SOCIETY FOR

L] AMERICAN Journal of
MICROBIOLOGY Virology®

Epstein-Barr Virus LMP1-Mediated
Oncogenicity

Liang Wei Wang,>® Sizun Jiang,* Benjamin E. Gewurz?-<

Division of Infectious Disease, Brigham & Women's Hospital, Boston, Massachusetts?; Program in Virology,
Harvard Medical School, Boston, Massachusetts®; Broad Institute of Harvard and MIT, Cambridge,
Massachusettse

ABSTRACT Epstein-Barr virus latent membrane protein 1 (LMP1) is expressed in
multiple human malignancies, including nasopharyngeal carcinoma and Hodgkin
and immunosuppression-associated lymphomas. LMP1 mimics CD40 signaling to ac-
tivate multiple growth and survival pathways, in particular, NF-kB. LMP1 has critical
roles in Epstein-Barr virus (EBV)-driven B-cell transformation, and its expression
causes fatal lymphoproliferative disease in immunosuppressed mice. Here, we review
recent developments in studies of LMP1 signaling, LMP1-induced host dependency
factors, mouse models of LMP1 lymphomagenesis, and anti-LMP1 immunotherapy
approaches.
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pstein-Barr virus (EBV) was the first human tumor virus identified (1) and is associ-

ated with 200,000 human cancers annually (2). EBV's potent B-cell growth-
transforming properties became apparent shortly after its discovery, providing an
important insight into the association between EBV and human cancers (3, 4). Subse-
quent studies identified that EBV transforms primary B cells through expression of its
latency Ill program, comprising nine viral proteins, two small RNAs, and miRNAs.

Elegant reverse genetic analyses revealed that only five EBV oncoproteins and viral
miRNAs are necessary for the conversion of primary B cells into continuously prolifer-
ating lymphoblastoid cell lines (LCLs) (5, 6). Of these, only latent membrane protein 1
(LMP1) transforms rodent fibroblasts (7) and is sufficient to cause B-cell lymphoprolif-
erative disease in mice (8, 9). LMP1 is highly expressed in immune suppression-
associated lymphomas, including posttransplant lymphoproliferative disease and
Hodgkin lymphoma (5).

LMP1 signals from lipid rafts to induce proliferation, survival, migration, and immune
evasion pathways (10, 11). Transmembrane domains induce LMP1 clustering to activate
signaling from a 200-residue cytoplasmic tail. A reverse genetic analysis identified two
LMP1 signaling domains (Fig. 1) critical for EBV-mediated B-cell growth transformation
(12, 38, 87, 88). Together, these transformation effector site (TES)/C-terminal activation
region (CTAR) 1 and 2 mimic CD40, a member of the tumor necrosis factor (TNF)
receptor family and key B-cell costimulatory receptor. LMP1 constitutively activates
NF-«B, mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase, and
interferon regulatory factor pathways. The LMP1 CTAR3 domain also activates SUMOy-
lation pathways to control migration and promote latency (13-15).

In this GEM, we focus on recently identified aspects of LMP1-mediated NF-«B
activation, which is critical for lymphoblastoid B-cell transformation, growth, and
survival, and is therefore a potential therapeutic target. Yet, genomic approaches
identified thousands of LMP1/NF-«kB target genes, raising the question of which are
critical for LMP1-mediated oncogenicity. We highlight the use of chromatin immuno-
precipitation sequencing (ChIP-seq) and clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9 genetic approaches to identify key LMP1 and viral super-
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FIG 1 LMP1-medated canonical and noncanonical NF-kB activation pathways. The LMP1 TES2 domain
recruits TRADD to activate TRAF6, which assembles K63-linked pUb chains. K63 pUb chains recruit and
activate the kinase TAK1 and the LUBAC complex, which attaches methionine 1-linked (M1) pUb chains
to NEMO. TAK1 activates IKKB, which then phosphorylates IkBa to enable RelA:p50 and cRel:p50 nuclear
translocation. Canonical NF-«B is further activated by TES1, which recruits TRAF1 and TRAF2, likely as a
heterotrimer. TES1 triggers K63 pUb chain attachment to TRAF2, which together with TRAF1, recruits and
activates LUBAC. K63 and M1-linked pUb chains facilitate IKKB activation by TAK1. LMP1 TES1 also
stimulates noncanonical NF-«B activation, perhaps by sequestering TRAF3 to enable accumulation of the
kinase NIK. IKKa is then activated by NIK and phosphorylates p100 to trigger its proteasomal processing
into the mature p52 NF-«B subunit. p52 complexes translocate into the nucleus to regulate target gene
expression. Not shown here, concurrent LMP1-mediated canonical and noncanonical pathway activation
causes nuclear translocation of up to 13 NF-«B transcription factor dimers.

enhancer-induced host dependency factors. We also review recent advances in mouse
models of LMP1 lymphomagenesis and adoptive immunotherapy approaches to erad-
icate LMP1* cells. Readers are referred to a recent LMP1 review for aspects not covered
here due to space constraints (16).

LMP1-MEDIATED CANONICAL NF-«B PATHWAY

LMP1-mediated canonical NF-«B activation remodels the host cell transcriptional
program (2) and is critical for LCL survival (17, 18). Canonical NF-«B blockade decreases
the mitochondrial membrane potential and rapidly induces apoptosis (18, 19). Hence,
it is of significant interest to understand how LMP1 TES2 activates NF-«B.

TES2 initiates NF-«B activity by recruiting the adaptor protein TNF receptor (TNFR)
associated death domain (TRADD). Yet, in contrast to TNFR, TES2 binds the TRADD
death domain to prevent caspase activation (Fig. 1) (20, 21). Also, in contrast to the
TNFR pathway, TRAF6 is apparently the first ubiquitin ligase activated by TES2 and is
essential for downstream NF-«B and MAPK signaling (22-25). While CD40 and LMP1
each use the germinal center kinase TNIK to activate TRAF6 (26), CD40 does not signal
through TRADD. Taken together, these observations indicate that TES2 initiates canon-
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ical NF-«B and MAPK signaling by a unique mechanism, and a key future objective will
be to identify LMP1-selective chemical antagonists.

TRAF6 catalyzes the assembly of lysine 63-linked polyubiquitin (K63 pUb) chains,
which recruit and activate TAK1, a key MAPK and canonical NF-«kB pathway kinase (22,
27, 28). We recently found that LCL LMP1 signalosomes are highly K63-modified (29)
and may serve to recruit TAK1 to LMP1 complexes. K63 pUb chains also recruit the
linear ubiquitin assembly complex (LUBAC), which catalyzes methionine (or M1)-linked
pUb chains. LMP1 complexes are also highly decorated by M1 pUb chains (29), and
LUBAC is critical for TES2 NF-«B activation (22, 30). LMP1 also triggers M1 chain
attachment to the I«B kinase (IKK) component NEMO (IKK<), a key regulatory protein of
the kinase IKKB (30). The NEMO UBAN domain binds to M1 pUb chains and is necessary
for LMP1 canonical NF-«B activation (31). RNA interference (RNAI) or CRISPR disruption
of LUBAC subunit HOIP impairs LCL growth and triggers LCL apoptosis (29, 30).
Ubiquitin chains may therefore juxtapose TAK1 with its target IKK-B to drive TES2-
medaited NF-«B activation, which culminates in degradation of the IkBa inhibitor and
nuclear translocation of RelA- or cRel-containing dimeric NF-«B transcription factors
(Fig. 1).

TES1 independently activates canonical NF-«B (32). We recently reported that TES1
induces K63 pUb chain attachment to TRAF2, which together with TRAF1, recruits and
activates LUBAC (29) (Fig. 1). Interestingly, the human T-cell leukemia virus TAX
oncoprotein catalyzes mixed K63-M1 pUb chains that instead juxtapose TAK1 and IKK
complexes (33, 34). Further studies are required to determine whether mixed K63-M1
pUb chains also signal downstream of LMP1.

LMP1 NONCANONICAL NF-«xB PATHWAY

The noncanonical NF-kB pathway has important roles in B-cell development, acti-
vation, and survival. LMP1 TES1 strongly induces noncanonical NF-«B signaling (32,
35-37), perhaps underlying the observation that TES1 is required for EBV-mediated
B-cell transformation (38). While the activation of additional pathways by TEST may
contribute to this phenotype (39), the key noncanonical pathway NF-kB subunit p52 is
necessary for LCL growth and survival, underscoring LCL dependence on EBV-induced
noncanonical pathway activity (40).

The mechanism by which LMP1 activates noncanonical NF-kB remains incom-
pletely understood. In resting cells, noncanonical NF-«kB activity is suppressed by
TRAF3, which serves as an adaptor protein that binds to the clAP1/2-TRAF2 Ub
ligase complex and also to the key noncanonical pathway kinase NIK. In the
presence of TRAF3, clAP1/2-TRAF2 targets NIK for proteasomal degradation, pre-
venting activation of its downstream target, IKKa. CD40 activates noncanonical
activity by causing clAP1/2-TRAF2 to instead target TRAF3 for degradation, which
allows NIK to accumulate (41). NIK then phosphorylates the kinase IKKa, which
induces proteasomal processing of the NF-kB subunit p100 precursor into the
mature p52 form. p52-containing NF-«B dimers then translocate to the nucleus to
modulate target gene expression (Fig. 1).

LMP1 appears to use a mechanism distinct from CD40 to activate noncanonical
pathway activity, since TRAF3 binds tightly to LMP1 and is robustly expressed in LCLs.
While LMP1 and CD40 use a similar “PXQXT” motif to recruit TRAF3, additional hydro-
gen bond interactions enable LMP1 to more tightly associate with TRAF3 (42). LMP1
may therefore induce noncanonical pathway signaling by sequestering TRAF3 to
disrupt its association with clAP1/2-TRAF2 and/or NIK. In support of this, TRAF3
overexpression blocks LMP1-mediated noncanonical NF-kB activation (43), and domi-
nant negative TRAF3 expression inhibits LMP1-driven fibroblast transformation (39).
LMP1 also binds to TRAF2 (44), yet molecular TRAF2 roles downstream of TES1 remain
incompletely understood. Ultimately, LMP1 TEST activates NIK and IKK«, which are each
critical for TES1-induced noncanonical NF-«B activity (35, 45).
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LYMPHOBLASTOID B-CELL NF-xB GENOMIC BINDING LANDSCAPE

Microarray profiling studies suggest that LMP1 targets thousands of host genes in
epithelial and B lymphocytes. To systematically investigate how LMP1-activated NF-«B
subunits target host genes, we performed chromatin immunoprecipitation of the LCL
NF-kB transcription factor subunits RelA, RelB, cRel, p50, and p52 followed by deep
sequencing (ChlP-seq) (46). An intriguing LCL NF-«B genomic binding landscape was
identified, with 11 NF-«B distinct subunit binding patterns (SBPs) at enhancers and 10
at promoters. Subunits activated by both the LMP1 canonical and noncanonical
pathways each contributed to most SBPs. This complexity may stem from the fact that
concurrent LMP1 canonical and noncanonical pathway activities cause nuclear trans-
location of up to 13 distinct NF-«B dimeric transcription factors. Interestingly, exclusive
occupancy by the prototypic NF-«kB heterodimers RelA:p50, cRel:p50, and RelB:p52 are
rare. Distinct gene ontology terms were enriched at each of these clusters, suggesting
nonredundant LCL roles (46). These results provide insights into why LMP1 TES1 and
TES2 domains may each be necessary to fully activate target genes during B-cell
transformation, yet raise questions about the mechanisms that establish LCL enhancer
and promoter SBPs, about when these patterns are established in the course of
EBV-mediated B-cell transformation, and the extent to which individual NF-«B subunits
are necessary for target gene regulation at these sites.

Nearly one-third of LCL genome NF-kB-occupied sites do not have an identifiable kB
DNA motif, suggesting that NF-«kB may be recruited to these sites via crosstalk with
other EBV-activated pathways (46). For instance, the IRF4 DNA motif is highly enriched
at promoter sites occupied only by LMP1/noncanonical pathway-activated p52.
EBNA3C and LMP1 upregulate IRF4 expression (17, 47), which may then tether p52 to
these sites. Similarly, an E-box motif is enriched at LCL promoters bound predominantly
by LMP1/canonical pathway-activated cRel, suggesting that an E-box-bound host
transcription factor such as c-Myc may tether cRel homodimers to these sites. Crosstalk
may underlie key NF-«B subunit-specific roles downstream of LMP1, which await
further characterization.

Crosstalk between NF-«B and other nuclear transcription factors likely shapes many
LMP1 effects on host gene expression. Unexpectedly, ChIP-seq analysis revealed that
the forkhead box transcription factor FoxM1 co-occupies nearly half of all LCL NF-xB
sites (46). The kB DNA motif, rather than a forkhead box motif, is highly enriched at
these sites, suggesting that DNA-bound NF-«B may recruit FoxM1. FoxM1 knockdown
significantly impairs the expression of LCL NF-kB target genes and triggers rapid LCL
apoptosis, suggesting that FoxM1 is a key cofactor at these sites. Further studies are
required to identify how EBV upregulates and activates FoxM1, how FoxM1 is recruited
to NF-kB-bound LCL sites, and in particular, how it coactivates the expression of key
targets such as Tak1 and clAP2 (46).

VIRAL SUPER-ENHANCERS TARGET KEY HOST DEPENDENCY FACTORS

Super-enhancers (SE) are transcriptional elements that strongly upregulate genes
important for cell identity and an oncogenic state (48). LCL ChIP-seq analysis identified
the first viral super-enhancers, comprising five LMP1-activated NF-«B subunits and four
EBNAs (49) (Fig. 2). Host genes targeted by the 187 EBV SE are expressed more highly
than other LCL genes and include BCL2, c-Myc and the oncogenic micro-RNA miR-155.
Interestingly, c-Myc is targeted by independent EBV SE, which loop to the c-Myc
promoter from 525 and 428 kb upstream (50-52). CRISPR/Cas9-mediated knockout of
either SE strongly impairs c-Myc expression and induces LCL death, underscoring EBV
SE roles in lymphoblastoid B-cell growth and survival. EBV SE are exquisitely sensitive
to NF-«B or BET bromodomain antagonists, such as the small molecule JQ1, which
arrest LCL growth and induces apoptosis (49).

We used genome-wide CRISPR/Cas9 loss-of-function screens to systematically iden-
tify key EBV-induced host dependency factors. The top screen hits were enriched for
EBV SE targets and included cFLIP, BATF, IRF4, and IRF2, which were found to be critical
for evasion of EBV-induced tumor suppressor responses (40). Perhaps as an oncogene-
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EBV Super
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FIG 2 LMP1-activated NF-kB transcription factors and EBNAs form EBV super-enhancers. In B cells with
the EBV latency Il expression program, LMP1-activated NF-«kB, as well as EBNA2, EBNALP, EBNA3A, and
EBNA3C form 187 EBV super-enhancers, together with other host transcription factors. Histone 3 lysine
27 acetylation (H3K27ac, shown in red) and polymerase (Pol) Il ChIP-seq signals are markedly elevated at
these sites. CTCF and cohesin-mediated DNA looping enables a subset of EBV super-enhancers to target
host promoters by long-range DNA interactions. EBV super-enhancer targets are more highly expressed
than LCL genes targeted by typical enhancers and drive the expression of key EBV-induced host
dependency factors.

induced stress response, the EBV latency Il program stimulates lymphoblastoid B-cell
TNF-a production, which necessitates LMP1-induced cFLIP to block extrinsic apoptosis
and necroptosis pathways. LMP1-induced cFLIP may also protect cells in vivo from
TNF-a produced by cell-mediated immune responses to EBV infection.

EBV oncogenic stress is a potent stimulus for the transcriptional upregulation of the
intrinsic apoptosis executioner protein BIM. To circumvent BIM induction, LMP1 and
EBNA proteins upregulate the transcription factors BATF and IRF4, which together with
EBNA3 repressor complexes, block BIM induction. CRISPR knockout of IRF4 or BATF
strongly induces BIM and triggers rapid LCL apoptosis. BATF/Jun and IRF4 cooperatively
bind to a composite BIM promoter AP-1-interferon site, which they co-occupy with
EBNA3 proteins. Taken together with the finding that the BATF/IRF4 motif is enriched
at LCL EBNA3A and EBNA3C binding sites (53, 54), we hypothesize that BATF/IRF4
tethers EBNA3 proteins to DNA to enable the assembly of repressor complexes at key
LCL genomic sites, including BIM.

EBV IRF4 dependency triggers another tumor suppressor response, since a key IRF4
B-cell target gene is Blimp1, a master regulator of plasma cell differentiation that blocks
c-Myc. To overcome this barrier, LMP1, EBNA3, and EBV miRNAs each downmodulate
Blimp1 (40, 55, 56). LMP1 upregulates IRF2 and its corepressor IRF2BP2 via EBV SE,
which may form repressor complexes at a Blimp1 promoter interferon response ele-
ment to counteract IRF4 effects on Blimp1 (40). EBNA3A and EBNA3C also block LCL
Blimp1 upregulation, and withdrawal of EBNA3A and EBNA3C expression triggered
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plasma cell differentiation (56). Further studies are required to determine whether
LMP1-activated IRF4, BATF4, and perhaps IRF2 tether EBNA3 corepressor complexes at
the Blimp1 promoter. Underscoring the EBV need to counteract Blimp1, EBV-miR-
BHRF1-2 further reduces Blimp1 expression (57).

LMP1 PROMOTES AEROBIC GLYCOLYSIS

LMP1 acts as a metabolism master regulator in lymphoblastoid and nasopharyngeal
carcinoma (NPC) cells by promoting aerobic glycolysis, the so-called Warburg effect
that supplies transformed cells with ATP and anabolic building blocks (58). In a
pioneering study, LMP1-mediated NF-«kB and AKT/PI3K pathways were found to en-
hance the transcription and plasma membrane translocation of glucose transporter 1
(GLUT1) (58). LMP1 signaling also increases the GLUT1 half-life to further upregulate
GLUT1 (59) and also enhances glycolytic flux by upregulating the first glycolysis
pathway enzyme, hexokinase 2 (60). NF-kB inhibition represses glucose uptake and
induces autophagy and caspase-independent cell death (58).

LMP1 plays a key role in establishing the Warburg effect in newly infected primary
human B cells, where glycolytic flux correlates with LMP1 levels during growth trans-
formation (61). LMP1 is sufficient to induce aerobic glycolysis in NPC cells (60), and
GLUT1 depletion suppresses nasopharyngeal epithelial cell aerobic glycolysis, prolifer-
ation, and colony formation (62). Further studies are required to determine whether
additional EBV latency proteins contribute to this phenotype. Interestingly, LMP1-
mediated aerobic glycolysis drives the expansion of myeloid-derived suppressor cells in
the NPC tumor microenvironment (59), which may facilitate immune escape. LMP1 is
also secreted from NPC and B cells in exosome vesicles and further shapes the tumor
microenvironment (63-65).

MOUSE MODELS OF LMP1 LYMPHOMAGENESIS

Mouse models have provided key insights into LMP1 oncogenicity in vivo. In
classic studies, LMP1 was found to transform rodent fibroblasts, to drive epithelial
xenograft tumor formation (7, 66), and to accelerate B-cell lymphomagenesis (9).
When expressed alone or together with LMP2A from an early stage of B-cell
development, immune surveillance prevents lymphomagenesis (8, 67). Notably, the
loss of T-cell surveillance results in LMP1-driven fatal lymphoproliferative disease
within 60 days (8).

Most EBV-driven lymphomas arise from germinal center (GC) B cells, where LMP1
and LMP2A are coexpressed together with EBNAT in the EBV latency Il expression
program. EBV latency Il is observed in Hodgkin lymphoma (HL) and also in NPC. GC
B-cell LMP1 and LMP2A coexpression causes rapidly fatal lymphoproliferative disease in
T-cell deficient mice (68), further highlighting the key role of immune surveillance in
countering LMP1 oncogenicity. NK cells also have key host defense roles necessary for
host defense against EBV, and combined T/NK-cell depletion results in massive LMP1/
LMP2A-driven GC B-cell outgrowth, plasmablast differentiation, and death within 12
days (69).

HL is thought to arise from crippled GC B cells, rescued from apoptosis by oncogenic
mutations or by EBV infection, perhaps explaining why nearly 40% of HLs are EBV
infected (70). In support of a pathogenic LMP1 role in HL, NF-«kB activation mutations
are observed at significantly higher frequencies in EBV-negative HL tumors then in
EBV-infected samples (70). GC B-cell LMP1 and LMP2A coexpression induces transcrip-
tional changes that overlap gene signatures found in classical Hodgkin Reed-Sternberg
(HRS) cells. These include the expression of the therapeutic target CD30 (69) and the
non-B-cell lineage markers perforin and granzyme, which are uniquely coexpressed in
HRS cells.

LMP1 knockout markedly impairs EBV lymphomagenesis in a cord-blood humanized
mouse model. In the absence of LMP1, low frequency development of EBV* lympho-
mas was dependent on CD40 signaling induced by T cells, which likely provides similar
growth and survival signals as LMP1, albeit at lower levels (71). Simultaneous LMP1 and
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LMP2A deletion further reduced and delayed the onset of tumors but did not com-
pletely eliminate lymphoma development (72).

It will be interesting to identify key CD40-induced host dependency factors in these
models, the extent to which they overlap identified EBV-induced LCL dependency
factors, and whether CD40-mediated NF-«B activation can substitute for that of LMP1
in driving assembly of NF-«B- and EBNA-containing SE at key sites, such as cFLIP, IRF4,
and IRF2. A limitation of currently available humanized mouse models is that germinal
center development is impaired, and consequently, cells with EBV latency Il expression
are rarely observed. As humanized models continue to develop, it will be of significant
interest to study LMP1 roles in latency Il GC B cells.

IMMUNOTHERAPEUTIC APPROACHES TARGETING LMP1

LMP1 lacks enzymatic function and has not yet proven to be a druggable target.
However, the expression of LMP1 by epithelial and B-cell malignancies is increasingly
being targeted in adoptive T-cell immunotherapies. LMP1-specific cytotoxic T lym-
phocytes (CTLs) can be found in most EBV* individuals at a low frequency and can
be expanded in vitro for adoptive immunotherapy. Adoptive CTL approaches were
first used to treat lymphoproliferative diseases in patients receiving transplants of
hematopoietic stem cells, which express the full complement of EBV latency IlI
antigens (73, 74).

Adoptive immunotherapy approaches are also in development to overcome the
less immunogenic EBV latency Il antigens. LMP1- and LMP2A-specific cytotoxic T
cells have induced remission in patients with high-risk or relapsed EBV* Hodgkin
and non-Hodgkin lymphomas (74, 75). Adoptive CTL approaches targeting latency
Il antigens are in development for the treatment of NPC (76). An adenoviral
vector-based vaccine has shown promise for targeting LMP2A, EBNA1, and, when
expressed, LMP1 in nasopharyngeal carcinoma (77-79). LMP1 drives the expression
of the T-cell inhibitory receptor PD-L1 (80-82), and PD-1-PD-L1 immune checkpoint
blockade has improved EBV* lymphoma and NPC treatment responses (19, 83-85).
It will be of interest to determine whether checkpoint-blockade, perhaps together
with strategies to induce EBV lytic gene expression, synergizes with adoptive
immunotherapy approaches.

FUTURE DIRECTIONS

Despite significant advances in the understanding of LMP1-mediated oncogenicity,
many key questions remain. Within the cytosol, a more complete understanding of how
LMP1 TES1 and TES2 initiate NF-kB signaling is an important objective, as this appears
to significantly differentiate LMP1 from CD40. It is likely that additional pathway
components remain to be identified, and focused genetic and proteomic approaches
promise to identify LMP1 signalosome components selectively important for TES1-
mediated NIK stabilization and for TES2-mediated TRAF6 activation.

CRISPR/Cas9 engineering should enable focused studies of NF-«B pathway-specific
roles, including at early time points after primary B-cell infection by EBV. For instance,
recent studies indicate that LMP1 is expressed with delayed kinetics after primary B-cell
infection (86). The knockout of key pathway components promises to reveal why
LMP1-induced canonical and noncanonical NF-«B are each critical for LCL growth
and survival, when they first become critical dependency factors, and how the
crosstalk between LMP1-activated NF-kB, MAPK, PI3 kinase, and interferon regula-
tory factor pathways sculpts target gene regulation. Similarly, LMP1 and LMP2A are
typically coexpressed and colocalize in cell membranes, yet mechanisms by which
they synergistically regulate a wide range of GC B-cell target genes are yet to be
identified (69).

The major principles of NF-kB nuclear regulation downstream of LMP1 await further
studies. CRISPR/Cas9 analysis suggests that multiple NF-«kB subunits are critical for
lymphoblastoid B-cell survival, yet little is presently known about their unique depen-
dency factor roles. For instance, defining the mechanisms by which up to 13 distinct
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LMP1-activated NF-kB transcription factor dimers are targeted to distinct LCL enhancer
and promoter sites will be an important objective.
EBV SE are highly sensitive to perturbation and are potentially druggable therapeu-
tic targets. It will therefore be of significant interest to determine how LMP1-activated
NF-kB and EBNA establish EBV SE, why they form at particular LCL sites, and whether
EBNAs and NF-«B interact within viral SE and to define other host transcription factors
necessary for their formation. Similarly, how EBV SE target LCL promoters by long-range
DNA interactions and, specifically, whether NF-«B promotes DNA looping at these sites
are open questions. Do LMP1 and LMP2A trigger the formation of super-enhancers in
HL and NPC, where they are expressed in the absence of EBNA2, EBNA3A, EBNA3C, or
EBNALP? If so, what are their genomic targets? What are the key EBV-induced host
dependency factors in these tumors?
EBV latency Il expression causes transformed B-cell addiction to host cell factors. It
may ultimately be possible to use small molecule approaches to exploit these LMP1-
induced synthetic lethal dependencies, including LMP1-mediated induction of cFLIP,
IRF2, and IRF4. Indeed, transcription factors have increasingly become potentially
druggable targets, for instance, as the substrates for small molecule-induced ubiquitin
proteasome pathway degradation.
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