0.01
log, I11 Fold Change). Gene expression is plotted as z-score normalized FPKM values. B) Validation of targets identified through RNA seq of olaparib-treated samples-
qRT-PCR showing relative expression of transcripts in untreated and olaparib-treated LMP1+ cells vs untreated LMP1- cells. C) Lentiviral sh-PARP1-GFP was used to
validate olaparib-treated samples. Fluorescent microscopy showing GFP expression after transduction with shControl and shPARP1 following cell sorting by FACS. D)
Western blot showing knockdown of PARP1 in LMP1+ cells following lentiviral transduction with shPARP1. E) Validation of targets identified through RNA seq of
olaparib-treated samples using shPARP1 cells. qRT-PCR showing relative expression of transcripts in GFP control and shPARP1 LMP1+ cells vs GFP control LMP1- cells.
All RT-qPCR Expression is relative to 18s. The graphs are representative of three independent experiments and shows mean + standard deviation.

https://doi.org/10.1371/journal.ppat.1007394.9002

ChIP-PCR experiments on promoter regions of validated HIF-1o. targets. These targets have
been validated by RT-qPCR and had demonstrated increased transcription in LMP1+ cells vs
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Fig 3. HIF-1a forms a PARylated complex with PARP1. A) Following immunoprecipitation with IgG and PARP1 antibodies, western blot for HIF-1a confirms that
PARP1 immunoprecipitates with HIF-1o. to a greater extent in LMP1+ vs LMP1- cells and this is attenuated by 1 uM 72 hr olaparib treatment. B) Quantification of
immunoprecipitation (normalized to input) representative of three biological replicates. C) Following incubation with Poly-ADP-ribose binding macrodomain resin
and Poly-ADP-ribose neg control resin, western blot for HIF-1o. and PARP1 confirms that the PARP1/HIF-1a complex is PARylated in LMP1+ cells and this is
abolished by 1 uM 72 hr olaparib treatment. Input represents 10% of the protein lysate used for immunoprecipitation. The western blot is representative of at least
three biological replicates. D) Quantification of PAR resin (normalized to input) representative of three biological replicates. P values for significant differences
(Student’s t-test) are indicated on the graphs and are summarized by three asterisks (p<0.001).

https://doi.org/10.1371/journal.ppat.1007394.9003
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LMP1- cells and decreased transcription in LMP1+ cells, following both PARP1 inhibition
and PARPI1 knockdown. Promoter regions of three such HIF-1o targets were bound by
PARP1 and HIF-1a considerably more in LMP1+ cells vs LMP1- cells. Furthermore, binding
of HIF-1o. and PARP1 was reduced at promoter regions of HIF-1o targets by PARP1 inhibi-
tion in LMP1+ cells (Fig 4A and 4B). One exception was at the BNIP3 promoter, where no
loss of HIF-10. binding following PARP1 inhibition was observed. Therefore, in the case of
BNIP3, it may be that despite HIF-1a binding, the HIF-1o/PARP complex is less active and
less stable following PARP inhibition (as shown by IP data and loss of PARP1 binding to
BNIP3 promoter), which results in the decreased gene expression observed. This leads to the
speculation that the presence of PARP1 at the promoter may be the determining factor for
activation of HIF-1-responsive gene expression in a subset of HIF-1-responsive genes. How-
ever, after ChIP-PCR experiments with EBV infected cells with latency IIT and I setting (Mutu
III/T) (S5B Fig), we did observe loss of HIF-1o binding at the BNIP promoter following
PARPI inhibition. Thus, it may simply be a cell line specific response.

LMP1 leads to the accumulation of positive histone marks at HIF-1a.-
responsive genes

As shown by the previously discussed ChIP-qPCR experiments, PARP1 is present at the pro-
moters of HIF-1 o—dependent genes. Due to the multiple roles PARP1 can play as a chromatin
modifying enzyme [11-14], we wanted to determine if the increased PARP1 binding at the
promoter regions of the HIF-1o. targets was due to a change in the chromatin landscape of the
regions. As shown in Fig 4C and S5C Fig, these targets also had significant accumulation of
the positive histone mark H3K27ac. Furthermore, this mark could be lost by PARP1 inhibi-
tion, which conversely led to the accumulation of the repressive histone mark H3K27me3 (Fig
4D and S5D Fig). This suggests that the role of PARPI as a coactivator of HIF-1 a~dependent
gene expression could be attributed to its ability to modify histone tails, creating a more per-
missible environment for gene transcription.

LMP1 induces a global increase in chromatin bound HIF-1a

PARP1 and PARylation can affect the ability of proteins to interact with chromatin, therefore
we determined whether the activation of PARP1 by LMP1 can influence the association of
HIF-1o. with chromatin and whether PARP inhibition could reverse this effect. We assessed
HIF-1o levels in the cytoplasmic fraction, the nuclear soluble fraction and chromatin-bound
fraction by western blot and following subcellular protein fractionation. Western blot for HIF-
Lo confirms its localization to chromatin in LMP1+ cells, which is reduced after olaparib treat-
ment (Fig 5A). Specifically, we observed a 50% increase in chromatin-bound HIF-1o in LMP1
+ cells vs LMP1- cells, which was reduced to 60% of LMP1- levels following PARP inhibition
(Fig 5B). This global increase in chromatin bound HIF-1c in LMP1+ cells further suggests
LMP1 enhancing HIF-1a transcriptional activation.

LMP1 confers a ‘Warburg’ effect

Many of the HIF-1o. downstream transcriptional targets activated by LMP1 through PARP1
are involved in metabolism, therefore we aimed to determine if LMP1/PARP1interaction lead
to any functional metabolic effect at the cellular level. To examine this, we performed mito
stress test and glycolytic rate assays using a XF96 Extracellular Flux Analyzer (Seahorse Biosci-
ence) to measure oxygen consumption rate (OCR) and extracellular acidification rate (ECAR).
For the mito stress test, OCR and ECAR were detected under basal conditions followed by the
sequential addition of oligomycin, fluoro-carbonyl cyanide phenylhydrazone (FCCP) and
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Fig 4. PARP1 co-activates HIF-1a-dependent gene expression by binding to the promoter regions of HIF-1a targets. ChIP-qPCR assay for A) PARP1, B) HIF-10, C)
H3K27ac and D) H3K27me3 occupancy at the ALDOC (left), HILPDA (center) and BNIP3 (right) transcription start sites (TSS) in untreated LMP1- and LMP1+ cells and
LMP1+ cells treated with 1 pM olaparib for 72 h. Results are expressed as fold change over IgG. Results are representative of three independent experiments and show
mean + standard deviation.

https://doi.org/10.1371/journal.ppat.1007394.9004

rotenone + antimycin A. As shown in Fig 6B, mitochondrial respiration is significantly
decreased in LMP1+ cells. PARP1 inhibition in these cells subsequently leads to an increase in
mitochondrial respiration (Fig 6C). This suggests that LMP-mediated activation of PARP1
leads to decreased reliance on mitochondrial respiration in the cell. PARP1 activation has been
shown to damage mitochondrial activity characterized by secondary mitochondrial superoxide
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https://doi.org/10.1371/journal.ppat.1007394.9005

production, distorted mitochondrial structure and reduced mitochondrial oxidation and ATP
production [36]. This can be seen by the decreased ATP synthase-linked ATP production in
LMP1+ cells followed by increase in ATP levels after PARP inhibition (Fig 6D). In the LMP1-
cells, we observed an increase in basal respiration upon olaparib treatment, similar to that seen
in LMP1+/+ olaparib group. However, olaparib treatment in the LMP1- cells resulted in a
decrease in maximal respiration (S10A Fig). We think the differences observed in the maximal
respiration was due to the contrast in PARP1 activation states between LMP1- and LMP1+
cells and the resulting disparity in olaparib sensitivity between the two (discussed further
below).

Apart from Mitochondrial respiration, the other major cellular energy pathway is glycolysis.
Due to the decreased reliance on mitochondrial respiration by LMP1, and knowing that HIFs
activate transcription programs which induce glycolysis and inhibit mitochondrial activity
[37], we wanted to determine if LMP1 promotes a switch to glycolytic metabolism. To accom-
plish this, we used the glycolytic rate test procedure to measure the OCR and ECAR. Both
were detected under basal conditions followed by the sequential addition of 2uM rotenone +
2 uM antimycin A and 50 mM 2-deoxy-D-glucose. As shown in Fig 7B, 7D and 7E, LMP1
confers a ‘Warburg’ effect, significantly increasing basal and compensatory glycolysis in the
cell under aerobic conditions. PARP inhibition subsequently decreased this effect (Fig 7C, 7D
and 7E) but had no impact on LMP1- cells (S10B Fig). This suggests that LMP-mediated acti-
vation of PARPI1 not only leads to diminished reliance on mitochondrial respiration, but also
to an increase in aerobic glycolysis. How much of this is mediated distinctly through PARP]I,
or HIF-10, or a combination of the two, needs to be elucidated with further experimentation.

LMP1 provides a proliferative advantage that can be eradicated following
PARP inhibition

Warburg metabolism is thought to enable rapid cell division through the creation of excess
carbon obtained from increased glucose consumption, which can subsequently be used to fuel
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Fig 6. LMP1 decreases mitochondrial respiration. A) Schematic of mitochondrial stress test. Oxygen consumption rate (OCR) comparing B) LMP1+ vs LMP1- cells and
C) LMP1+ untreated cells vs LMP+ cells treated with olaparib. D) Individual parameters for basal respiration (left), maximal respiration (middle) and ATP synthase-
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measurement. Data are expressed as means + SD, n = 6 technical replicates. The graphs are representative of four biological replicates. P values for significant differences
(Student’s t-test) are summarized by three asterisks (p<0.001) and groups are compared to LMP1+ untreated samples.

https://doi.org/10.1371/journal.ppat.1007394.9006

anabolic processes. This excess carbon can then be diverted into the various branching path-
ways that stem from glycolysis and subsequently used for the production of nucleotides, lipids,
and proteins [38]. Activated T cells extensively and rapidly proliferate upon activation and
have been shown to engage Warburg metabolism [38, 39]. B cells share certain fundamental
metabolic characteristics with T cells, such as increased glucose uptake and induction of gly-
colysis after activation [40, 41].

As LMP1 appears to be engaging ‘Warburg metabolism’, and our IPA analysis suggested
increased proliferation of cells with LMP1 (Fig 8A), we wanted to determine if this conferred a
proliferative advantage. To ascertain this, we measured cellular proliferation by staining cells
with CFSE (5(6)-Carboxyfluorescein N-hydroxysuccinimidyl ester) staining. CFSE Uptake at
time zero was the same for both LMP1+ and LMP1- cells (S8B Fig). We then allowed cells to
proliferate for 96 hrs before proceeding with FACS analysis. LMP1 presence led to increased
proliferation vs LMP1- cells (Fig 8B), which was markedly curtailed following PARP1 inhibi-
tion (Fig 8C). In contrast, proliferation of LMP1- cells was only marginally reduced following
PARP inhibition (S4A Fig). This olaparib-induced decrease in proliferation in LMP1+ cells
coincided with in an arrest in G2/M (Fig 8D) but appeared to be independent of DNA
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Fig 7. LMP1 confers a ‘Warburg’ effect. A) Schematic of glycolytic rate assay. Glycolytic proton efflux rate (glycoPER) comparing B) LMP1+ vs LMP1- cells and C)
LMP1+ untreated cells vs LMP+ cells treated with olaparib. Individual parameters for D) basal glycolysis and E) compensatory glycolysis. DG75 cells were pre-treated with
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https://doi.org/10.1371/journal.ppat.1007394.9007

damage, as we found no evidence of yH2A x accumulation following intracellular staining and
FACS analysis (S1E Fig). Furthermore, we found no evidence of PARP inhibition (1 uM 72
hrs) leading to apoptotic cell death, as determined by Annexin V staining (S1F Fig).

We then used the methylcellulose colony forming cell (CFC) assay to determine the impact
of LMP1 and PARP inhibition on the cells’ ability to proliferate and differentiate into colonies.
Cells were pre-treated with 2.5 uM olaparib for 96 hrs. Following this pre-treatment, cells were
checked for viability using the Annexin V assay (S8A Fig). After confirmation of cell viability,
cells were seeded and incubated in CFC media for 14 days. As shown by Fig 8E and 8F, LMP1
enabled cells to form robust colonies. However, colonies were not able to form following ola-
parib treatment.

Discussion

We report here that LMP1 can modulate host gene expression by using PARPI as a coactivator
of HIF-1o-dependent gene expression in B cells. In recent decades, research into PARP biol-
ogy, outside of its classical role in DNA damage detection and repair responses, has led to
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Fig 8. LMP1 provides a proliferative advantage that can be eradicated following PARP inhibition. A) IPA analysis predicts LMP1 to activate proliferation
pathways and PARP inhibition to inactivate proliferation pathways. B and C) Cells were stained by CFSE (5(6)-Carboxyfluorescein N-hydroxysuccinimidyl ester)
and allowed to proliferate for 96 hrs- LMP1+ vs LMP1- CESE labeled cells and LMP1+ untreated cells vs olaprib-treated LMP+ CFSE labeled cells were then
detected by FACS analysis, respectively. D) Cell cycle analysis- LMP1+ cells were incubated with 1 uM olaparib for 72 hrs. Cells were then harvested, fixed and
permeabilized in absolute ethanol and then incubated with propidium iodide (PI) and RNAse A for 30 mins at 37C and analyzed by FACS. E and F) Methylcellulose
colony forming cell (CFC) assay- 500 LMP1+ cells, untreated and pre-treated with 2.5 uM olaparib for 96 hrs, were seeded in methylcellulose media and incubated
for 14 days at 37°C. Images were captured following staining with crystal violet and unstained at 4X magnification, respectively.

https://doi.org/10.1371/journal.ppat.1007394.9008

greater appreciation and understanding to the pivotal role PARP-1 plays in gene regulation.
PARP-1 can function as a key regulator of gene expression through a variety of mechanisms,
including roles as a chromatin modulator, a coregulator for DNA-binding transcription fac-
tors, and a regulator of DNA methylation. The gene regulatory effects of PARP-1 have been
linked to the control of inflammation, metabolism, circadian rhythms, and cancer [42]. Previ-
ous work by our group has established that expression of the type III latency-associated EBV
protein LMP1 alone was able to promote PARP1-mediated PARylation, and disruption of
inhibition of PARP activity was sufficient to alter host gene expression. Moreover, the induc-
tion of PARylation mediated by LMP1 was also essential for EBV-driven oncogenesis [22].
Building on our previous work, here we are reporting a global approach to identify host gene
targets of LMP1 that are regulated through PARPI1. Greater understanding of how LMP1 is
able to manipulate the host gene regulatory machinery through chromatin-modifying
enzymes, such as PARP1, may be exploited by therapeutic intervention to better treat EBV-
positive cancers.

Our initial analysis of RNA-seq data suggested that the transcription factor Hypoxia-Induc-
ible Factor 1-alpha (HIF-1c) is an LMP1 target mediated through PARPI. There is strong evi-
dence that activation of HIF-1 is a common pathway affected by human oncogenic viruses
[30] and HIF-1’s role in the transcriptional upregulation of metabolic, angiogenic and micro-
environmental factors is integral for oncogenesis [30]. HIF-1o transcription is continual and
several growth factors and their accompanying pathways have been shown to play a role in
enhancing HIF-1o signaling in an oxygen-independent manner. However, the majority of
work surrounding HIF-1 regulation has been focused on its constitutive normoxic protein
breakdown and how this can be subverted in the context of oncogenesis. LMP1 has been
shown to increase the synthesis of HIF-1o through the ERK1/2 MAPK signaling pathway [31]
and decrease its breakdown through the degradation of PHD 1 and 3, mediated by SIAH1
[32].

Our work does not find any significant evidence of LMP1 increasing HIF-1o. protein or
mRNA levels. It should be noted however, that our work has taken place in B cells, with the
above-mentioned work mainly taking place in epithelial cells and the latter study involved full
length EBV infection. Another key difference is our use of a Burkitt’s lymphoma cell line
(DG75) which carries a MYC translocation. Overexpression of Myc has been reported to stabi-
lize the o subunit of HIF1 (HIF-1o) under normoxic conditions and enhance HIF-1o accumu-
lation under hypoxic conditions [43]. Therefore, a potentially higher basal level of HIF-10 in
our cell lines could have dampened the effects of ectopic LMP1 expression.

Instead, our evidence indicates that PARP1 is acting as a coactivator of HIF-1o-dependent
gene expression in B cells, and this co-activation is enhanced by LMP1-mediated activation of
PARPI. Outside of EBV, a similar mechanism was reported in PARP1-deficient chronic mye-
logenous leukemia cells, which showed reduced HIF-1 transcriptional activation dependent
on PARP1 enzymatic activity. This agrees with our observations, as inhibition of PARP1 cata-
lytic activity reduced transcriptional activation of HIF-1 targets. The authors of this study also
demonstrated PARPI1 forming a complex with HIF-1a through direct protein interaction in
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vitro, as well as endogenously in HeLa cells [34]. Our study adds to the scope of this mecha-
nism by demonstrating that this complex is also PARylated, and that PARP1 inhibition not
only leads to loss of PARylation but also destabilization of the complex. Whether only PARP1
is PARyated, or also other factors, such as HIF-1a or histones, has to be further elucidated,
which we are planning to achieve in the coming months. What is clear is the requirement of
PARPI enzymatic activity for HIF-1-dependent transcription and the stability of the PARP1/
HIF complex, presumably due to the proper scaffolding of PAR polymers by PARP1.

We then demonstrated, through ChIP assays, that PARP1 co-activates HIF-1a—~dependent
gene expression by binding to the promoter regions of HIF-1a targets, which adds to the
PARP1/HIF-dependent gene expression studies assessed by transient transfection of a reporter
gene under the control of hypoxia response element [34]. Here we show that promoter regions
of HIF-1a targets are bound by HIF-1a: and PARP1 considerably more in LMP1+ cells vs
LMP1- cells, and the binding of both proteins is significantly reduced following PARP1
inhibition.

Our ChIP experiments also revealed that LMP1 induction led to significant accumulation
of the positive histone mark H3K27ac at HIF-1o-dependent genes. This is interesting as one
of the key coactivators of HIF-1 is the histone acetyltransferases p300, which can directly asso-
ciate with the COOH-terminal transactivation domain of HIF-1a: [44] and facilitate acetyla-
tion of histone H3 at ’lysine 27’ (H3K27ac) [45]. Furthermore, this mark was lost following
PARPI inhibition, which conversely led to the accumulation of the repressive histone mark
H3K27me3. Previous work by our group has demonstrated that in the absence of DNA dam-
age, both pharmacological inhibition of PARP and knockdown of PARP1 induced the expres-
sion of the polycomb repressive complex 2 (PRC2) member EZH2, which mediates the
trimethylation of histone H3 at lysine 27 (H3K27me3). This resulted in increased global
H3K27me3, with ChIP assays confirming PARP1 inhibition led to H3K27me3 deposition at
EZH2 target genes, resulting in gene silencing [12]. Ensuing work found that EZH2 is a direct
target of PARP1 upon induction of alkylating and UV-induced DNA damage in cells and in
vitro. PARylation of EZH2 inhibits EZH2 histone methyltransferase (H3K27me) enzymatic
activity [46, 47]. This lends to the possibility that one of the roles of PARP]I, as a coactivator of
HIF-1a-dependent gene expression, could be down to its ability to modify histone tails to aug-
ment HIF-1a—-dependent gene expression. Specifically, the role of PARP1 could be to PARy-
late EZH2 and inhibit EZH2 histone methyltransferase (H3K27me) enzymatic activity. This
may then allow the histone acetyltransferases p300, a key coactivator of HIF-1, to facilitate
acetylation of histone H3 at ’lysine 27’ (H3K27ac), creating a more permissible environment
for gene transcription at HIF-1 transcriptional targets.

PARPI and HIF-1o occupy prominent positions in mitochondrial homeostasis and metab-
olism and EBV-transformed B cells have been shown to induce a “‘Warburg effect’ [33, 48, 49].
In addition, LMP1 has been shown to be the key regulator in reprogramming of EBV-medi-
ated glycolysis in NPC cells [50, 51]. Many of the LMP1-induced PARP1/HIF-1a transcrip-
tional targets we identified in our data set are involved in metabolism, and therefore we
wanted to determine if PARP1 was required for the LMP1-induced aerobic glycolysis that we
observed. We determined that LMP1 significantly increased glycolysis and decreased mito-
chondrial respiration, and this switch in metabolism appeared to be mediated through PARP1.
This isn’t too surprising, as the majority of research points to PARP activation damaging mito-
chondrial function, while PARP inhibition has the opposite effect [52-54]. For example, we
observed significant ATP loss in LMP1+ cells followed by recovery with PARP1 inhibition, as
estimated by the mito stress test assay. AMP concentrations can be increased by PAR degrada-
tion, and AMP perturbs mitochondrial ADP/ATP exchange [55]. In addition, HIFs are well-
known to activate transcription programs that induce glycolysis and inhibit mitochondrial
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Fig 9. Working model. LMP1 activates PARP1. PARP1 acts as a coactivator of HIF-1o.-dependent gene expression by
forming a PARylated complex with HIF-1o. This PARP1/ HIF-1a. complex binds to promoter regions of HIF-1o
downstream targets, leading to accumulation of positive histone marks and increased gene expression. LMP1 induces a
glycolytic phenotype, which corresponds to a proliferative advantage.

https://doi.org/10.1371/journal.ppat.1007394.9009

activity [37]. For instance, enzymes catalyzing glucose metabolism—including phosphoglycer-
ate kinase 1 (PGK1) and phosphofructokinase (PFK), are well-established targets of HIF-1 [56]
and were identified from our RNA-seq data as being induced by LMP1/PARP1. PDK1 was
also identified from our dataset, another recognized HIF-1 target and a key enzyme that con-
tributes to the ‘Warburg effect’ [35].

Previous studies point to the NF-kB signaling pathway and glucose transporter-1 (GLUT1)
as being key mediators in the activation of aerobic glycolysis in LMP1+ NPC cell lines and
both EBV and spontaneous B-cell lymphomas [48, 49, 51]. While we didn’t find any evidence
of increased transcription of GLUTY1, it is possible that LMP1 may be inducing glucose trans-
porter-1 (GLUT1) membrane trafficking, as was observed in EBV and spontaneous B-cell lym-
phomas [49]. Regarding the NF-kB signaling pathway driven aerobic glycolysis, this may be
happening upstream of PARP1/HIF-1o. -dependent gene expression. Firstly, there is evidence
that PARP1 can act as a coactivator of NF-kB in vivo [57], which is supported by our IPA anal-
ysis which identified NF-kB as the highest scoring upstream regulator predicted to be activated
by LMP1 and inactivated by PARP1, as was seen with HIF-1o. (S7 Fig). Secondly, there is evi-
dence of significant crosstalk between the NF-kB and HIF-1a pathways. NF-«kB has been
shown to be a direct modulator of HIF-1o expression. Specifically, the HIF-1o promoter has
been demonstrated to be responsive to selective NF- kB subunits [58].

In summary, our work adds an important branch to the existing model of how LMP1 affects
cellular functions through modulation of chromatin modifying enzymes to regulate host gene
expression, specifically through PARP1 and PARylation (Fig 9). One remaining question is how
LMP1 communicates with PARP1, which we will address in the coming months by determining
whether LMP1 regulates PARP1 through direct interaction or via of the signaling pathways that
LMP1 activates. Gaining a better insight into the LMP1/PARP1 interaction will reveal new impor-
tant functions of LMP1 in the context of cellular transformation and EBV infection.
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Materials and methods
Cell culture and drug treatment

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere in medium supple-
mented with 1% penicillin/streptomycin antibiotics. Lymphocyte cell lines (EBV-negative Bur-
kitt’s lymphoma cell line DG75 ATCC CRL-2625 (DG75), EBV-positive latency III cell lines
Mutu III, Mutu-LCL, KEM III, Raji, GM 12878, GM13605 and EBV-positive latency I cell line
Mutu I) were cultured in suspension in RPMI 1640 supplemented with fetal bovine serum at a
concentration of 15%. 293T ATCC CRL-3216 (HEK 293T) cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with fetal bovine serum at a concentration of
10%. Olaparib (Selleck Chemical) was dissolved in dimethyl sulfoxide (DMSO), and cells were
treated for upon dilution in the appropriate media.

Determination of total cellular PAR

Cellular poly(ADP-ribose) (PAR) levels were quantified using a PARP in vivo pharmacody-
namic assay 2nd generation (PDA II) kit (Trevigen) according to the manufacturer’s protocol.
Briefly, cells were lysed in the supplied buffer, and protein concentration was determined with
a bicinchoninic acid (BCA) protein assay (Pierce). Cell extracts were added to a precoated cap-
ture antibody plate, incubated overnight at 4°C, and washed four times with phosphate-buft-
ered saline containing 0.05% Tween 20 (PBST). A polyclonal antibody for the detection of
PAR was added, and the plate was incubated at room temperature for 2 h. After washing with
PBST, the plate was incubated for 1 h goat anti-rabbit IgG-horseradish peroxidase (HRP). The
wells were washed again with PBST before the addition of PARP PeroxyGlow reagent. Lumi-
nescence was then measured using a POLARstar Optima microplate reader (BMG Labtech).

Western Blot Analysis, Immunoprecipitation and PAR Pulldown

Cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) supplemented
with 1X protease inhibitor cocktail (Thermo Scientific). Protein extracts were obtained by cen-
trifugation at 3,000xg for 10 minutes at 4°C. For nuclear fractionation, nuclear soluble and
chromatin-bound protein fractions were extracted from cells using the Subcellular Protein
Fractionation Kit for Cultured Cells kit (Invitrogen) according to manufacturer’s instructions.
The bicinchoninic (BCA) protein assay (Pierce) was used to determine protein concentration.
Lysates were boiled in 2x SDS-PAGE sample buffer containing 2.5% B-mercaptoethanol,
resolved on a 4 to 20% polyacrylamide gradient Mini-Protean TGX precast gel (Bio-Rad), and
transferred to an Immobilon-P membrane (Millipore). Membranes were blocked for 1 h at
room temperature and incubated overnight with primary antibodies recognizing LMP1
(Abcam ab78113), PARPI1 (Active Motif 39559), HIF-1o. (Abcam abl) and Actin (Sigma
A2066), as recommended per the manufacturer. Membranes were washed, incubated for 1 h
with the appropriate secondary antibody, either goat anti-rabbit IgG-HRP (Santa Cruz sc-
2030) or rabbit anti-mouse IgG-HRP (Thermo Scientific 31430). Membranes were then
washed and detected by enhanced chemiluminescence.

For immunoprecipitation, 5x10° cells were used per IP. Cells were re-suspended in 1 mL
RIPA buffer and the protein extracts were obtained by centrifugation at 3,000xg for 10 minutes
at 4°C. The supernatant was then incubated with 5 pg of indicated antibodies overnight at 4°C
followed by incubation with 100 uL 50% Protein A/G magnetic beads (ThermoFisher). After 2
hours’ incubation, the beads were washed three times with RIPA Buffer and then re-suspended
in Laemmli buffer followed by analysis by SDS-PAGE and western blotting.
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For PAR pulldown, 5x10° cells were re-suspended in 1 mL of PAR Lysis buffer [50 mM
Tris, pH 8,200 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM DTT, 0.5%
deoxycholate, 1X protease inhibitors (Thermo Scientific), 1 yM ADP-HPD (Adenosine 5’
diphosphate (hydroxymethyl) pyrrolidinediol) (EnzoLifesciences)] and put on a rotating
device for 2 hours at 4°C. Protein were then extracted by centrifugation at 3000xg for 5 min-
utes at 4°C. 500 pL of the protein extracts were then incubated with 20 pL (20 ug) of either
Poly-ADP-ribose Affinity resin (Tulip BioLabs, 2302) or Poly-ADP-ribose Negative Control
Resin (Tulip BioLabs, 2303). PAR Affinity resin is a purified GST-Af1521 macrodomain fusion
protein construct. The Af1521 macrodomain has been shown to bind with high affinity to
polymeric ADP-ribose modified proteins. The PAR Negative Control resin is identical to the
PAR positive except that it contains a mutated Af1521 macrodomain that is unable to bind
PAR. After overnight incubation at 4°C on a rotating device, beads were washed three times
with PAR Lysis buffer and re-suspended in 80 pL Laemmli buffer, followed by incubation at
65°C for 15 minutes to dissociate the macrodomain fusion protein from the affinity-precipi-
tated proteins. 30 uL of purified PARylated proteins were then analyzed by SDS-PAGE and
immunoblotting.

shRNA-mediated knockdown

shPARP1 and sh-non-effective scrambled plasmids were bought from Origene (TR315488 and
TR30021). Lentiviral particles were generated by transfecting 293T cells with pLKO.1-sh-
PARPI or scrambled shRNA, the psPAX2 (plasmid number 12260; Addgene) packaging plas-
mid, and the pMD2.G envelope plasmid (plasmid number 12259; Addgene) according to the
Addgene protocol. psPAX2 and pMD2.G plasmids were a gift from Didier Trono. DG75 cells
were infected with two separate lentivirus expressing shPARP1 (Origene TR315488A-B), or
the sh control vector freshly generated from 293T cells.

Retroviral transduction

Plasmid constructs hemagglutinin (HA)- tagged full-length LMP1, pBABE, pVSV-G, and
pGag/Pol were kindly provided by Nancy Raab-Traub (UNC, Chapel Hill, NC) and were
described previously [59]. Retroviral particles were generated using the Fugene 6 reagent (Pro-
mega) to simultaneously transfect subconfluent monolayers of 293T cells with 1ug pBABE
(vector) or HA-LMP1I, 250 ng pVSV-G, and 750 ng pGal/Pol according to the manufacturer’s
instructions. Supernatant containing lentivirus was collected at 48- and 72-h post-transfection
and filtered through a 0.45 uM filter. DG75 cells were transduced by seeding 5x105 cells in
6-well plates in 500 pl medium and adding 500 pl of medium containing retroviral particles.
The transduced cells were placed under long-term selection in medium containing 1 pg/ml
puromycin.

Chromatin immunoprecipitation and quantitative PCR

Chromatin immunoprecipitation (ChIP) assays were performed according to the Upstate Bio-
technology Inc. protocol as described previously, with minor modifications [22]. Briefly, cells
were fixed in 1% formaldehyde for 15 min, and DNA was sonicated using a sonic dismembra-
tor (Fisher Scientific) to generate 200-500-bp fragments. Chromatin was immunoprecipitated
with polyclonal antibodies to PARP1 (Active Motif 39559), HIF-1a. (Active Motif 39665),
H3K27me3 (Active Motif 39155) and H3K27ac (Active Motif 39135). ChIP-grade protein A/G
magnetic beads (Pierce) were used for immunoprecipitation with polyclonal antibody. Real-
time PCR was performed with a master mix containing 1X Maxima SYBR Green, 0.25 uM
primers and 1/50 of the ChIP DNA per well. Primers are available upon request. Quantitative
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PCR reactions were carried out in triplicate using the ABI StepOnePlus PCR system. Data
were analyzed by the AACt method relative to DNA input and normalized to the IgG control.

RNA extraction and RNA-seq

RNA was extracted using a PureLink RNA Mini Kit (ThermoFisher) according to the manu-
facturer’s protocol. The polyadenylated transcript library used for transcriptome sequencing
(RNA-seq) analysis was generated using an Epicentre (Illumina) mRNA-seq kit. Total RNA
was depleted of the rRNA component using a RiboZero rRNA removal kit (Epicentre) and
then processed with a ScriptSeq (version 2) kit along with ScriptSeq index PCR primers (Epi-
centre) to generate a strand-specific library of mRNA. Single reads of 50 bp were obtained
using an Illumina genome analyzer II. Sequencing reads were aligned to the human genome
rn4 using the TopHat program [60], considering reads encoded across splice junctions
(parameters were set to the default). The expression level of all RefSeq transcripts was evalu-
ated using the Cufflinks program [61], and the number of fragments per kilobase of transcript
per million fragments mapped (FPKM) was calculated for each transcript (the parameters
were set to the default, and the hgl9 RefSeq GTF table was used to define the transcripts). Dif-
ferences in gene expression levels between samples were assessed by use of the Cuffdiff pro-
gram and calculated as the log2 fold change. RNA-seq data were analyzed using Ingenuity
pathway analysis (IPA; Qiagen, Redwood City, CA).

The RNA-seq data are accessible through GEO Series accession number GSE121476. The
raw data files can be accessed using the following link: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE121476

Apoptotic assay

Following treatment, cells were washed twice with PBS and re-suspended in 500 pl of Annexin
V-binding buffer (Abcam) and stained with Annexin V-FITC Apoptosis Detection Reagent
(Abcam) and 250pg/mL propidium iodide (ThermoFisher) for five minutes in the dark. Flow
cytometric analysis was carried out using a FACS Calibur flow cytometer (Becton Dickinson)
and CellQuest software, and the cell population was analyzed using FlowJo software. Double
positive Annexin V/PI cells were deemed to be the apoptotic population.

Cell cycle analysis

Cells were harvested, fixed and permeabilized in absolute ethanol and then incubated with
Img/mL propidium iodide (PI) and 10mg/mL RNAse A for 30 mins at 37C. Flow cytometric
analysis was then carried out using a FACS Calibur flow cytometer (Becton Dickinson) and
CellQuest software, and cell cycle distribution was analyzed using Flow]o software.

Methylcellulose colony forming cell assay

500 cells, untreated and pre-treated with 2.5 uM olaparib for 96 hrs, were seeded in 1.4%
human methylcellulose media (R and D Systems cat HSC002) and incubated for 14 days at
37°C.

Cell proliferation assay

Cells were re-suspended in PBS and incubated with CFSE (5(6)-Carboxyfluorescein N-hydro-
xysuccinimidyl ester) (ThermoFisher) for 15 mins at 37°C in the dark. Cells were then washed
twice in PBS, re-suspended in cell culture media and allowed to proliferate for 96 hrs. Flow
cytometric analysis was carried out using the FL-1/FITC channel in a FACS Calibur flow
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cytometer (Becton Dickinson) and CellQuest software, and the cell population was analyzed
using Flow]o software.

Metabolic assays

Cell-Tak solution (Corning) at a concentration is 22.4 ug/mL (diluted in 0.1 M sodium bicar-
bonate pH 8.0) was used to coat the XF96 plates (Seahorse Bioscience) to allow for suspension
cell adhesion to the plate. 3x105 cells per well were then seeded in the XF96 plates, followed by
centrifugation of the cells at room temperature at 200 x g for 5 minutes. The plated cells were
then incubated in a 37°C incubator not supplemented with CO2 for 25-30 minutes to ensure
that the cells had completely attached. Cells were incubated for a total of 1 hr in a 37°C incuba-
tor without CO2 to allow for pre-equilibration with the assay medium. Cells were then ana-
lyzed by either the cell mito stress test assay or the glycolytic rate assay (see below).

The XF mito stress test report and glycolytic rate report generator automatically calculates
the XF cell mito stress test parameters and glycolytic rate test parameters from Wave (Agilent)
data that have been exported to Excel. Respiration and acidification rates are presented as the
mean * SEM of 3 independent experiments in all experiments performed with 4 to 10 replicate
wells in the Seahorse XF96 analyzer.

Cell mito stress test assay. The XF96 Extracellular Flux Analyzer (Seahorse Bioscience)
was used to measure the oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) using the mitochondrial stress test procedure in XF media (non-buffered DMEM con-
taining 10 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate). OCR and ECAR
were detected under basal conditions followed by the sequential addition of 2 uM oligomycin
(Sigma), 1 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Sigma) and 2uM rotenone
+ 2 uM antimycin A (Sigma). This allowed for an estimation of the contribution of individual
parameters for basal respiration, proton leak, maximal respiration, spare respiratory capacity,
non-mitochondrial respiration and ATP production.

Glycolytic rate assay. The XF96 Extracellular Flux Analyzer (Seahorse Bioscience) was
used to measure the oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) using the glycolytic rate test procedure in Seahorse XF Base Medium without phenol
red with 2 mM glutamine, 10 mM glucose, 1 mM pyruvate, and 5.0 mM HEPES XF media.
OCR and ECAR were detected under basal conditions followed by the sequential addition of
2uM rotenone + 2 pM antimycin A (Sigma) and 50 mM 2-deoxy-D-glucose (2-DG) (Sigma).
This allowed for an estimation of the contribution of individual parameters for basal and com-
pensatory glycolysis.

Supporting information

S1 Fig. LMP1 expression increases PAR levels. A) EBV-negative DG75 cells were transfected
with an LMP1 expression construct or empty plasmid vector (pBABE). B) The transduced
cells were placed under long-term selection in medium containing 1 pg/ml puromycin and
expression of LMP1 was confirmed by western blotting. Other latency type III cell lines were
included in the panel to demonstrate physiologically relevant levels of LMP1 C) 4X magnifica-
tion of LMP1+ and LMP1- cells. D) PAR levels were measured by ELISA. Results are averages
+/- SD and are representative of three experiments. The PARP inhibitor olaparib was incu-
bated with cells for 72 hrs at .5 and 1.0 pM. E) Untreated and olaprib-treated LMP1+ cells
were permeabilized and stained with a yH2A.x FITC conjugate and analyzed by flow cytome-
try. LMP1+ cells were UV treated for 1 min to act as a positive control. The gH2AX is repre-
sentative of two independent experiments. F) Untreated and olaparib-treated (1 pM 72 hrs)
LMP1+ cells were incubated with Annexin V-FITC and propidium iodide and quantified
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using flow cytometry and FloJo software. The population of cells that are Annexin V+/PI+
(upper right quadrant) are deemed to be the apoptotic population. The Annexin V is represen-
tative of three independent experiments.

(TIF)

$2 Fig. RNA-seq data suggests HIF-1a is one of the top upstream regulators activated by
LMP1. A) Volcano plot and B) heat map showing 2504 genes were significantly changed
(FDR<0.01) when comparing LMP1- vs LMP1+ cells, with 1578 and 926 genes being upregu-
lated and downregulated by LMP1I, respectively. Gene expression is plotted as z-score normal-
ized FPKM values. C) IPA Gene function analysis (FDR<0.01 log, I1I Fold Change) identified
pathways such as glycolysis I, gluconeogenesis I, Notch signaling and B cell development to be
upregulated by LMP1. D) IPA predicts HIF-1o as one of the top upstream regulators activated
by LMP1 (FDR<0.01 log, I1I Fold Change).

(TIF)

S3 Fig. RNA-seq data suggests PARP inhibition inactivates HIF-1a in LMP1+ cells. A) Vol-
cano plot and B) heat map showing 2435 genes to be significantly changed (FDR<0.01), com-
paring LMP1+ control cells vs LMP1+ cells treated with olaparib, with a close to even split for
upregulation and downregulation following PARP inhibition (1163 and 1272 genes, respec-
tively. Gene expression is plotted as z-score normalized FPKM values. C) IPA Gene function
analysis (FDR<0.01 log, I1I Fold Change) identified regulation of pathways such as glycolysis
I and gluconeogenesis I by PARPI1. D) IPA predicts olaparib treatment to inhibit HIF-1o in
LMP1+ cells (FDR<0.01 log, I1I Fold Change).

(TIF)

S4 Fig. PARP inhibition does not affect proliferation in LMP1- cells. A) Untreated LMP1-
and olaprib-treated LMP1- cells were stained by CFSE (5(6)-Carboxyfluorescein N-hydroxy-
succinimidyl ester) and allowed to proliferate for 96 hrs- then detected by FACS analysis. B)
Untreated LMP1- and olaparib-treated LMP1- cells were incubated with Annexin V-FITC and
propidium iodide and quantified using flow cytometry and FloJo software. The population of
cells that are Annexin V+/PI+ (upper right quadrant) are deemed to be the apoptotic popula-
tion. The Annexin V is representative of three independent experiments. C) Cell cycle analy-
sis- Untreated LMP1- and olaprib-treated LMP1- cells were harvested, fixed and
permeabilized in absolute ethanol and then incubated with propidium iodide (PI) and RNAse
A for 30 mins at 37C proceeding FACS analysis.

(TIF)

S5 Fig. PARPI1 co-activates HIF-1a-dependent gene expression by binding to the pro-
moter regions of HIF-1a targets in Type III latency cell line. ChIP-qPCR assay for A)
PARPI, B) HIF-10, C) H3K27ac and D) H3K27me3 occupancy at the ALDOC (left), HILPDA
(center) and BNIP3 (right) transcription start sites (T'SS) in untreated Mutu I and Mutu III cell
lines and Mutu III cells treated with 1 uM olaparib for 72 h. Results are expressed as fold
change over IgG. Results are representative of three independent experiments and show

mean * standard deviation. E) Validation of targets identified through RNA seq of olaparib-
treated samples- QRT-PCR showing relative expression of transcripts in untreated and ola-
parib-treated Mutu III cells vs untreated Mutu I cells. All RT-qPCR Expression is relative to
18s. The graphs are representative of three independent experiments and shows

mean + standard deviation.

(TIF)
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S6 Fig. Biological replicates of IP and PAR resin. Replicates used for quantification of IP and
PAR resin in Fig 3. A) IP biological replicate 1. B) IP biological replicate 2. C) PAR resin bio-
logical replicate 1. D) PAR resin biological replicate 2.

(TIF)

S7 Fig. LMP1 activates NFKB. Ingenuity pathway analysis (IPA) predicted A) the NFkB path-
way to be activated by LMP1 and B) lists the NFkB complex the top upstream regulator acti-
vated by LMP1 (FDR<0.01 log, I1I Fold Change).

(TIF)

S8 Fig. Cell viability and proliferation controls. A) LMP1+ cells were viable following 96 hr
2.5 uM olaparib treatment prior to CFC assay seeding. B) CFSE uptake was the same for
LMP1- and LMP1+ cells. (Time zero cells were taken immediately following staining with
CFSE).

(TIF)

S9 Fig. ChIP-qPCR data expressed as % input. A) ChIP-qPCR assay for PARP1, HIF-1a,
H3K27me3 and H3K27ac occupancy at the ALDOC (left), HILPDA (center) and BNIP3
(right) transcription start sites (TSS) in untreated LMP1- and LMP1+ cells and LMP1+ cells
treated with 1 uM olaparib for 72 h. B) ChIP-qPCR assay for PARP1, HIF-1a, H3K27me3 and
H3K27ac occupancy at the ALDOC (left), HILPDA (center) and BNIP3 (right) transcription
start sites (TSS) in untreated Mutu I and Mutu III cell lines and Mutu III cells treated with

1 puM olaparib for 72 h. Results are expressed as % input. Results are representative of three
independent experiments and show mean * standard deviation.

(TIF)

$10 Fig. Metabolic assay data including LMP1-negative cells plus olaparib treatment
group. A) Mitochondrial stress test performed as described in Fig 6. B) Glycolytic rate assay
performed as described in Fig 7.

(TIF)

S1 Table. Primer sequences used for RT-qPCR validation of RNA-seq data and ChIP-
qPCR experiments.
(XLSX)

S2 Table. Gene list generated from Ingenuity pathway analysis.
(XLSX)

Acknowledgments
We thank Nancy Raab-Traub for LMP1 expression constructs.

Author Contributions

Conceptualization: Michael Hulse, Italo Tempera.

Data curation: Lisa B. Caruso, Yinfei Tan.

Formal analysis: Lisa B. Caruso, Jozef Madzo, Yinfei Tan.
Investigation: Michael Hulse.

Supervision: Italo Tempera.

Validation: Lisa B. Caruso, Sarah Johnson.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007394 November 5,2018 23/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007394.s012
https://doi.org/10.1371/journal.ppat.1007394

@'PLOS ‘ PATHOGENS

LMP1 regulation of HIF-1A through PARP1

Writing - original draft: Michael Hulse, Italo Tempera.

Writing - review & editing: Michael Hulse, Italo Tempera.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Luzuriaga K, Sullivan JL. Infectious mononucleosis. The New England journal of medicine. 2010; 362
(21):1993-2000. Epub 2010/05/28. https://doi.org/10.1056/NEJMcp1001116 PMID: 20505178.

Parkin DM. The global health burden of infection-associated cancers in the year 2002. International
journal of cancer. 2006; 118(12):3030—44. Epub 2006/01/13. https://doi.org/10.1002/ijc.21731 PMID:
16404738.

Young LS, Rickinson AB. Epstein-Barr virus: 40 years on. Nature reviews Cancer. 2004; 4(10):757—68.
Epub 2004/10/29. https://doi.org/10.1038/nrc1452 PMID: 15510157.

Kang MS, Kieff E. Epstein-Barr virus latent genes. Experimental & molecular medicine. 2015; 47:e131.
Epub 2015/01/24. https://doi.org/10.1038/emm.2014.84 PMID: 25613728; PubMed Central PMCID:
PMCPMC4314583.

Young LS, Yap LF, Murray PG. Epstein-Barr virus: more than 50 years old and still providing surprises.
Nature reviews Cancer. 2016; 16(12):789-802. Epub 2016/11/04. https://doi.org/10.1038/nrc.2016.92
PMID: 27687982.

Babcock GJ, Hochberg D, Thorley-Lawson AD. The expression pattern of Epstein-Barr virus latent
genes in vivo is dependent upon the differentiation stage of the infected B cell. Immunity. 2000; 13
(4):497-506. Epub 2000/11/09. PMID: 11070168.

Yates JL, Warren N, Sugden B. Stable replication of plasmids derived from Epstein-Barr virus in various
mammalian cells. Nature. 1985; 313(6005):812-5. Epub 1985/02/06. PMID: 2983224.

Levitskaya J, Sharipo A, Leonchiks A, Ciechanover A, Masucci MG. Inhibition of ubiquitin/proteasome-
dependent protein degradation by the Gly-Ala repeat domain of the Epstein-Barr virus nuclear antigen
1. Proceedings of the National Academy of Sciences of the United States of America. 1997; 94
(23):12616-21. Epub 1997/11/14. PMID: 9356498; PubMed Central PMCID: PMCPMC25057.

Kanakry JA, Ambinder RF. EBV-related lymphomas: new approaches to treatment. Current treatment
options in oncology. 2013; 14(2):224—36. Epub 2013/04/04. https://doi.org/10.1007/s11864-013-0231-y
PMID: 23549980; PubMed Central PMCID: PMCPMC3670765.

D’Amours D, Desnoyers S, D'Silva |, Poirier GG. Poly(ADP-ribosyl)ation reactions in the regulation of
nuclear functions. The Biochemical journal. 1999; 342 (Pt 2):249—-68. Epub 1999/08/24. PMID:
10455009; PubMed Central PMCID: PMCPMC1220459.

Krishnakumar R, Kraus WL. PARP-1 regulates chromatin structure and transcription through a
KDM5B-dependent pathway. Molecular cell. 2010; 39(5):736—49. Epub 2010/09/14. https://doi.org/10.
1016/j.molcel.2010.08.014 PMID: 20832725; PubMed Central PMCID: PMCPMC2939044.

Martin KA, Cesaroni M, Denny MF, Lupey LN, Tempera |. Global Transcriptome Analysis Reveals That
Poly(ADP-Ribose) Polymerase 1 Regulates Gene Expression through EZH2. Molecular and cellular
biology. 2015; 35(23):3934—44. Epub 2015/09/16. https://doi.org/10.1128/MCB.00635-15 PMID:
26370511; PubMed Central PMCID: PMCPMC4628063.

Mathis G, Althaus FR. Release of core DNA from nucleosomal core particles following (ADP-ribose)n-
modification in vitro. Biochemical and biophysical research communications. 1987; 143(3):1049-54.
Epub 1987/03/30. PMID: 3566754.

Zampieri M, Passananti C, Calabrese R, PerilliM, Corbi N, De Cave F, et al. Parp1 localizes within the
Dnmt1 promoter and protects its unmethylated state by its enzymatic activity. PloS one. 2009; 4(3):
e4717. Epub 2009/03/06. https://doi.org/10.1371/journal.pone.0004717 PMID: 19262751; PubMed
Central PMCID: PMCPMC2650799.

Huletsky A, de Murcia G, Muller S, Hengartner M, Menard L, Lamarre D, et al. The effect of poly(ADP-
ribosyl)ation on native and H1-depleted chromatin. A role of poly(ADP-ribosyl)ation on core nucleosome
structure. The Journal of biological chemistry. 1989; 264(15):8878-86. Epub 1989/05/25. PMID:
2498319.

Kraus WL, Lis JT. PARP goes transcription. Cell. 2003; 113(6):677—83. Epub 2003/06/18. PMID:
12809599.

Poirier GG, de Murcia G, Jongstra-Bilen J, Niedergang C, Mandel P. Poly(ADP-ribosyl)ation of polynu-
cleosomes causes relaxation of chromatin structure. Proceedings of the National Academy of Sciences
of the United States of America. 1982; 79(11):3423-7. Epub 1982/06/01. PMID: 6808510; PubMed
Central PMCID: PMCPMC346432.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007394 November 5,2018 24/27


https://doi.org/10.1056/NEJMcp1001116
http://www.ncbi.nlm.nih.gov/pubmed/20505178
https://doi.org/10.1002/ijc.21731
http://www.ncbi.nlm.nih.gov/pubmed/16404738
https://doi.org/10.1038/nrc1452
http://www.ncbi.nlm.nih.gov/pubmed/15510157
https://doi.org/10.1038/emm.2014.84
http://www.ncbi.nlm.nih.gov/pubmed/25613728
https://doi.org/10.1038/nrc.2016.92
http://www.ncbi.nlm.nih.gov/pubmed/27687982
http://www.ncbi.nlm.nih.gov/pubmed/11070168
http://www.ncbi.nlm.nih.gov/pubmed/2983224
http://www.ncbi.nlm.nih.gov/pubmed/9356498
https://doi.org/10.1007/s11864-013-0231-y
http://www.ncbi.nlm.nih.gov/pubmed/23549980
http://www.ncbi.nlm.nih.gov/pubmed/10455009
https://doi.org/10.1016/j.molcel.2010.08.014
https://doi.org/10.1016/j.molcel.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20832725
https://doi.org/10.1128/MCB.00635-15
http://www.ncbi.nlm.nih.gov/pubmed/26370511
http://www.ncbi.nlm.nih.gov/pubmed/3566754
https://doi.org/10.1371/journal.pone.0004717
http://www.ncbi.nlm.nih.gov/pubmed/19262751
http://www.ncbi.nlm.nih.gov/pubmed/2498319
http://www.ncbi.nlm.nih.gov/pubmed/12809599
http://www.ncbi.nlm.nih.gov/pubmed/6808510
https://doi.org/10.1371/journal.ppat.1007394

@'PLOS ‘ PATHOGENS

LMP1 regulation of HIF-1A through PARP1

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tulin A, Spradling A. Chromatin loosening by poly(ADP)-ribose polymerase (PARP) at Drosophila puff
loci. Science (New York, NY). 2003; 299(5606):560—2. Epub 2003/01/25. https://doi.org/10.1126/
science.1078764 PMID: 12543974.

Tempera |, Deng Z, Atanasiu C, Chen CJ, D’Erme M, Lieberman PM. Regulation of Epstein-Barr virus
OriP replication by poly(ADP-ribose) polymerase 1. Journal of virology. 2010; 84(10):4988-97. Epub
2010/03/12. https://doi.org/10.1128/JV1.02333-09 PMID: 20219917; PubMed Central PMCID:
PMCPMC2863838.

Lupey-Green LN, Moquin SA, Martin KA, McDevitt SM, Hulse M, Caruso LB, et al. PARP1 restricts
Epstein Barr Virus lytic reactivation by binding the BZLF1 promoter. Virology. 2017; 507:220-30. Epub
2017/04/30. https://doi.org/10.1016/j.virol.2017.04.006 PMID: 28456021; PubMed Central PMCID:
PMCPMC5521201.

Mattiussi S, Tempera |, Matusali G, Mearini G, Lenti L, Fratarcangeli S, et al. Inhibition of Poly(ADP-
ribose)polymerase impairs Epstein Barr Virus lytic cycle progression. Infectious agents and cancer.
2007; 2:18. Epub 2007/10/13. https://doi.org/10.1186/1750-9378-2-18 PMID: 17931416; PubMed Cen-
tral PMCID: PMCPMC2170434.

Martin KA, Lupey LN, Tempera I. Epstein-Barr Virus Oncoprotein LMP1 Mediates Epigenetic Changes
in Host Gene Expression through PARP1. Journal of virology. 2016; 90(19):8520-30. Epub 2016/07/
22. https://doi.org/10.1128/JVI.01180-16 PMID: 27440880; PubMed Central PMCID:
PMCPMC5021435.

Kaye KM, Izumi KM, Kieff E. Epstein-Barr virus latent membrane protein 1 is essential for B-lymphocyte
growth transformation. Proceedings of the National Academy of Sciences of the United States of Amer-
ica. 1993; 90(19):9150-4. Epub 1993/10/01. PMID: 8415670; PubMed Central PMCID:
PMCPMC47519.

Wang D, Liebowitz D, Kieff E. An EBV membrane protein expressed in immortalized lymphocytes trans-
forms established rodent cells. Cell. 1985; 43(3 Pt 2):831—-40. Epub 1985/12/01. PMID: 3000618.

Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the response to hypoxic stress.
Molecular cell. 2010; 40(2):294—-309. Epub 2010/10/283. https://doi.org/10.1016/j.molcel.2010.09.022
PMID: 20965423; PubMed Central PMCID: PMCPMC3143508.

Bersten DC, Sullivan AE, Peet DJ, Whitelaw ML. bHLH-PAS proteins in cancer. Nature reviews Cancer.
2013; 13(12):827-41. Epub 2013/11/23. https://doi.org/10.1038/nrc3621 PMID: 24263188.

Bruick RK, McKnight SL. A conserved family of prolyl-4-hydroxylases that modify HIF. Science (New
York, NY). 2001; 294(5545):1337-40. Epub 2001/10/13. https://doi.org/10.1126/science.1066373
PMID: 11598268.

Semenza GL. HIF-1, O(2), and the 3 PHDs: how animal cells signal hypoxia to the nucleus. Cell. 2001;
107(1):1-3. Epub 2001/10/12. PMID: 11595178.

Depping R, Steinhoff A, Schindler SG, Friedrich B, Fagerlund R, Metzen E, et al. Nuclear translocation
of hypoxia-inducible factors (HIFs): involvement of the classical importin alpha/beta pathway. Biochi-
mica et biophysica acta. 2008; 1783(3):394—-404. Epub 2008/01/12. https://doi.org/10.1016/j.bbamcr.
2007.12.006 PMID: 18187047.

Cuninghame S, Jackson R, Zehbe I. Hypoxia-inducible factor 1 and its role in viral carcinogenesis. Virol-
ogy. 2014;456—-457:370-83. Epub 2014/04/05. https://doi.org/10.1016/j.virol.2014.02.027 PMID:
24698149.

Wakisaka N, Kondo S, Yoshizaki T, Murono S, Furukawa M, Pagano JS. Epstein-Barr virus latent mem-
brane protein 1 induces synthesis of hypoxia-inducible factor 1 alpha. Molecular and cellular biology.
2004; 24(12):5223-34. Epub 2004/06/01. https://doi.org/10.1128/MCB.24.12.5223-5234.2004 PMID:
15169887; PubMed Central PMCID: PMCPMC419879.

Kondo S, Seo SY, Yoshizaki T, Wakisaka N, Furukawa M, Joab |, et al. EBV latent membrane protein 1
up-regulates hypoxia-inducible factor 1alpha through Siah1-mediated down-regulation of prolyl hydrox-
ylases 1 and 3 in nasopharyngeal epithelial cells. Cancer research. 2006; 66(20):9870—7. Epub 2006/
10/19. https://doi.org/10.1158/0008-5472.CAN-06-1679 PMID: 17047048.

Darekar S, Georgiou K, Yurchenko M, Yenamandra SP, Chachami G, Simos G, et al. Epstein-Barr
virus immortalization of human B-cells leads to stabilization of hypoxia-induced factor 1 alpha, congru-
ent with the Warburg effect. PloS one. 2012; 7(7):e42072. Epub 2012/08/01. https://doi.org/10.1371/
journal.pone.0042072 PMID: 22848707; PubMed Central PMCID: PMCPMC3407085.

Elser M, Borsig L, Hassa PO, Erener S, Messner S, Valovka T, et al. Poly(ADP-ribose) polymerase 1
promotes tumor cell survival by coactivating hypoxia-inducible factor-1-dependent gene expression.
Molecular cancer research: MCR. 2008; 6(2):282—90. Epub 2008/03/04. https://doi.org/10.1158/1541-
7786.MCR-07-0377 PMID: 18314489.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007394 November 5,2018 25/27


https://doi.org/10.1126/science.1078764
https://doi.org/10.1126/science.1078764
http://www.ncbi.nlm.nih.gov/pubmed/12543974
https://doi.org/10.1128/JVI.02333-09
http://www.ncbi.nlm.nih.gov/pubmed/20219917
https://doi.org/10.1016/j.virol.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28456021
https://doi.org/10.1186/1750-9378-2-18
http://www.ncbi.nlm.nih.gov/pubmed/17931416
https://doi.org/10.1128/JVI.01180-16
http://www.ncbi.nlm.nih.gov/pubmed/27440880
http://www.ncbi.nlm.nih.gov/pubmed/8415670
http://www.ncbi.nlm.nih.gov/pubmed/3000618
https://doi.org/10.1016/j.molcel.2010.09.022
http://www.ncbi.nlm.nih.gov/pubmed/20965423
https://doi.org/10.1038/nrc3621
http://www.ncbi.nlm.nih.gov/pubmed/24263188
https://doi.org/10.1126/science.1066373
http://www.ncbi.nlm.nih.gov/pubmed/11598268
http://www.ncbi.nlm.nih.gov/pubmed/11595178
https://doi.org/10.1016/j.bbamcr.2007.12.006
https://doi.org/10.1016/j.bbamcr.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18187047
https://doi.org/10.1016/j.virol.2014.02.027
http://www.ncbi.nlm.nih.gov/pubmed/24698149
https://doi.org/10.1128/MCB.24.12.5223-5234.2004
http://www.ncbi.nlm.nih.gov/pubmed/15169887
https://doi.org/10.1158/0008-5472.CAN-06-1679
http://www.ncbi.nlm.nih.gov/pubmed/17047048
https://doi.org/10.1371/journal.pone.0042072
https://doi.org/10.1371/journal.pone.0042072
http://www.ncbi.nlm.nih.gov/pubmed/22848707
https://doi.org/10.1158/1541-7786.MCR-07-0377
https://doi.org/10.1158/1541-7786.MCR-07-0377
http://www.ncbi.nlm.nih.gov/pubmed/18314489
https://doi.org/10.1371/journal.ppat.1007394

@'PLOS ‘ PATHOGENS

LMP1 regulation of HIF-1A through PARP1

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Kim JW, Tchernyshyov |, Semenza GL, Dang CV. HIF-1-mediated expression of pyruvate dehydroge-
nase kinase: a metabolic switch required for cellular adaptation to hypoxia. Cell metabolism. 2006; 3
(3):177-85. Epub 2006/03/07. https://doi.org/10.1016/j.cmet.2006.02.002 PMID: 16517405.

Virag L, Salzman AL, Szabo C. Poly(ADP-ribose) synthetase activation mediates mitochondrial injury
during oxidant-induced cell death. Journal of immunology (Baltimore, Md: 1950). 1998; 161(7):3753-9.
Epub 1998/10/06. PMID: 9759901.

Semenza GL. HIF-1 mediates metabolic responses to intratumoral hypoxia and oncogenic mutations.
The Journal of clinical investigation. 2013; 123(9):3664—71. Epub 2013/09/04. https://doi.org/10.1172/
JCI67230 PMID: 23999440; PubMed Central PMCID: PMCPMC3754249.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic
requirements of cell proliferation. Science (New York, NY). 2009; 324(5930):1029-33. Epub 2009/05/
23. https://doi.org/10.1126/science.1160809 PMID: 19460998; PubMed Central PMCID:
PMCPMC2849637.

Jones RG, Thompson CB. Revving the engine: signal transduction fuels T cell activation. Immunity.
2007; 27(2):173-8. Epub 2007/08/29. https://doi.org/10.1016/j.immuni.2007.07.008 PMID: 17723208.

Doughty CA, Bleiman BF, Wagner DJ, Dufort FJ, Mataraza JM, Roberts MF, et al. Antigen receptor-
mediated changes in glucose metabolism in B lymphocytes: role of phosphatidylinositol 3-kinase signal-
ing in the glycolytic control of growth. Blood. 2006; 107(11):4458-65. Epub 2006/02/02. https://doi.org/
10.1182/blood-2005-12-4788 PMID: 16449529; PubMed Central PMCID: PMCPMC1895797.

Dufort FJ, Bleiman BF, Gumina MR, Blair D, Wagner DJ, Roberts MF, et al. Cutting edge: IL-4-mediated
protection of primary B lymphocytes from apoptosis via Stat6-dependent regulation of glycolytic metab-
olism. Journal of immunology (Baltimore, Md: 1950). 2007; 179(8):4953—7. Epub 2007/10/04. PMID:
17911579.

Kraus WL, Hottiger MO. PARP-1 and gene regulation: progress and puzzles. Molecular aspects of
medicine. 2013; 34(6):1109-23. Epub 2013/01/30. https://doi.org/10.1016/j.mam.2013.01.005 PMID:
23357755.

Doe MR, Ascano JM, Kaur M, Cole MD. Myc posttranscriptionally induces HIF1 protein and target gene
expression in normal and cancer cells. Cancer research. 2012; 72(4):949-57. Epub 2011/12/22. https:/
doi.org/10.1158/0008-5472.CAN-11-2371 PMID: 22186139; PubMed Central PMCID:
PMCPMC3288382.

Kallio PJ, Okamoto K, O’'Brien S, Carrero P, Makino Y, Tanaka H, et al. Signal transduction in hypoxic
cells: inducible nuclear translocation and recruitment of the CBP/p300 coactivator by the hypoxia-induc-
ible factor-1alpha. The EMBO journal. 1998; 17(22):6573—-86. Epub 1998/11/21. https://doi.org/10.
1093/emboj/17.22.6573 PMID: 9822602; PubMed Central PMCID: PMCPMC1171004.

JinQ, YuLR, Wang L, Zhang Z, Kasper LH, Lee JE, et al. Distinct roles of GCN5/PCAF-mediated
H3K9ac and CBP/p300-mediated H3K18/27ac in nuclear receptor transactivation. The EMBO journal.
2011; 30(2):249-62. Epub 2010/12/07. https://doi.org/10.1038/emboj.2010.318 PMID: 21131905;
PubMed Central PMCID: PMCPMC3025463.

Caruso L B., Martin K, Lauretti E, Hulse M, Siciliano M, Lupey-Green L, et al. Poly(ADP-ribose) Poly-
merase 1, PARP1, modifies EZH2 and inhibits EZH2 histone methyltransferase activity after DNA
damage2018.

Yamaguchi H, Du Y, Nakai K, Ding M, Chang SS, Hsu JL, et al. EZH2 contributes to the response to
PARP inhibitors through its PARP-mediated poly-ADP ribosylation in breast cancer. Oncogene. 2018;
37(2):208-17. Epub 2017/09/20. https://doi.org/10.1038/onc.2017.311 PMID: 28925391; PubMed Cen-
tral PMCID: PMCPMC5786281.

McFadden K, Hafez AY, Kishton R, Messinger JE, Nikitin PA, Rathmell JC, et al. Metabolic stress is a

barrier to Epstein-Barr virus-mediated B-cell immortalization. Proceedings of the National Academy of
Sciences of the United States of America. 2016; 113(6):E782-90. Epub 2016/01/24. https://doi.org/10.
1073/pnas.1517141113 PMID: 26802124; PubMed Central PMCID: PMCPMC4760815.

Sommermann TG, O’Neill K, Plas DR, Cahir-McFarland E. IKKbeta and NF-kappaB transcription gov-
ern lymphoma cell survival through AKT-induced plasma membrane trafficking of GLUT1. Cancer
research. 2011; 71(23):7291-300. Epub 2011/10/12. https://doi.org/10.1158/0008-5472.CAN-11-1715
PMID: 21987722; PubMed Central PMCID: PMCPMC3228879.

Xiao L, Hu ZY, Dong X, Tan Z, Li W, Tang M, et al. Targeting Epstein-Barr virus oncoprotein LMP1-
mediated glycolysis sensitizes nasopharyngeal carcinoma to radiation therapy. Oncogene. 2014; 33
(37):4568-78. Epub 2014/03/26. https://doi.org/10.1038/onc.2014.32 PMID: 24662831; PubMed Cen-
tral PMCID: PMCPMC4162460.

Zhang J, Jia L, Lin W, Yip YL, Lo KW, Lau VM, et al. Epstein-Barr Virus-Encoded Latent Membrane Pro-
tein 1 Upregulates Glucose Transporter 1 Transcription via the mTORC1/NF-kappaB Signaling

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007394 November 5,2018 26/27


https://doi.org/10.1016/j.cmet.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16517405
http://www.ncbi.nlm.nih.gov/pubmed/9759901
https://doi.org/10.1172/JCI67230
https://doi.org/10.1172/JCI67230
http://www.ncbi.nlm.nih.gov/pubmed/23999440
https://doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.1016/j.immuni.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17723208
https://doi.org/10.1182/blood-2005-12-4788
https://doi.org/10.1182/blood-2005-12-4788
http://www.ncbi.nlm.nih.gov/pubmed/16449529
http://www.ncbi.nlm.nih.gov/pubmed/17911579
https://doi.org/10.1016/j.mam.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23357755
https://doi.org/10.1158/0008-5472.CAN-11-2371
https://doi.org/10.1158/0008-5472.CAN-11-2371
http://www.ncbi.nlm.nih.gov/pubmed/22186139
https://doi.org/10.1093/emboj/17.22.6573
https://doi.org/10.1093/emboj/17.22.6573
http://www.ncbi.nlm.nih.gov/pubmed/9822602
https://doi.org/10.1038/emboj.2010.318
http://www.ncbi.nlm.nih.gov/pubmed/21131905
https://doi.org/10.1038/onc.2017.311
http://www.ncbi.nlm.nih.gov/pubmed/28925391
https://doi.org/10.1073/pnas.1517141113
https://doi.org/10.1073/pnas.1517141113
http://www.ncbi.nlm.nih.gov/pubmed/26802124
https://doi.org/10.1158/0008-5472.CAN-11-1715
http://www.ncbi.nlm.nih.gov/pubmed/21987722
https://doi.org/10.1038/onc.2014.32
http://www.ncbi.nlm.nih.gov/pubmed/24662831
https://doi.org/10.1371/journal.ppat.1007394

@'PLOS ‘ PATHOGENS

LMP1 regulation of HIF-1A through PARP1

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Pathways. Journal of virology. 2017; 91(6). Epub 2017/01/06. https://doi.org/10.1128/jvi.02168-16
PMID: 28053105; PubMed Central PMCID: PMCPMC5331802.

Niere M, Kernstock S, Koch-Nolte F, Ziegler M. Functional localization of two poly(ADP-ribose)-degrad-
ing enzymes to the mitochondrial matrix. Molecular and cellular biology. 2008; 28(2):814—24. Epub
2007/11/10. https://doi.org/10.1128/MCB.01766-07 PMID: 17991898; PubMed Central PMCID:
PMCPMC2223433.

Bai P, Canto C, Oudart H, Brunyanszki A, Cen Y, Thomas C, et al. PARP-1 inhibition increases mito-
chondrial metabolism through SIRT1 activation. Cell metabolism. 2011; 13(4):461-8. Epub 2011/04/05.
https://doi.org/10.1016/j.cmet.2011.03.004 PMID: 21459330; PubMed Central PMCID:
PMCPMC3086520.

Bai P. Biology of Poly(ADP-Ribose) Polymerases: The Factotums of Cell Maintenance. Molecular cell.
2015; 58(6):947-58. Epub 2015/06/20. https://doi.org/10.1016/j.molcel.2015.01.034 PMID: 26091343.

Formentini L, Macchiarulo A, Cipriani G, Camaioni E, Rapizzi E, Pellicciari R, et al. Poly(ADP-ribose)
catabolism triggers AMP-dependent mitochondrial energy failure. The Journal of biological chemistry.
2009; 284(26):17668—76. Epub 2009/05/05. https://doi.org/10.1074/jbc.M109.002931 PMID:
19411252; PubMed Central PMCID: PMCPMC2719406.

lyer NV, Kotch LE, Agani F, Leung SW, Laughner E, Wenger RH, et al. Cellular and developmental con-
trol of O2 homeostasis by hypoxia-inducible factor 1 alpha. Genes & development. 1998; 12(2):149-62.
Epub 1998/03/07. PMID: 9436976; PubMed Central PMCID: PMCPMC316445.

Hassa PO, Haenni SS, Buerki C, Meier NI, Lane WS, Owen H, et al. Acetylation of poly(ADP-ribose)
polymerase-1 by p300/CREB-binding protein regulates coactivation of NF-kappaB-dependent tran-
scription. The Journal of biological chemistry. 2005; 280(49):40450—64. Epub 2005/10/06. https://doi.
org/10.1074/jbc.M507553200 PMID: 16204234.

van Uden P, Kenneth NS, Rocha S. Regulation of hypoxia-inducible factor-1alpha by NF-kappaB. The
Biochemical journal. 2008; 412(3):477-84. Epub 2008/04/09. https://doi.org/10.1042/BJ20080476
PMID: 18393939; PubMed Central PMCID: PMCPMC2474706.

Everly DN Jr., Mainou BA, Raab-Traub N. Induction of I[d1 and 1d3 by latent membrane protein 1 of
Epstein-Barr virus and regulation of p27/Kip and cyclin-dependent kinase 2 in rodent fibroblast transfor-
mation. Journal of virology. 2004; 78(24):13470-8. Epub 2004/11/27. https://doi.org/10.1128/JVI.78.
24.13470-13478.2004 PMID: 15564458; PubMed Central PMCID: PMCPMC533955.

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics
(Oxford, England). 2009; 25(9):1105—-11. Epub 2009/03/18. https://doi.org/10.1093/bioinformatics/
btp120 PMID: 19289445; PubMed Central PMCID: PMCPMC2672628.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly and
quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentia-
tion. Nature biotechnology. 2010; 28(5):511-5. Epub 2010/05/04. https://doi.org/10.1038/nbt.1621
PMID: 20436464; PubMed Central PMCID: PMCPMC3146043.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007394 November 5,2018 27/27


https://doi.org/10.1128/jvi.02168-16
http://www.ncbi.nlm.nih.gov/pubmed/28053105
https://doi.org/10.1128/MCB.01766-07
http://www.ncbi.nlm.nih.gov/pubmed/17991898
https://doi.org/10.1016/j.cmet.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21459330
https://doi.org/10.1016/j.molcel.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/26091343
https://doi.org/10.1074/jbc.M109.002931
http://www.ncbi.nlm.nih.gov/pubmed/19411252
http://www.ncbi.nlm.nih.gov/pubmed/9436976
https://doi.org/10.1074/jbc.M507553200
https://doi.org/10.1074/jbc.M507553200
http://www.ncbi.nlm.nih.gov/pubmed/16204234
https://doi.org/10.1042/BJ20080476
http://www.ncbi.nlm.nih.gov/pubmed/18393939
https://doi.org/10.1128/JVI.78.24.13470-13478.2004
https://doi.org/10.1128/JVI.78.24.13470-13478.2004
http://www.ncbi.nlm.nih.gov/pubmed/15564458
https://doi.org/10.1093/bioinformatics/btp120
https://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445
https://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1371/journal.ppat.1007394

